Lli-l § @
?(\ :‘«'fn'urr;'t:!
(Sunge (T50
Modeling Simulation and Performance Evaluation of Parabolic Dish Solar Power
Plant
By

Aklilu Tesfaye

A thesis submitted in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE IN SCHOOL OF

MECHANICAL ENGINEERING
(Thermal Engineering Stream)

Advisor

Dr.-Ing. Abebayehu Assefa

Addis Ababa University

January 2011

ADDIS ABABA UNIVERSITY




SCHOOL OF GRADUATE STUDIES

Modeling, Simulation and Performance Evaluation of Parabolic Dish Solar Power
Plant

By

Aklilu Tesfaye

Faculty of Technology

Approved by Board of Examiners

1. Dr.-Ing. Edessa Dribssa

Chairman Dep.’s Graduate Committee Signature

2. Dr.-Ing. Abebayehu Assefa

Advisor Signature

3. Dr. Tesfaye Dama

Internal Examiner Signature

4. Dr.-Ing. Edessa Dribssa

External Examiner Signature



Abstract

A solar parabolic dish electric power generation system is one option for a high temperature
solar concentrator that is capable to achieve a high system performance. This results from the
fact that it combines an excellent concentrator, a very efficient cavity receiver and a high

performance heat engine.

The Stirling dish system produces electricity using concentrated solar thermal energy to drive a
Stirling engine. The system utilizes a parabolic mirror equipped with dual-axis tracking to
concentrate solar radiation onto a thermal receiver integrated in the Stirling engine. The receiver
consists of a heat exchanger designed to transfer the absorbed solar energy to the working fluid,
typically, hydrogen. The Stirling engine then converts the absorbed thermal energy to
mechanical power by expanding the gas in a piston-cylinder in a manner similar to a gas or
diesel engine. The linear motion is converted to a rotary motion to turn a generator to produce

electricity.

The electrical output of the system is proportional to the size of the reflector, its optical losses

and the efficiencies of the Stirling engine and the generator.

This thesis outlines the theory and models for the collector, receiver, and Stirling engine, the
parasitic power. An energy prediction model was created for solar Stirling dish systems to
predict the location dependent long term performance of these systems. The model analyzes the
performance of the parabolic mirror, receiver, Stirling engine, and the parasitic power

consumption to predict the net power produced.

The power plant analyzed in this paper has a capacity of generating 10MW electric power. The
performance prediction models were implemented in EES and TRNSYS and include location
dependent properties that affect the performance based on the direct normal insolation, ambient

temperature, density of air (altitude), sun elevation angle, and the wind speed.

The cost and financial analysis is made for the Dish System. Solar Advisor Model is used to
make this analysis under Kombolcha weather condition. This analysis is used to determine the
different costs associated with the power plant. The cash flow for the 30 years of operation of the

power plant is also shown.
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CHAPTER ONE

1.1 Introduction

Most of today’s electrical energy is generated by plant with a low cost of production and high
reliability. However, concerns about the longer term sustainability of fossil fuel-based
generation, particularly related to climate change, non-renewability of the resources and largely
unaccounted future environmental costs, becomes the major problem to a continuing
development of the energy industry. To avoid such problem the industries are searching a

sustainable, low carbon emitting, renewable energy sources.

Solar energy is an unlimited energy resource, set to become increasingly important in the longer
term, for providing electricity and heat energy on a large scale. It is an energy resource that could
be used in large, centralized power generation plants; smaller distributed heat and power plants;
or scaled down, at the individual consumer level. Carbon emissions and greenhouse gas impacts

are very low.

As interest for clean renewable electric power technologies, a number of solar concentrator
power plants are being considered for deployment around the globe. It is essential that plant
designs be optimized for each specific application. The optimum design must consider the capital

cost.

Among all the renewable technologies available for large-scale power production today and for
the next few decades, CSP is one with potential to make major contributions of clean energy

because of its relatively conventional technology and ease of scale-up.

Ethiopia has a huge potential in solar energy particularly in the Southwest where the deserts have
some of the best solar resource levels in the world
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Figure 1.1 Benefit of Developing Sustainable Energy

Solar energy can be converted to electricity in two ways:
e Photovoltaic (PV devices) or “solar cells” — change sunlight directly into electricity. PV
systems are often used in remote locations that are not connected to the electric grid.
They are also used to power watches, calculators, and lighting road signs.
e Solar Power Plants - indirectly generate electricity when the heat from solar thermal

collectors is used to heat a fluid which produces steam that is used to power generator.

1.2 Solar Collectors
The solar collector is the key element in a solar energy system. It is also the novel technology
area that requires new understandings in order to make captured solar energy a viable energy

source for the future.

Solar collectors can be either non concentrating or concentrating.
¢ Non concentrating collectors — have a collector area (i.e. the area that intercepts the solar
radiation) that is the same as the absorber area (i.e., the area absorbing the radiation).
Flat-plate collectors are the most common and are used when temperatures below about
80°C are sufficient, such as for space heating.
e Concentrating collectors — where the area intercepting the solar radiation is greater,
sometimes hundreds of times greater, than the absorber area. The function of a solar

2
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collector is simple; it intercepts incoming insolation and changes it into a useable form of

energy that can be applied to meet a specific demand.

1.2.1 Concentrating Solar Collectors

When higher temperatures are required, concentrating solar collectors are used. Solar energy
falling on a large reflective surface is reflected onto a smaller area before it is converted into
heat. This is done so that the surface absorbing the concentrated energy is smaller than the
surface capturing the energy and therefore can attain higher temperatures before heat loss due to
radiation and convection wastes the energy that has been collected. Most concentrating collectors
can only concentrate the parallel insolation coming directly from the sun's disk (beam normal
insolation), and must follow (track) the sun's path across the sky. Three types of solar

concentrators are in common use;

parabolic troughs, parabolic dishes and central receivers. Figure 1.2 shows these concepts
schematically.

Concentrator Receiver
) Heliosta = Concentratar
R eceiver R ecaiver

Farabalic Trough Central Receiver Farabolic Oish
Concentratar Concentratar Concentratar
Figure

Figure 1.2 Three Commonly Used Reflecting Schemes for Concentrating Solar
Energy to Attain High Temperatures. (DOE, 2006)

1.2.1.1 Parabolic Trough

A parabolic trough collector has a linear parabolic-shaped reflector that focuses the sun's
radiation on a linear receiver located at the focus of the parabola. The collector tracks the sun
along one axis from east to west during the day to ensure that the sun ray is continuously focused

on the receiver.



Figure 1.3 Parabolic Trough trough assembly (Patnode, 2006)

Because of its parabolic shape, a trough can focus the sun at 30 to 100 times its normal intensity
(concentration ratio) on a receiver pipe located along the focal line of the trough, achieving
operating temperatures over 400 degrees Celsius. A collector field consists of a large field of
single-axis tracking parabolic trough collectors. The solar field is modular in nature and is

composed of many parallel rows of solar collectors aligned on a north-south horizontal axis.

A working fluid is heated as it circulates through the receivers and returns to a series of heat
exchangers at a central location where the fluid is used to generate high-pressure superheated
steam. The steam is then fed to a conventional steam turbine/generator to produce electricity or
mechanical power. After the working fluid passes through the heat exchangers, the cooled fluid

is recirculated through the solar field.

The plant is usually designed to operate at full rated power using solar energy alone, given
sufficient solar energy. However, all plants are hybrid solar/fossil plants that have a fossil-fired
capability that can be used to supplement the solar output during periods of low solar energy.

1.2.1.2 Solar Power Tower

A solar power tower or central receiver generates electricity from sunlight by focusing
concentrated solar energy on a tower-mounted heat exchanger (receiver). This system uses

4



hundreds to thousands of flat sun-tracking mirrors called heliostats to reflect and concentrate the
sun's energy onto a central receiver tower. The energy can be concentrated as much as 1,500

times that of the energy coming in from the sun.

Energy losses from thermal-energy transport are minimized as solar energy is being directly
transferred by reflection from the heliostats to a single receiver, rather than being moved through
a transfer medium to one central location, as with parabolic troughs. Power towers must be large

to be economical.

This is a promising technology for large-scale grid-connected power plants. Though power
towers are in the early stages of development compared with parabolic trough technology, a

number of test facilities have been constructed around the world.

Figure 1.4 Central Receiver Systems (DOE, 2006)

1.2.1.3 Solar Dish

A dish-Stirling system is a type of concentrating solar power (CSP) system that consists of a
parabolic dish-shaped collector, receiver and Stirling engine. The collector focuses direct normal
solar radiation on the receiver, which transfers heat to the engine's working fluid. The engine in
turn drives an electric generator. A dish-Stirling power plant can consist of a single dish or a
field of dishes.



Parabolic dish-engine plants arrange mirrors in a configuration similar to a satellite dish and
concentrate solar energy on a power conversion unit. In this unit, solar energy heats a working
fluid, which is usually hydrogen gas, and powers an engine with an electricity generator. High
efficiency Stirling engines are typically used in these plants and the units are modular with

capacities ranging from 10 to 25 kW.

.

Figure 1.5 Dish Systems at Sandia National Labs (SES website, 2006)

A solar dish/engine system utilizes concentrating solar collectors that track the sun on two axes,
concentrating the energy at the focal point of the dish because it is always pointed at the sun.
The solar dish's concentration ratio is much higher than the solar trough, typically over 2,000,
with a working fluid temperature over 650°C. The power-generating equipment used with a
solar dish can be mounted at the focal point of the dish, making it well suited for remote
operations or, as with the solar trough, the energy may be collected from a number of

installations and converted to electricity at a central point.

The engine in a solar dish/engine system converts heat to mechanical power by compressing the
working fluid when it is cold, heating the compressed working fluid, and then expanding the
fluid through a turbine or with a piston to produce work. The engine is coupled to a pump for
water pumping purpose and an electric generator to convert the mechanical power to electric

power.



This technology also has the capability of combining the thermal output of several dishes to
supply a central multi-megawatt power plant. In the market-introduction phase, pilot
demonstrations of several tens of dish-Stirling units will compete in generation cost with
photovoltaic systems of similar size. The lower cost will be achieved through: improvements in
mirrors and support structures, improvements in hybrid heat-pipe and volumetric receivers
coupled to sterling and Brayton engines, and development of control systems for fully automatic
operation; and improvements in system integration by reduction of parasitic loads, optimization
of startup procedures, better control strategies, and hybrid operation of the Stirling and Brayton

engines.

Concentrator
Power

Conversion
Unit

Electricity

Figure 1.6 Stirling Dish Power Plants with Grid Connection
(http://en.wikipedia.org)

1.3 Concentrating Solar Power
Systematic development of three CSP technologies troughs, towers, and dishes has led to the
ever-increasing ability of these technologies to concentrate and harness solar energy for

electricity production and other uses with efficiency, reliability, and cost effectiveness.

Commercial applications from a few kilowatts (kW) to hundreds of megawatts (MW) are now
feasible. Today world has pursued a focused program on research and development in the field

of concentrating solar power.


http://en.wikipedia.org/

1.4 Status of CSP

Parabolic dish-engine technologies actually date back to the 1800’s but modern technology
development started in the late 1970°s and early 1980’s. Since that time, several prototype units
have been tested and most recently a six dish test system was installed at the Sandia National
Laboratory in 2005 (Solar PACES, 1997; Stoddard et al., 2006). The first large plant utilizing
Stirling dish technology, rated at 1.5 MW, came online in January 2010 in Peoria, AZ, and
plants rated for several hundred MW are in the planning stages. Stirling Energy Systems
has also developed a power purchase agreement with Southern California Edison for the next 20
years. Stirling Energy Systems will deploy 20,000-34,000 solar dish Stirling systems at the Solar
One site in the Mojave Desert, and will sell off the generated electricity to SCE.46 At their Solar
Two site, they will construct between 12,000-36,000 solar dish Stirling systems and sell the
electricity to San Diego Gas & Electric as a result of another 20-year power purchase agreement
(D. Howard , 2010).
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Figure 1.7 Atheene Scenario on the Development of Concentrated Solar Power
Systems (www.dlr.de/sokrates)

1.5 Background of the Study

The Dish Stirling Systems have decades of recorded operating history. Dish Stirling Systems are

flexible in terms of size and scale of deployment. Owing to their modular design, they are


http://www.dlr.de/sokrates

capable of both small-scale distributed power output and, suitable for large, utility scale projects
with thousands of dishes arranged in a solar park. This technology uses no water in the power
conversion process (either for steam generation or cooling) and the only water needed is for the

washing of the mirrors.

Table 1.1 Water Use by Power Plant (http://www.seia.org/cs/state_fact_sheets)

Power Plant Type Water Use
(Gallons/MWh)

Nuclear 620

Coal 670

Combined Cycle 250-300

Natural Gas

Parabolic Tough (Wet 1,000

Cooled)20

Parabolic Trough (Dry | 80

Cooled)21

Dish/Stirling 4.4

Photovoltaic (PV) 4.4

Dish Stirling technologies are furthermore attractive due to their high efficiency and modular
design, which gives the systems several key advantages, including a higher degree of slope
tolerance and site flexibility, meaning it does not require flat land, significantly reducing grading
costs and environmental impact; high overall availability due to the fact that there is no singular
point of failure and scheduled maintenance on the dishes can occur on individual units while the
others continue to generate power; and a low-cost of manufacture and deployment as a result of
high-throughput automotive style production and assembly (Concentrating Solar Power

Projects).



Table 1.2 Characteristics of Concentrating Solar Power System

(http://mww.nrel.gov/csp/solarpaces)

System Peak Annual Annual
Efficiency Efficiency Capacity
Factor
Trough 21% 10 to 12%(d) 24%(d)
14 to 18%(p) 2510
70%(p)
Power Tower 23% 14 t0 19%(p) 25to
70%(p)
Dish/Engine 29% 18 to 23%(p) 25%(p)
(d)=demonstr (p)=Projected
ated based on pilot
scaling

The typical parabolic dish system's electrical peak output is only 25kW. They are compact,
requiring only four acres per installed MW, and can be erected in a matter of days. Stirling-
powered parabolic dish systems are the most efficient solar generating technology, and can ramp
up to grid synchronization within a minute. Since sun light is free, they have no fuel cost. Their
environmental impact is small due to the lack of a need for cooling water, since the Sterling
engine is air-cooled. However, parabolic dish systems have the highest initial capital costs out of
all the other solar thermal technologies at $2,650/kW (Concentrating Solar Power Projects).
Because a single parabolic dish systems can be operated as a standalone generating unit, power
plant operators benefit from being able to assess performance prior to investing hundreds of
millions of dollars to build out a solar thermal plant based on parabolic trough or power tower

technologies.
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Power Conversion Unit
(PCU)

e |
Dish Controller
(inside pedestal)

Figure 1.8 Sandia Photo of Their STC Dish (www.StirlingEnergy.com)

The Dish Stirling System consists of a solar concentrator in a dish structure that supports an
array of curved glass mirrors. The parabolic dish tracks the sun throughout the day and
concentrates the radiation onto the heat absorption unit of a Stirling engine. The focused solar
thermal energy is then converted to grid-quality electricity. The conversion process involves a
closed cycle, high-efficiency solar Stirling engine using an internal working fluid (usually
hydrogen or helium) that is recycled through the engine. The working fluid is heated and

pressurized by the solar receiver, which in turn powers the Stirling engine.

Sometimes the dish solar concentrator cannot completely meet the desired input to the Stirling
engine due to hourly variation of temperature below the required amount for the power plant, so
proper modeling and simulation must be performed prior to the development of the dish solar
concentrator. The result would integrate the capital cost, performance and financial constraints
into a single model. This allows detailed design of project optimization to be carried out where

all interactions between cost and performance can be accounted.

An efficient engine provides more output for a given size concentrator, leading to lower cost
power. The high efficiency Stirling engine is the leading candidate for concentrating parabolic
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dish solar collectors. Because Stirling engine efficiency increases with hot end temperature, it is
necessary to operate the engine at as high a temperature as possible. Temperatures beyond the
operating capabilities of existing engines are easily obtained by solar concentration. Stirling
engines, therefore, operate at thermal limits of materials used for their construction. Typical
temperatures range from 650°C to 800°C resulting in engine conversion efficiencies of around
30% to 40%.

Because of their high heat transfer capabilities, hydrogen and helium have been used as a
working gas for dish Stirling engines. Hydrogen, thermo dynamically a better choice, generally
results in more efficient engines than does helium (Sandia, Stirling Energy Systems). Helium, on

the other hand, has fewer material compatibility problems and is safer to work with.

Dish-Stirling engine systems require long life design. To make systems economical a system life
time of at least 10 years with minimum maintenance is generally required. Desired engine life
times for electric/mechanical power production are 40,000 to 60,000 hours approximately 10
times longer than that of a typical automotive internal combustion engine. Major overhaul of
engines, including replacement of sealing and bearings, may be necessary within the 40,000 to
60,000 hour life time, which adds to the operating cost. A major challenge, therefore, in the
design of dish/Stirling engines is to reduce the potential for wear in critical components or create

novel ways for them to perform their tasks.

1.6 Objective of the Thesis

This thesis has the following main objectives.

e To properly design and model a parabolic dish power plant, taking into consideration
the different losses associated with collection of the solar irradiance and other thermal
losses;

e To simulate the model using the proper simulation software (e.g. TRNSYS, EES) and
make performance evaluation;

e To make cost and financial analysis of the power plant using the appropriate software
(Solar Advisor Model (SAM)).

12



1.7 Methodology

First literature review of relevant materials on parabolic dish collectors and power production
from Stirling engine is conducted. The literatures available are from electronic media, journals,
and books. Secondary data are referred from previous and related research studies, existing

statistical data, etc.

Necessary weather data are collected from available sources. Next the power plant is modeled
using EES and TRNSYS. TRNSYS software is used to simulate the power plant at weather
conditions. This software is selected than similar software’s for its simplicity and flexibility.
Cost and financial analysis is also made using Solar Advisor Model (SAM). Finally conclusion

and recommendation are made.

1.8 Outline of the Thesis

This thesis has six chapters. The first chapter deals with the introduction part. The second
chapter deals with the solar dish field model. In this chapter different solar associated terms and
the different heat losses from the parabolic dish are discussed briefly. The third chapter is used to
model the Stirling dish power plant. This chapter includes modeling of the different components
in the power plant. The fourth chapter is used to simulate the power plant at weather conditions
off reference values. In this chapter TRNSY'S software is used. The results of the simulation are
also given in this chapter. Cost and financial analysis of the power plant is made using solar
advisor model (SAM) in the fifth chapter. The different costs associated with parabolic dish solar
electric generation systems and the different financial terms are briefly discussed. The final
chapter is used to present the different conclusions and recommendations derived from the thesis

work.
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CHAPTER TWO

Stirling Dish System Component Modeling

2.1 Introduction

The Stirling dish system shown in Figure 2.1 produces electricity using concentrated solar
thermal energy to drive a Stirling engine. The system utilizes a parabolic mirror equipped with
dual-axis tracking to concentrate solar radiation onto a thermal receiver integrated in the Stirling
engine. The receiver consists of a heat exchanger designed to transfer the absorbed solar energy
to the working fluid, typically, hydrogen. The Stirling engine then converts the absorbed thermal
energy to mechanical power by expanding the gas in a piston-cylinder in a manner similar to a
gas or diesel engine. The linear motion is converted to a rotary motion to turn a generator to
produce electricity. The Stirling dish systems can produce electricity from the sun with

efficiencies up to 29 % (Teagan, 2001).

Receiver and
nerator
Concentrator N\ l Jy generato

The sun’s energy is
concentrated on a
receiver and generator
located at the focal point
of the parabolically
shaped dish.

Figure 2.1 Solar dish/Engine System (source: Florida State university)
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2.2 Sizing and Structural Design of Parabolic Solar Dish
2.2.1 Concentrators

Solar concentrators used for engine applications are generally point-focus parabolic dish
concentrators. A reflective surface, metalized glass reflects incident sunlight to a small region
called the focus. Because they concentrate solar energy in two dimensions, these collectors track
the sun’s path along two axes. Here the size of the solar collector for dish/Stirling system is
determined by the minimum monthly average beam radiation, 283.2Wh/m?, thermal loss, and
reflectivity of the reflector. With current technologies, a 5-kW, dish/Stirling system requires a
dish of approximately 5.5 meters in diameter, and a 25-kW. system requires a dish

approximately 10 meters in diameter.

Concentrators use reflective surfaces of aluminum or silver, deposited either on the front or back
surface of glass. Thin glass mirrors with a silvered back surface have been used in the past. Some
current designs use thin polymer films with aluminum or silver deposited on either the front or

back surface of the film.

The ideal shape for reflecting surface of a solar concentrator is paraboloid .This shape is ideal
because a reflecting paraboloid concentrates all solar radiation coming directly from the sun to a
very small region at the concentrator’s focal point. Some concentrators for dish/Stirling systems
used multiple spherically shaped mirrors faces supported by a truss structure in Figure 2.2, with
each facet individually aimed so as to approximate a paraboloid. This approach to concentrator

design makes very high focusing accuracy possible.
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Figure 2.2 Faceted Parabolic Dish Concentrator with Truss Support

A recent innovation in solar concentrator design is the use of stretched membranes. Here a thin
reflective membrane is stretched across a rim (or hoop), with a second membrane closing off the
space behind. A partial vacuum is drawn in this space, bringing the reflective membrane into an

approximately spherical shape.

If many facets are used, there focal regime will be a number of facet diameters away, and the
spherical shape of the facets provides adequate solar concentration for the dish/Stirling
applications.

If only one new or a few stretched membranes are used the surface shape should approximate a
paraboloid. This approximation can be achieved by initially forming the membrane in to a near
paraboloid, and using the pressure difference between front and back to support the surface and
maintain its shape.

16



In addition to having adequate reflective materials and shape, effective dish Stirling
concentrators focus the maximum available light by tracking the sun’s path. In order to track the

sun, concentrators must be capable of moving about two axes.

Generally there are two ways of implementing this, both having advantages:

e The first is azimuth elevation tracking, in which the dish rotates in a plane parallel to the
earth (azimuth) and in another plane perpendicular to it (elevation).This gives the
collector up/down and left/right rotations. Rotational rates about both axes vary
throughout the day but are predictable. The faceted concentrator in Figure 2.3 uses an
azimuth-elevation tracking mechanism.

e In the polar tracking method, the collector rotates about an axis parallel to the earth’s axis
of rotation. The collector rotates at a constant rate of 15 degrees per hour, the same
rotation rate as the earth. The other axis of rotation, the declination axis, is perpendicular
to the polar axis. Movement about this axis occurs slowly and varies by + 23.5 degrees

over a year (a maximum rate of 0.016 hours per hour).

2.2.2 Parabolic Concentrator Property

The paraboloid has the unique property that an-axis parallel beam of radiation will be reflected
by the surface and concentrated at its focus (or conversely, a point source located at the focus
will produce a parallel beam on reflection). This feature is illustrated in the diagram below -
parallel rays enter from the left and are brought to a focus at a single point.
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———
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Figure 2.3 The Focusing Action of a Parabola
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If it were required to generate electricity, the parabolic concentrator must be sized to deliver
about four times more thermal energy than the rated electrical output due to an average net

system efficiency of around 25 % to 30 %.

2.2.3 Collector Design Criteria

The parabolic concentrator reflects direct normal solar radiation into the aperture of the receiver
where it is concentrated on the absorber. The aperture must be designed to be large enough to
enable a significant fraction of reflected radiation from the concentrator to be transmitted onto
the absorber, although there is a drawback with designing it too large. Increasing the aperture
size will increase the amount of solar radiation intercepted by the receiver, but also increase the
losses due to convection and radiation out of the aperture. Convection and radiation losses
decrease the effective radiative energy absorbed in the receiver. Analysis is necessary to
determine the impact of receiver loss mechanisms resulting from errors in the collector system,

aperture diameter and the temperature of the absorber.

2.2.3.1 Intercept Factor

The intercept factor is the fraction of solar radiation reflected from the parabolic collector that
enters the aperture. It is influenced by the size of the aperture, errors in the collector system, the
collector rim angle and nonparallel sunlight. Increasing the intercept factor will increase the
fraction of the energy entering the receiver, although this may not always be beneficial. If there
IS an increase in the intercept factor as a result of reducing errors in the parabolic reflecting
collector surface, then an increase in the intercept factor will improve the system performance. If
the increase in the intercept factor is accomplished by increasing the size of the aperture, there
are competing effects; an analysis is required to determine if the increase in energy intercepted
by the receiver will be greater than the energy lost due to thermal losses.

2.2.3.2 Beam Spread

The beam spread is the distance light spreads perpendicular to its direction of propagation after it
has reflected off of the collector surface. Reducing the spread of the beam between the point
where it reflects off of the collector and to where it enters the focal plane of the receiver will
allow for the aperture to be designed smaller, leading to an increase in system performance. Ray

tracing can be used to determine how far the beam of sunlight will spread, and the parameters to
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solve for the beam spread include the collector rim angle, nonparallel rays, collector errors, and

focal length.

2.2.4 Analysis of Solar Dish Data

The design of the dish for trapping solar radiation requires precise knowledge regarding the
ability of beam radiation at the location of interest. Since solar radiation reaching on the earth’s
surface depends up on climatic conditions of the place, a study of solar radiation under local

climatic conditions is essential.

In developing countries such as Ethiopia, due to the absence or malfunctioning of measuring
instruments, reliable solar radiation data is not available. In the absence and scarcity of
trustworthy solar radiation data, the use of empirical model to predict and estimate solar
radiation seems inevitable. However, for this paper, the data used for the Kombolcha is found
from the design SEWERA website. The weather data of year 2001 G.C for Kombolcha weather
condition is used for this paper.

2.2.4.1 Direct Normal Radiation from SEWERA Data

The hourly direct normal radiation is calculated for every month and the minimum average is

taken for the solar dish design.
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Table 2.1 Summary Showing Results of Average Direct Normal Radiation for Each Month of the

Year 2001
Monthly Average Direct Normal Radiation of Kombolcha [W/m?]
Jan | Feb | March [ April | May | June | July [ Aug [ Sep | Oct | Nov | Dec
6:01- 7:00 31 17 38 53 76 68 27 14| 35 86 | 122 69
7:01- 8:00 337 | 274 274 | 278 | 270 289 | 174 162|221 | 355| 485 440
8:01- 9:00 545 479 463 | 422 417| 440| 325| 292|364 | 517 | 670| 646
9:01-10:00 652 559 546 478 | 476 480 365 | 355 | 442 587 728 701
10:01-11:00 | 697 | 634 542 | 527 | 532| 500 | 418 399|462 | 580 757 | 774
11:01-12:00 708 678 584 527 519 499 | 428 | 385 | 477 587 703 771
12:01-13:00 765 649 594 495 | 496 504 ( 427 | 440 | 471 524 726 721
13:01-14:00 | 743 | 658 580 | 507 | 456 | 438| 341 | 463|459 | 505| 713 | 713
14:01-15:00 702 594 533 449 | 440 411 348 | 358 | 403 | 487 658 634
15:01-16:00 701 529 465 365 379 395 324 | 368 | 359 | 402 563 578
16:01-17:00 | 541 | 434 339 299 326 273 322 | 264 | 319 286 | 434 473
17:01-18:00 370 270 209 140 182 172 176 | 155 | 118 113 144 192
18:01-19:00 37 33 32 16 19 22 19 12 4 0 0 1
Average 525.3 | 446.8 | 399.9 | 350.5 | 352.9 | 345.5 | 284.2 | 282 | 318 | 386.8 | 515.6 | 516.4

After determination of minimum average direct normal radiation, sizing of the dish is performed

with the minimum value.
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Figure 2.4 Parabolic Dish (www.StirlingEnergy.com)

2.2.4.2 Sizing of the Collector

Sizing of the diameter of the dish is done based on the solar radiation intensity falling on one
meter square area of the selected site.Thus as can be seen in Table 2.1, above, the minimum
monthly average solar radiation intensity falling on 1m? area from the listed months is August.
The minimum average direct normal radiation is 282W/m? for the selected site. This beam
radation is used for the analysis of the dish sizing.

The peak hours that the dish traps solar radiation is 13 hours per day, from 6 AM in the morning
to 19 PM in the evening as shown in Table 2.1. The solar dish is sized assuming the reflectivity
of the dish surface (aluminum) to be 0.94.

There is 282W/m? of energy for the concentrator dish at the minimum radiation month (August)

2

and to collect 25 kW energy area of mr” is required. From this relation, the radius of the

concentrator dish is calculated as:

2
Lo _ 25000WxIm’ _ ., .
282 (2.1)
r= 5.33+0.05 m =5.38m

21



A 0.05m tolerance is added to the radius for the shading effect of the power conversion unit and
its support. From the above calculation, 5.38 m radius dish is used to supply enough solar power

for the required power by the Stirling engine. The aperture diameter is then:
D, =10.76m

The area of the dish can also be calculated as:

Ao zD’? _115.867
4 A (2.2)
A=91m’
ee=i=1.000 7.450 -
'
0.919
- b e
- /
\r N T
—
e
§ f

0.984
l—u X T

Figure 2.5 Parabolic Reflector Structure for 25kW Stirling Dish System

2.2.4.3 Focal Point Depth

A parabola is a one dimensional curve and is a section through a paraboloid - a paraboloid is

formed by rotating a parabola about its axis. The equation of a parabola is:

where: ais a constant.

For a parabola with a focal length of f:
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Figure 2.6 Parabola Equation

Parabola - focal length = f

The axis of the parabola is coincident with the y-axis and the focus is located at (0, f). Assuming
the depth of the dish 1m and from the radius, it is possible to take two points on the parabola one
at the origin and the other at the surface (aperture).Take coordinates (0, 0) and (5.38, 0.984) and
substituting in Equation (2.3):

y =ax’
a=0.034
And from Equation (2.2), f can be calculated as:

1
=— =7.45
a if = f m

Thus the engine is positioned at 7.45m away from the origin of the parabolic dish.

The number of rectangles the dish is broken up into is:

Nrect = 99
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Focal length, 7.45m

0.984 "—\—
ﬂ Depth, 0.984m

Figure 2.7 Focal Length of Parabolic Dish

In designing a parabolic reflector, it is often convenient to use its depth d instead of its focal

length. The formula for obtaining the depth is:

D?  10.76 °

- - > d=0.9841M ..o (2.5)
16f  16%7.45

2.2.4.4 Length of a Parabolic Segment
The formula for calculating the length L of a parabolic segment from the vertex to the edge is:

L (¢ 1raD D ¢’ D” +1

4a 4

This formula is useful for calculating the length of a support rib on the outside of the parabolic
reflector.
2.2.4.5 Surface Area of a Parabolic Reflector

The surface area of a parabolic reflector is calculated with this formula:
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Where a, is defined in Equation (2.4). This formula is useful for estimating the amount of

reflective materials needed for the parabolic reflector.

15 15

Figure 2.8 Distance Between Two 25 kW Stirling Dishes

2.2.4.6 Concentration Ratio

It is beneficial to obtain a high concentration ratio in the concentrator system since the aperture
can then be designed smaller resulting in reduced thermal losses, and the intercept factor will be

larger for a specified aperture diameter.

The extent to which the aperture area of the receiver is reduced relative to that of the

concentrator is called the geometric concentration ratio, which can be expressed as:

A 2
CR, =L I ol e (2.8)
“«" A, 0.0266m

where: D receiver = 184 mm selected integrated with the engine

A fundamental trade-off exists, between increasing the geometric concentration ratio and
reducing the cost of the collector because collectors with high concentration ratios must be
manufactured precisely. Generally, a direct correlation exists between the accuracy of the

concentrator and its cost.
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2.2.5 Power at Focal Point (Receiver) and Efficiency of the Collector

The concentrator of a dish/Stirling system intercepts radiation from the sun over a large area and

concentrates into a small area. The receiver absorbs this energy and transfers most of it to the

Stirling engine. The amount of heat going to the engine may be called (Q, ), useful heat. A

simple energy balance equation, called the fundamental solar collection equation, describes the

theory underlying many aspects of the concentrator and receiver design. Equation (2.9) governs

the performance of all solar energy collection systems and gives the design of dish/Stirling

systems. The fundamental solar collection equation is:

Q Input = Ibn Ap

where:
anput =
Q Loss,Cav

Ibn =

AD =

rec

JEQOSO, DI —Q gy e veerreerneeene et (2.9)

Instantaneous rate of thermal energy coming from the receiver.

~ 4 4 "
= hcavAcav ‘Cav _Ta _FOg&cay Fcav,a ( cav — 1T s _
Beam normal solar radiation (insolation), hourly value is used.

Area of the concentrator dish

Area of the receiver aperture

Fraction of concentrator aperture area not shaded by receiver struts and
SO on.

Receiver absorbance

Transmittance of anything b/n the reflector and the absorber (such as
window covering the receiver)

The angle of incidence (angle b/n the suns ray and the line
perpendicular to the aperture; for parabolic dish concentrators, this
angle is O degrees.)

Concentrator surface reflectance
Stefan-Boltzmann radiation transfer constant

Capture fraction or intercept (fraction of energy leaving the reflector
that enters the receiver).
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Equation (2.9) shows that the amount of solar radiation reaching the receiver depends up on the

amount available (determined by Iy, and ;). The effective size of the concentrator is determined

by Ap and E and the concentrator surface reflectance (p).

Receiver thermal performance depends on receiver design, determined by 7 and o and

convection, conduction, and radiation losses.

The heat transfer rate that is delivered to the receiver, focal point of the collector; due to the

collector is given by:

Qrocaront = Ao E€OSE, DITOr ..o (2.10)
where:
lpn= 282 W/m? is the minimum insolation chosen (design value)
Ap=91m’

E = 0.96 (Unshaded aperture area fraction, E is typically more than 0.95 in most

designs.)
oa=landt=1

p = 0.94 (the surface of the concentrator is aluminum and the surface reflectance

of aluminum is 0.94).

Assume ¢ =0.85

QFOCALPOINT =282%91%0.96*%1%0.85%0.94* 1
QFOCALPOINT =19.68 kW

The above values are for a unit dish only; to get for the entire field this value must be multiplied

by number of dish in the field (400).
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2.2.6 Concentrator Performance

The primary measure of concentrator performance is how much of the insolation arriving at the
collector aperture passes through an aperture of a specified size located at the focus of the
concentrator. This measure is called concentrator or optical efficiency and is defined as:

Neottestor = E(COSE) PP ooeeeee e (2.11)

ﬂCallector = 0"96*1 *0-94 *0-85 = 0. 77

2.2.7 Supporting Structure

Solar dish system construction can be abridged as follows: in concrete fundament, strong metal
pedestal is fixed, carrying rotating truss structure of mirrors support and converter supporting
arm, which stretches out to the focus of the mirrors system. At the end of the arm (in the focus)

thermo electrical converter is located.

Sun tracking part of the system should be supported in its center of gravity. The aim is to achieve
necessary strength and stiffness of the construction using material as less as possible. The
mirrors carrying structure can in the same time be used as a part of the cooling system. The
instrumentation, inverter, etc. is located nearby or on the pedestal. The solar dish is supposed to
carry the total engine package together with the legs of the package supporting legs.

2.2.8 Tracking Mechanism

To get maximum thermal heat input to the receiver, the solar dish should track the sun, and the
analysis is done assuming Ptolemaic view. Ptolemaic view says “the earth is fixed and the sun’s
apparent motion is described in a coordinate system fixed to the earth with the origin being at the

site of interest”.

The solar dish traces the sun using a sun tracer from 6 AM in the morning to 19 PM in the

afternoon.

Parabolic dish concentrators must track about two independent axes so the rays of the sun remain
parallel to the axes of the concentrator. There are two common implementations of two axes
tracking; azimuth-elevation and polar (equatorial) tracking. Azimuth elevation tracking allows

the concentrator to move about one tracking axis perpendicular to the surface of the earth (the
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azimuth axis) and another axis parallel to it (the elevation axis). Polar tracking uses one tracking
axis aligned with the axis of rotation of the earth (the polar axis) and another axis perpendicular

to it (the declination axis).

The solar dish should trace the sun continuously in solar altitude axis and azimuth axis to
increase the efficiency of power generation. In this paper tracking of the sun in azimuth axis can
be done seasonally by manual rotation. However hourly tracking of the sun is indispensable, to
this idea a solar tracker is used for solar altitude axis tracking. Solar tracker tracks the motion of
the sun across the sky to maximize power output. A good solar tracker can typically lead to an

increase in power generation capacity of 30-50%.

2.3 Receiver Integrated in the Stirling Engine

The receiver is the interface between the concentrator and the engine. It absorbs concentrated
solar flux and converts it to thermal energy that heats the working gas on the Stirling engine. The
absorbing surface is usually placed behind the focal point of a concentrator so that the flux
density on the absorbing surface is reduced. An aperture is placed at the focus to reduce radiation
and convection heat loss from the receiver. The cavity walls behind the receiver aperture and
absorber surface are refractory surfaces. The size of the absorber and cavity walls is typically

kept to a minimum to reduce heat loss and receiver cost.

The receiver has two functions:
e To absorb as much, on the solar radiation reflected by the concentrator, as possible.

e To transfer this energy as heat to the engine’s working gas.

Although a perfect reflecting parabolic reflects parallel rays to a point, the sun’s rays aren’t quite
parallel because the sun isn’t a point source. Also any real concentrator isn’t perfectly shaped.
Therefore concentrated radiation at the focus is distributed over a small region with the highest

concentration of flux in the center, decreasing exponentially towards the edge.

Receivers for dish/Stirling engines system are cavity receivers with a small opening (aperture)
through which concentrated sun light enters. The absorber is placed behind the aperture to reduce
the intensity of concentrated solar flux. The insulated cavity between the aperture and the
absorber reduces the amount of heat lost. The receiver aperture is optimized to be just large
enough to admit most of the concentrated sunlight but small enough to limit radiation and
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convection losses. In the receiver, two methods are used to transfer absorbed solar radiation to
the working gas of the Stirling engine. In the first type of receiver, the directly illuminated tube
receiver, small tubes though which the engines working gas flows are placed directly in the

concentrated solar flux region of the receiver, (Figure 2.9) and (Figure 2.10).

The other type of receiver uses liquid metal intermediate heat transfer fluid (Figure 2.11).The
liquid metal is vaporized on the absorber surface and condenses on tubes carrying the engine’s
working gas. This second type of receiver is called a reflux receiver because the vapor condenses

and flows back to be heated again.

2.3.1 Types of Receivers Used in Dish/Stirling System

In general, two types of receivers could be used with parabolic dish concentrators:
e External (Omni directional)

o Cavity receivers

External receivers have absorbing surfaces in direct view of the concentrator and depend on
direct radiation absorption. Cavity receivers have an aperture (opening) through which reflected
solar radiation passes. The cavity ensures that most of the entering radiation is absorbed on the

internal absorbing surface.

Engine Heater
+ Tubes

Insulated
Cavity Wall

Figure 2.9 Directly Illuminate Tube Receiver (www.nrel.gov)
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Because they generally have lower heat loss rates at high operating temperatures, only cavity
receivers (instead of external receivers) have been used in dish/Stirling systems to date. External

receivers however have been used in lower temperature parabolic dish applications.

A major advantage of cavity receivers is that the size of the absorber may be different from the
size of the aperture. With a cavity receiver, the concentrator’s focus is usually placed at the
cavity aperture and the highly concentrated flux spreads inside the cavity before encountering the
larger absorber surface area. This spreading reduces the flux rate of energy deposited per unit
surface area incident on the absorber surface. When incident flux on the absorbing surface is

high, it is difficult to transfer heat through the surface without thermally over stressing materials.

Figure 2.10 Stirling DIR Cavity Receiver (Ministerio De Educacion Y Ciencia,
2006)

A second advantage of cavity receivers is reduced convection heat loss. the cavity enclosure not
only provides protection from wind but also, depending on its design and angle, can reduce
natural convection cavity receivers have generally lower overall heat loss and preferable to

external receiver for high temperature applications such as dish/Stirling system.
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Figure 2.11 Heat pipe absorber for a Stirling dish receiver (Teagan, 2001)

Figure 2.12 shows a cavity receiver. The light enters through the cavity aperture (just in front of
the inner shield for this receiver) to be absorbed on the cavity walls (coiled tubes in this case as
solar-only receiver). A tube receiver was developed which is directly connected to the cylinder
heads of the Stirling engine. The receiver consists of very thin tubes, approximately 3mm in
diameter, which resists very high temperatures about 850°C. Coiled tubes form an almost closed
area which is the absorber surface shown in Figure 2.12. The concentrated solar radiation heats

the working gas to approximately 650°C.
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Top cover

Mounting clevis

Coil assembly

Outer cylinder

Tie rod assy

Inner shield

Wind shield

Figure 2.12 Cavity (Focal Plane) Receivers, (Courtesy of Sandia National Laboratories)

Typically, the plane of the cavity aperture is placed near the focus of the parabola and normal to

the axis of the parabola. Thus, such a receiver is sometimes called a focal plane receiver.

In this thesis a cavity receiver is selected with the respective Stirling engine from standard
catalog, it is integrated in the Stirling engine. Cavity receiver is selected for it is recommended in
solar dish/Stirling systems and the advantages discussed in this section.

2.3.2 Cavity Receivers Heat Loss

The receiver of a Stirling dish system is responsible for the major thermal losses that occur

before the energy is converted into electricity in the Stirling engine.

Mechanisms that contribute to the total receiver thermal loss include conduction through the
receiver housing, convection from the cavity, and radiation through the aperture opening to the
ambient environment. A receiver energy balance with the loss mechanisms can be viewed in
Figure 2.13.
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Conduction losses through the receiver housing represent a small fraction of the total receiver
loss, natural convection losses represent about 40 % of the receiver losses, and radiation is the
primary receiver loss mechanism. Radiation represents the largest fraction of receiver losses
during mid-day periods when the receiver orientation reduces the convection losses, but
convection can represent the majority of losses during the morning and evening when the

aperture is oriented horizontally (Paul R. Fraser, 2008.).

Receiver Housing

. -m\_h\‘ Solar Radiation
& (From Parabolic Mirror)

—+ Convection losses

Absorption
(Useful energy) ‘(

—+> Radiation losses

| Aﬂdu Radiation

{From Parabolic Mirror)

h

Conduction losses

Abs orber Tubes

Figure 2.13 Receiver Energy Balance for a Dish/Stirling System

Heat loss from a cavity receiver of the type shown in Figure 2.12 can be computed similar to
Omni directional receivers. The general idea of a cavity receiver is to uniformly distribute the
high flux incident on its aperture over the large internal surface area of the cavity in order to
reduce the peak flux absorbed at any point. Ideally, in a well-insulated cavity, the cavity
temperature is reasonably uniform and heat loss occurs primarily by convection and radiation

from the cavity aperture.

QLoss,Cav = hcavAcav ‘-Cav _Ta :+ Og€cay Fcav,a ( ACav =T 45 _ . (211)
where:
hcaw = Convective heat-transfer coefficient at outside surface of cavity

receiver (W/m?K)

A = Area of cavity receiver (m?)
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Ty = Temperature of cavity receiver (K)

Ta = Ambient temperature (K)
o = Stefan-Boltzmann constant (5.67 x103W/m? K*)
gavg = EmMittance of the glass

Fcva = Radiation shape factor

Ts = Sky temperature in K (typically assumed to be 6 K lower than ambient

temperature)

Where the subscript "cav" refers to the cavity since the opening of a cavity can be quite small
compared to the surface area of an Omni directional receiver, the heat loss is greatly reduced. In
a typical calculation, the cavity temperature T, is assumed uniform and heat loss is computed as

a function of this cavity temperature.

Conduction heat loss through the insulation and through the receiver support structure is
computed in TRNSYS modeling part as shown in Appendix A.
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2.3.3 Heat Input to Stirling Engine

As discussed above, the concentrator of a dish/Stirling system intercepts radiation from the sun
over a large area and concentrates it into a small area. The receiver absorbs this energy and
transfers most of it to the Stirling engine. The amount of heat going to the engine (heat received

per unit time) called useful heat Q mputt 1S €XPressed as:.

Qinput = LynA, E 080, phra—@Q pos, pec ovvevveoeeeeeerieaiienin: (2.12)

Equation (2.12) is used to determine the useful heat delivered by the engine. In this equation, the
first term is the heat transferred to the focal point of the solar dish, engine receiver; and the
second term is the heat loss from the receiver. The net will be the useful heat to the Stirling

engine (heat received by the engine per unit time).

As shown in Table 2.1 all other months have a greater monthly average beam radiation than that
of August and since the dish is designed with minimum monthly average beam radiation, the

solar dish can deliver greater power for the other the months.

Table 2.2 Summary Showing Results for Different Field Layouts

Summary Results for Different Field Layouts

Option 1 Option 2
Gross energy collected by the dish (kW) 10 25
Radius of the concentrator dish (m) 3.4 5.38
Area of the collector (m?) 36.32 91
Focal Length (m) 5.45 7.45
Depth of the parabolic reflector 0.53 0.984
Number of dish required to collect 10 MW gross energy 1000 400
Diameter of the receiver selected integrated with the engine (mm) 140 184
Collector separation North-South and East-West (m) 12 15
Total solar field area (m?) 144000 90000
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The other requirement from the Stirling engine is, as seen in the literature part of Stirling engine,
there are of two types: free piston and kinematic type. For this paper, kinematic type of Stirling

engine is chosen.

2.4 Stirling Engine and Working Principle

Stirling engines are external combustion engines that use air or other gases as working fluid. A
Stirling engine is a type of closed-cycle regenerative heat engine with a gaseous working fluid.
"Closed-cycle™ means the working fluid is permanently contained within the engine's system,
which also categorizes it as an external heat engine. "Regenerative" refers to the use of an
internal heat exchanger called a regenerator which increases the engine's thermal efficiency. The
Stirling engine can run on any heat source, including chemical, solar, geothermal and nuclear.
They can also burn any solid or liquid fuels as their heat source. This makes them very attractive,
particularly in situations where conventional fuels are expensive and hard to obtain. Because
some types of Stirling engine are so simple to make and yet so effective, they are excellent
choices for power generation in developing countries. There are many design varieties of the

Stirling engines; most of which fall into the category of reciprocating piston engine.

In the conversion of heat into mechanical work, the Stirling engine has the potential to achieve
the highest efficiency of any real heat engine. It can perform theoretically up to the full Carnot
cycle, though in practice this is limited. The practical limitations are the non-ideal properties of
the working gas, and the engine material properties such as friction, thermal conductivity, tensile

strength, creep, rupture strength and melting point.

In theory, the Stirling engine is the most effective device for converting heat to mechanical work;
however it requires high temperature. Because concentrating solar collectors can produce high
temperatures necessary for efficient power production, the Stirling engine and the concentrating

solar collector are a good match for the production of power from the sun.

To maximize power, engines typically operate at high pressure, in the range of 5 to 20 Mpa.
Operation at these high gas pressures makes gas sealing difficult, and seals between the high
pressure region of the engine and those parts at ambient pressure have been problematic in some

engines. New designs to reduce or eliminate this problem are currently being developed.
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2.4.1 Basic Theory of the Stirling Engine

The Stirling cycle is shown in the diagram in Figure 2.14. The basic idea is that when gas in a
closed cylinder is moved into the hot part of the cylinder, it expands, its pressure increases, and it
can do work. When the gas moves into the cold part of the cylinder, its pressure is reduced. Once
the gas reaches the lower pressure, it is compressed back to its original volume. The gas
performs more work during its expansion than is required during its compression. Thus, the

entire cycle results in the net positive output of work.

As shown in Phase 1 of Figure 2.14, the piston is at bottom dead center, and the displacer is in as
far as it can go. The gas is in contact with the cold space, and the gas pressure is low. Note that
the gas is at the same pressure at any instant in every part of the engine, but that this pressure is
changing with time. Because the pressure is low, the piston can be moved in easily to compress
the gas at the low temperature. At the end of this compression process, the engine has reached

Phase 2, as shown in Figure 2.14.

Now it is time to increase the gas pressure. This is not done by burning a fuel inside the gas as is
done in an internal combustion engine. The gas is moved from the cold space through a heat
exchanger, which cause it to enter the hot space at a high temperature. Note that the gas in the
heater, cooler, regenerator, and hot and cold spaces, is always at the same pressure at any instant,

since the gas flow passages are large and do not restrict the passage of the gas.

As shown in Phase 3 of Figure 2.14, the gas is compressed, hot, and at high pressure. At this
point it is ready to expand and to work on the piston. As the piston moves out of the cylinder, the
displacer moves with it, in order to keep as much of the gas as possible in the hot space so that
the pressure is kept as high as possible to do the maximum amount of work on the piston. This
expansion and outward movement of the piston results in the attainment of Phase 4, as shown in
Figure 2.14.

The next step is to reduce the gas pressure by moving it from the hot space through the heat
exchangers to the cold space. This is done by moving the displacer from its position, as shown in
Phase 4, back to its inward position, as shown in Phase 1. The cycle is now complete. Note that
the piston has expanded the gas by moving outward when the gas is hot and at high pressure, and
has compressed the gas when it is cold and at low pressure. Thus, the original plan has been
accomplished, and the cycle has produced network to the outside.
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For this four-phase process to continue indefinitely, heat must be continually added to the hot

end from some outside source like a fire or a solar collector, and the cold end must be

continually cooled by a stream of water or air.
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Phase 1: Piston at bottom dead center. Displacer at top dead center. All gas in cold space.

el

[
1)
s

Phase 2: Displacer remaining at top dead center. Piston has compressed gas at lower

temperature.
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Phase 3: Piston remaining at top dead center. Displacer has shifted gas through cooler,

regenerator, and heater into hot space
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Phase 4: Hot gas expanded. Displacer and piston have reached bottom dead center

together. With piston stationary, displacer now forces gas through heater, regenerator and
cooler into cold space, thus Reattaining phase 1.

Figure 2.14 The Stirling Engine Cycle

The piston and the displacer clearly cannot move on their own. It should be known how the
movements are accomplished. There are at least two ways to make the two components of the

simple Stirling engine move:

The Stirling engine can be attached to cranks through connecting rods, as is commonly done in
automobile engines or gas forces can be used in a carefully designed way so that they bounce on
gas springs, with the displacer always ahead of the piston in its in-and-out oscillation. Of the two
methods, the use of cranks called the crank-driven, or kinematic Stirling, is the more easily
understood method. The second method, which uses oscillating motions of the piston and
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displacer on springs, is called the free-piston Stirling. The crank-driven Stirling is easier to
understand yet harder to make, while the free-piston Stirling is harder to understand yet easier to

make in at least some of its forms.

2.4.2 Heat Engine versus Stirling Engine

A heat engine is a Stirling engine when:
e The working fluid is contained in one body at nearly a common pressure at each instant
during the cycle.
e The working fluid is manipulated so that it is generally compressed in the colder portion

of the engine and expanded generally in the hot portion of the engine.

Transfer of the compressed fluid from the cold to the hot portion of the engine is done by
manipulating the fluid boundaries without valves or real pumps. Transfer of the expanded hot
fluid back to the cold portion of the engine is done the same way. A reversing flow regenerator

(regenerative heat exchanger) may be used to increase efficiency.

The Stirling cycle is potentially a better cycle than other cycles because it has the potential for
higher efficiency, low noise and no pollution, that is, a hot and a cold gas space are connected by
a gas heater and cooler and regenerator. As the process proceeds to produce power, the working
fluid is compressed in the cold space, transferred as a compressed fluid into the hot space where
it is expanded again, and then transferred back again to the cold space. Net work is generated

during each cycle equal to the area of the enclosed curve in pressure volume diagram.

2.4.3 Power Control

For most Stirling engines, the engine power is controlled by varying the mean pressure within
the expansion and compression space by varying the mass of the working fluid. This is
accomplished by pumping gas in or out of the engine from an external tank (Walker, 1980). To
increase the power from the Stirling engine, a system of valves is used to move high pressure gas
from an external tank to the engine, and to decrease power, the working fluid is compressed back
into the external tank (Stine, 1999).

Another method of controlling the Stirling engine power is to vary the volume within the piston
cylinders with a variable stroke engine such as the SAIC (STM 4-120) Stirling engine (Walker,
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1980). This method for power control can be accomplished by using a variable angle swash plate
drive which enables the stroke to be controlled (Stine, 1999). This method effectively alters the

displaced volume during each cycle and therefore changes the output power.

2.4.4 Regenerator

A regenerator consisting of many metal mesh disks is often used in Stirling engines to improve
the efficiency of the engine (Stine, 1994). Thermal energy is absorbed by the regenerator when
working fluid passes from the expansion space to the compression space, and therefore cools the
working fluid before entering the compression space. Thermal energy is transferred from the
regenerator to the working fluid and it is therefore pre-heated when the working fluid moves
from the compression to the expansion space. The regenerator in a Stirling engine can obtain
efficiencies of greater than 98 %, which indicates the working fluid will leave the regenerator
close to the temperature of the space it occupies (Urieli and Berchowitz, 1984). A regenerator
does not improve the output power of a specific engine design, but rather contributes to a minor
reduction in output power due to the pressure losses across the regenerator. A large
improvement in engine efficiency by using a regenerator far outweighs the minor reduction in

specific power.
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CHAPTER THREE

Component Model Using EES

3.1 Overview of Engineering Equation Solver (EES)

The basic function provided by EES is the solution of a set of algebraic equations. EES can also
solve differential equations, equations with complex variables, do optimization, provide linear
and non-linear regression, generate publication-quality plots, simplify uncertainty analyses and

provide animations.

There are two major differences between EES and existing numerical equation-solving
programs. First, EES automatically identifies and groups equations that must be solved
simultaneously. This feature simplifies the process for the user and ensures that the solver will
always operate at optimum efficiency. Second, EES provides many built-in mathematical and

thermo physical property functions useful for engineering calculations.

The library of mathematical and thermo physical property functions in EES is extensive. EES
allows the user to enter functional relationships in three ways. First, a facility for entering and
interpolating tabular data is provided so that tabular data can be directly used in the solution of
the equation set. Second, the EES language supports user-written Functions and Procedures
similar to those in Pascal and FORTRAN. EES also provides support for user-written routines,
which are self-contained EES programs that can be accessed by other EES programs. The
Functions, Procedures, Subprograms and Modules can be saved as library files which are
automatically read in when EES is started. Third, external functions and procedures, written in a
high level language such as Pascal, C or FORTRAN, can be dynamically-linked into EES using
the dynamic link library capability incorporated into the Windows operating system. These three
methods of adding functional relationships provide very powerful means of extending the
capabilities of EES.

3.2 Stirling Engine Modeling

The Stirling engine is an external heat (or combustion) engine that converts heat from the
absorber to mechanical power in a manner similar to internal combustion engines. Unlike

internal combustion engines, however, heat is applied externally to the piston heater head in a
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Stirling engine. Because the Stirling engine relies on an external source for heat input, the cycle
itself operates as a closed system since the working fluid is contained within the cylinders and
not vented to atmosphere like exhaust gases from internal combustion engines. The addition of a
regenerator into a Stirling engine improves the efficiency of the engine by pre-cooling the
working fluid as it moves from the expansion space to the compression space, and pre-heating
the working fluid as it moves from the compression space into the expansion space. The working
fluid is often hydrogen which is heated to over 700°C with a maximum pressure around 20 MPa
yielding a thermal-to-mechanical efficiency of approximately 40 %,[2].

Compression Cooler Heater Expansion

Space Fegenemtor Space
Compression Expansion
Piston Piston
| E—— E—

Figure 3.1 Stirling Engine Components (Urieli, 2007)

Advantages of Stirling Engines (Urieli and Berchowitz, 1984)

1. Maximum potential efficiency for a heat engine operating between the same

temperatures
2. Flexible fuel usage such as biomass, solar, geothermal, waste heat, and fossil fuels
3. Lower nitrogen oxides compared to internal combustion engines
4. Quiet and minimal vibration
5. Free-piston Stirling engines have very high reliability
6. Stirling engines allow for operation as a refrigerator or a heat pump

7. Have the highest specific work output for any closed regenerative cycle

Disadvantages of Stirling Engines (Urieli and Berchowitz, 1984)

1. Stirling engines often have a slower response to an increase or decrease in load
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2  Lower specific power output so added weight and volume would be less practical for

automotive purposes

3. Hydrogen or helium seals can be problematic for kinematic Stirling engines

3.2.1 Stirling Engine Working Fluids

Working fluids commonly used in Stirling engines consist of air, helium, or hydrogen. The
selection of a specific working fluid is based on the following fluid properties: thermal
conductivity, specific heat, density, and viscosity. A working fluid with a higher thermal
conductivity, density and higher specific heat will improve the heat transfer capabilities of the
gas and improve the efficiency of the heat exchangers. A working fluid with a lower density and
viscosity will reduce the pressure drop through the regenerator, working space, and dead space
and consequently improve the engine efficiency. Two dimensionless numbers related to heat
transfer are the Prandtl and Grashof numbers given by Equation (3.1) and (3.2) where g is the
gravitational constant, B is the thermal expansion coefficient, T is the source temperature, T, is

the ambient temperature, L is the characteristic length, p is the dynamic viscosity, k is the
thermal conductivity, and v is the kinematic viscosity. Increasing both of these numbers would
improve the heat transfer capabilities of the heater and cooler and therefore improve the

efficiency of the engine.

G, =(g*p*(T,-T,)*L’)/(v*a)
o= (C o ) K L (3.2)

Air can be used as a working fluid since it has a higher density than hydrogen or helium, and
there will be less seal losses (Stine, 1999). The temperature of internal components is limited
when using air in the engine since the materials will degrade due to the presence of oxygen, so
the system efficiency can be negatively affected. Using air as a working fluid is not a good
choice for high performance Stirling engines because air has a low thermal conductivity and

therefore cannot maintain an increase in the engine efficiency at higher engine speeds. Estimates
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for the performance of the three working fluids can be observed in Figure 3.2 at various

operating speeds.
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Figure 3.2 Calculated Performances for Stirling Engines with Several Working Fluids
(Walker, 1980)

The working fluid for high performance Stirling engines is often hydrogen or helium since they
have a larger thermal conductivity and thermal capacitance than air as shown in Figure 3.3 and
Figure 3.4 respectively. Each of the four Stirling cycle processes last less than 10 ms in an
engine, so the choice of the working fluid depends highly on the thermal conductivity of the gas
(Stine and Harrigan, 1985). A higher specific heat for the working fluid also improves the
effectiveness of transferring energy to the regenerator. The heat transfer capability of the
working fluid has been shown to be related to the density and specific heat with the following
correlation (Walker, 1980):

Qe PP *CEaMZ*CF oo (3.3)

Hydrogen has the highest factor for the heat transfer in equation (3.3) with a value of 104
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kJ1.5/(kg0.5-K1.5-kmol), then helium with 44, and finally air at 29. Hydrogen should be the
most effective working fluid at transferring heat, which is supported with a performance

comparison with helium.
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Figure 3.3 Thermal Conductivities of Working Fluids as a Function of Temperature (Klein,
2007)
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Figure 3.4 Specific Heats for Working Fluids as a Function of Temperature (Klein, 2007)
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The pressure losses in the working spaces and the regenerator are dependent on the viscosity and
density of the working fluid. A working fluid with a lower viscosity and density will result in
lower pressure drops, which in principle improves thermal efficiency. A comparison of the
viscosities and densities for the working fluids is given in Figure 3.5 and Figure 3.6

respectively.

Despite the many benefits of using hydrogen and helium for the working fluids, one
disadvantage of helium and hydrogen is that the seal losses will be greater and more difficult to
control. Two additional drawbacks of hydrogen are that it may absorb into various materials
causing hydrogen embrittlement, and it is combustible when in contact with oxygen. Overall,
hydrogen is the primary choice for the working fluid since it has the most effective transport

properties to improve the Stirling engine performance.
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Figure 3.5 Viscosity for Working Fluids as a Function of Temperature (Klein, 2007)

48



12

10

3

density [kg/m ]

- AIr 1
4 \
5 I ===-Helium 1
el ——Hydrogen
0 B e e i ity ey mbempetepetos ettt

300 400 500 600 700 800 900 1000 1100 12
Temperature [K]

Figure 3.6 Working Fluid Densities as a Function of Temperature (Klein, 2007)

Table 3.1 Working Gas Properties

Working Gas: Hydrogen
Gas Constant R 4120 m?® Pa/(K kg)
Specific Heat Capacity (Constant Pressure) Cp 14570 JI(K kg)
Specific Heat Capacity (Constant Volume) Cy 10450 JI(K kg)
Ratio of Specific Heats Y 1.39 -

3.3 Stirling Engine Analysis Methods

The Stirling engine performance can be analyzed using many different existing methods. These
methods range from the most ideal cases such as the ldeal and Adiabatic analyses, to a slightly
more realistic model of a Stirling engine using the Quasi-Steady flow method, to the most
practical Stirling engine performance prediction models that have been validated against data.
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The following sections will summarize the theoretical and practical models that exist for
predicting Stirling engine performance.
3.3.1 Ideal Stirling Engine Analysis

The ideal Stirling cycle consists of four internally reversible processes as depicted in Figure 3.7
(Moran and Shapiro, 2004).

Process 1-2:  Isothermal compression at a temperature Tc while transferring heat from the

working fluid to an external sink.
Process 2-3:  Constant volume heating of working fluid by the regenerator

Process 3-4:  Isothermal expansion at a temperature of Ty. External heat transfer to working
fluid

Process 4-1:  Constant volume cooling.

Heat transfer from working fluid to regenerator: A regenerator with a theoretical 100%
effectiveness stores some of the energy rejected in process 4-1 and uses it in the heat input
process 2-3. Heat at temperature Ty is supplied externally in process 3 and 4; energy rejection

from the system at temperature T¢ occurs in process 1 to 2.

-~
o~
—
n
-
ad

v i
Figure 3.7 Ideal Stirling cycle P-V and T-S diagrams (Moran and Shapiro, 2004)
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The Stirling cycle differs from the Carnot cycle in that the two isentropic processes are replaced

with two constant volume processes, which significantly increase the area in the P-V diagram

and thus the net work per cycle (Walker, 1980). This difference can be observed in Figure 3.8.

The efficiency, or fraction of heat supplied to the amount of work, produced in each cycle is

comparable between the Stirling and Carnot cycles.

I)

o

rJ

V S

Figure 3.8 Stirling (cross-hatched) and Carnot (1, 5, 3, 6) cycle comparison
with similar values for max/min temperatures, pressures, and volumes
(Walker, 1980)

3.3.2 Isothermal Ideal Engine Assumptions (Urieli and Berchowitz, 1984)

1.

The engine has five components including the compression space, cooler, regenerator,

heater, and expansion space as shown in Figure 3.9;

Each component has a uniform instantaneous temperature, pressure, and mass;
No pressure drop occurs;

No working fluid leakage losses occur;

Ideal gas applies;
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6. Engine speed is constant;
7. Steady-state of the cycle occurs; and

8. Kinetic and potential energy for the working fluid is neglected.

3.3.3 Ideal Analysis Set of Equations (Urieli and Berchowitz, 1984)

For an ideal analysis of the Stirling engine, the mass is uniformly distributed throughout the
engine and the ideal gas law is valid. Applying the ideal gas law, the total pressure in the engine
is given by Equation (3.4) where m is the mass of the working fluid in the engine, R is the ideal
gas constant, V¢ is the compression space volume, V is the cooler space volume, V. is the
regenerator space volume, V,, is the heater space volume, V, is the expansion space volume, Ty

is the cooler temperature, and Ty, is the heater temperature.

T,
v*m( )

P=m*R*| Yo Y T Y Ve

T, Tk T -T) T, T,

-1

The heat transferred from the compression space and the heats transferred to the expansion space

are functions of the engine pressure and the crank angle:

W= [P oo (3.5)
Q. =W, = | do
dv

SWo= [P el oo (3.6)
Q. ) j do

The total work (W) produced by the engine is the sum of the negative work (W¢) from the

compression space and the positive work (W,) from the expansion space:

W =W, +W,
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The total Stirling engine efficiency will then be the total work divided by the heat transferred to

the expansion space which is equivalent to the Carnot efficiency:

77Carnot :W/Qe

The five components of the Stirling engine are depicted in Figure 3.9 and the corresponding

temperature distribution in those components is shown.
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Figure 3.9 Ideal Isothermal Model (Urieli and Berchowitz, 1984)

3.3.4 Quasi Steady Flow Analysis

The “Quasi Steady Flow” model was developed since the flow patterns in Stirling engines are

not steady and vary significantly over the cycle, and non-ideal heat exchangers are considered
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(Urieli and Berchowitz, 1984). The difference between the Quasi Steady Flow and Adiabatic
models is the temperature drop between the compression space and cooler, the temperature drop
between the heater and the expansion space, the working fluid temperatures are no longer
constant over the cycle, and there are pressure losses across the cooler, regenerator, and heater as
shown in Figure 3.10 (Urieli and Berchowitz, 1984). It was found in spherical bed regenerators
that the friction factors and heat transfer coefficients were 20 percent higher for periodic flow

conditions compared to steady flow conditions (Urieli and Berchowitz, 1984).

The Quasi Steady Flow method including pressure drops is more realistic than an Ideal or
Adiabatic analysis, but it still does not take several losses into effect. There may be a substantial
conduction loss through the walls surrounding the regenerator, shuttle loss from the displacer
(for beta/gamma engines), and adiabatic compression loss (Urieli and Berchowitz, 1984). The
adiabatic compression loss results from the temperature difference between the cylinder wall
sand the working spaces causing a transfer of heat at ineffective times during the cycle (Urieli
and Berchowitz, 1984). A significant fraction of losses is also predicted to come from pressure
losses in the heat exchangers, which are greater than the estimates from steady flow correlations
(Urieli and Berchowitz, 1984). The NASA Lewis Research Center reported that the friction
factor in the regenerator had to be multiplied by a factor of four to obtain similar values for the

measured and predicted output power of Stirling engines (Urieli and Berchowitz, 1984).
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Figure 3.10 The Quasi Steady Flow Model (Urieli and Berchowitz, 1984)
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3.3.5 Summary of Stirling Engine Theoretical Analyses

The Quasi steady flow model gives better predictions of Stirling engine performance than the

ideal and adiabatic analysis, but still does not accurately account for all losses in the Stirling

engine. A breakdown of the engine efficiency based on various losses is given in Figure 3.6. The

Schmidt analysis operates at the ideal Carnot efficiency and each additional loss including

adiabatic working spaces, adiabatic residual loss, flow loss, and thermal conductivity loss

degrades the engine efficiency further (Walker, 1980). The adiabatic residual loss is a result of a

phase difference between pressure and volume within the working space. The phase angle a in

Figure 3.11 is defined as the angle of the expansion space volume variation leading those in the

compression space.
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Figure 3.11 Engine efficiencies as a function of phase angle for various losses (Walker,

1980)
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3.3.6 Practical Stirling Engine Performance Analyses

The practical Stirling cycle includes many details that the ideal processes neglect. The actual
cycle is not reversible, compression and expansion processes are not isothermal, the entire mass
of the working fluid is not always in the compression space or expansion space, and there are
voids in the regenerator, cylinder clearance space, and connecting piping (Walker, 1980). The
practical Stirling cycle also includes pistons that are continuously moving and contributing to
friction between the piston and cylinder, and the regenerator is not assumed to have a perfect
effectiveness. Flow loss occurs in the regenerator and heat exchangers which can be observed in

Figure 3.12 by the variation in pressure between the expansion and compression spaces. The
work lost in the regenerator and heat exchangers is represented by the hatched area in Figure
3.13. After including all of these losses, a well-designed Stirling engine will have efficiencies
between 40 and 70 percent of the theoretical Carnot value (Walker, 1980). The practical analyses
cannot account for all of the previous loss mechanisms because of compounding errors, so
practical analyses often involve performance correlations that have shown to be accurate or

making performance curve fits from data.

\
Expansion

Compression

{) il r 772 2n
L

Figure 3.12 Pressure Variation between the Expansion and Compression Spaces (Walker,
1980)
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Figure 3.13 P-V Diagram for Expansion and Compression Space for a Stirling Cycle. The
hatched area represents work lost from the regenerator and heat exchangers (Walker,
1980)

3.3.6.1 Beale Number Power Correlation

William Beale observed that most engines have similar performance based on the Schmidt
optimizations involving the dead volume ratio, temperature ratio, swept volume ratio, and phase
angle advance (Urieli, 1984). He observed that most Stirling engines operate with similar
internal efficiency losses, so a simple performance prediction could be made. By observing
experimental data, determined the power output of the Stirling engine to be based on the

(dimensionless) Beale number:

PSE = Beale* I::'mean * I:)mean *sz *f (3 9)

Where Pge is the Stirling engine output power, Beale is the Beale number, Pmnean IS the mean
engine pressure, Vs, is the swept volume of the engine, and f is the engine frequency (Urieli,
1984). A typical value for the Beale number is 0.15. The Beale number power correlation is
more practical than the theoretical analyses and more accurately predicts the performance of a

Stirling engine.
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3.3.6.2 West Number Power Correlation

The Beale number Stirling engine performance correlation does not include terms for the hot or
cold sink temperatures in the engine. The performance of a Stirling engine depends on these
temperatures, so the West number correlation was devised to include these temperature terms.

The predicted power output of the Stirling engine based on the (dimensionless) West number is

given by:

P —West*P__ *Vv_*f|Je"Te | L (3.10)
Te +T,

Where West is the West number, Tg is the expansion space temperature, Tc is the compression
space temperature (Hirata, 2002). The power estimated using the West number includes
consideration of the expansion and compression space temperatures, and should provide more

accurate estimates of the engine power if these parameters were varied. A typical value for the

West number is between 0.25 and 0.35 (Hirata, 2002).

3.4 Stirling Engine Efficiency with Regenerative and Pressure Losses

A Stirling engine efficiency correlation was developed by Petrescu et al. ( 2002) by combining
two theoretical thermodynamic techniques The efficiency correlation takes into account the
Carnot efficiency, pressure losses, and regenerator losses involving both internal and external
irreversibility. Two adjusting coefficients were determined based on experimental data to obtain
accurate analytical results for the efficiency correlation. The Stirling engine efficiency is given
by Equation (3.11) (Petrescu et al, 2000)

Nse = Neamot ~ Mivirrev = Mcarmot ~ Thiiat ~ Miix *7711,Ap (3.11)

where the Carnot cycle efficiency (ncamot) IS @ function of the cooler (T¢) and heater
(Tg)temperatures in Equation (3.12)

T
Ncamot = (l - T_CJ
E (3.12)
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The irreversibility factor due to a temperature difference between the heat source and heat sink is

given by Equation (3.13)

Miat :7/[1"'\/?]
E (3.13)

Incomplete regeneration can contribute to significant losses in Stirling engines. These heat
transfer losses are a function of piston speed, cylinder and regenerator dimensions, regenerator
and working fluid properties, and operating conditions (Petrescu et al, 2002). The factor for
losses due to incomplete regeneration is given by Equation (3.14) where ny, X denotes the
efficiency factor for the regenerator, C, is the gas specific heat at constant volume, R is the gas
constant, &, iS the compression ratio (V1/Vy), X represents all the losses from incomplete heat

transfer in the regenerator.

1

Mix = -
L. X*C, *[1_ TC]

- % —
R*INE, T,

The value for X was determined using the first law and heat transfer principles for the

regenerator and working fluid and is defined in Equation (3.15) (Petrescu et al, 2000):

Differential equations from this analysis were integrated using a lumped analysis, which gave
pessimistic results using X; (Petrescu et al, 2000):

_1+2*M +e”®
= S
25+ M J (3.16)

X,

Using a linear distribution of the temperature for the regenerator and working fluid gave

optimistic results for X, (Petrescu et al, 2000):

_M+e®
2 - ~
M (3.17)

Experimental data were used to obtain the adjusting parameter y which was found by Petrescuet

al (2000) to be 0.72 or 0.27 in the Reno paper by Petrescu et al (2002). The term M given in
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Equation (3.18) is the ratio of the mass multiplied by capacitance of the working fluid to that of

the regenerator.

The term B in Equation (3.19) is a function of the regenerator heat transfer coefficient hr, the
area of the regenerator A, involved with heat transfer, the stroke of the piston S, and the speed of
the piston w (Petrescu, 2000).

Bo M > A
~“m,*C

The speed of the piston is dependent on the stroke and engine speed (n;) given by:

W= 2SN B0 e (3.20)
The regenerator heat transfer coefficient due to convection is:
0395 % @*P, R*T, W' *C, > €, Fv* g, 07
(+7 > 1_#\_*DS.576*R2/3
“ 17 4 /d x1
=T (3.21)

where Py, is the mean pressure in the engine, v and Cp, are the viscosity and thermal capacitance
of the working fluid evaluated at the mean temperature Tr,, D, is the diameter of the regenerator,
d is the diameter of the regenerator wire, b is the distance between wires in the regenerator, and

Pr is the Prandtl number.

The equation for the pressure losses factor results from determining the losses of the pistons
operating at a finite speed, the working fluid moving through the regenerator, and mechanical

friction, and is given by:

2
~ - X105
~ *7*‘+\/?j|n¢b+5*{ww ] - 3*0.94+2fé5*w/ 10°  (320)
_q_ st _ S.L B 1

e *n"*In€, _ 7*n'*In€, _

61



where Ns is the number of screens in the regenerator, T is temperature ratio, P; defined in

Equation (3.25) is a function of the mean pressure (Pn,), volumetric ratio (g,), and temperature
ratio (1), w is the piston speed, ws is the speed of sound at the sink temperature (T¢), and 1’ is
the Carnot efficiency multiplied by the regenerator losses factor given in Equation (3.23).

17'=1cc *771Lx ...................................................................................... (3.23)

The sound speed at the cooler temperature is defined in Equation (3.24) where vy is the specific

heat ratio.

WS,L =y *R*T,

.................................................................. (3.24)
The term Py is defined:
p_ A P (3.25)
1 - ~
€ +1>€+1
The temperature ratio t is defined:
T
T=-"+
et e (3.26)

A model was developed (See Appendix B) in Engineering Equation Solver (EES) using the
correlation given by Equation (3.11) to duplicate the results of the 4-95 MKII engine in Table
3.3. The results of the Petrescu model did not accurately predict the efficiency of the 4-95 engine
as indicated in Figure 3.13. The maximum efficiency of the 4-95 engine is rated to be around 41
% and not 29.4 % as published in Table 3.3 (Stine and Diver, 1994). The peak net SES Stirling
dish system efficiency using the 4-95 engines (accounting for collector, receiver, engine, and
parasitic losses) is 29.4 % (Mancini et al, 2003). The predicted model results of the 4-95 MKII
engine in Table 3.4 indicates that the calculated efficiency (28.9 %) for this model is not close to
the operating efficiency of 41 % for unexplained reasons. There was no response from the

authors to the email requests for clarification about their method.
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Table 3.2 Output of EES for Stirling Engine

Output of EES for Stirling Engine

A_dish=91 [m"2] h=35.77 tau=3.203
A_R=4.083 Insolation=180 [W/m~2] | TC=310 [K]
B=21.41 intercept factor=0.97 [-] TC_max=310 [K]
b2=1.000E-07 [m] k_spec=1.383 TE=993 [K]
Cp=14.89 M=37.08 TE_max=995 [K]
Cv=10.77 MM_H2=2.016 Th=1083 [K]
Cv_g=10.77 m_g=0.402 Tk=293 [K]
C_R=0.5838 m_R=0.2 [kg] TR=586.7
d=0.00004 [m] nu=3.739E-08 T_H2_ave=651.5
DNI=180 N_cylinders=4 T_m=651.5
D_R=0.057 [m] N_S=1600 T_S L=293
epsilon_v=3.375 P1=435040 V1=0.00054
eta_2 DELTA_T=0.6578 | Patm=101325 [Pa] V2=0.00016

eta CC=0.7295

Power_in_SE=11983

Vmax=0.00054

eta_generator=0.95 [-]

Pr=0.7286

Vmin=0.00016

eta_Il_DELTA P=-312.4

Pressure_mean=2.000E+06

Volume_displacement=0.00038 [m®]

eta_Il_irrev=-102.1 P_atm=101325 w=9.6
eta_Il_X=0.4968 R=4.124 wS_L=40.88
eta_Petruscu=0 reflectivity=0.91 [-] X=0.9832
eta_prime=0.3624 RPM=1800 [rpm] X1=0.9869
eta_receiver=0.86 [-] S=0.16 X2=0.9737
gamma=1.383 stroke_cyl=0.04 [m] y=0.72
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Table 3.3 Comparison of the Petrescu et al. results and the actual engine performance (Petrescu et

al, 2000)

Stirling Engine Actual Calculated Actual Calculated

power [KW] | Power [kW] | Efficiency Efficiency
NS-03M, regime 1(economy) 2.03 2.182 0.359 0.3392
NS-03M, regime 2 (max. power) 3.81 4.196 0.310 0.3297
NS-03T, regime 1(economy) 3.08 3.145 0.326 0.3189
NS-03T, regime 2(max. power) 4.14 4.450 0.303 0.3096
NS-30A, regime 1(economy) 23.2 29.450 0.375 0.3570
NS-30A, regime 2(max. power) 30.4 33.820 0.330 0.3366
NS-30S, regime 1(economy) 30.9 33.780 0.372 0.3660
NS-30S, regime2(max. power) 45.600 45.620 0.352 0.3526
STM4-120 25.000 26.360 0.400 0.4014
V-160 9.000 8.825 0.300 0.3080
4-95MKIlI 25.000 28.400 0.294 0.2890
4-275 50.000 48.610 0.420 0.4119
GPU-3 3.960 4.160 0.127 0.1263
MP1002 CA 0.200 0.194 0.156 0.1536
Free Piston Stirling Engine 9.000 9.165 0.330 0.3310
RE-1000 0.939 1.005 0.258 0.2285
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CHAPTER FOUR

TRNSYS Modeling and Simulation of the Stirling Dish System

4.1 An Introduction to TRNSYS

TRNSYS is a transient system simulation program with a modular structure. The program is well
suited to simulate the performance of systems, the behavior of which is a function of the passage
of time. This is the case if outside conditions that influence the system behavior change, such as
weather conditions, or if the system components themselves go through conditions that vary with

time.

There can be several components of the same type specified in one simulation. The way this
identification is accomplished is that each component is assigned an identifying type number that
is component specific. A second number, the unit number is unique; one can only be used once
in a simulation. Different unit numbers can be associated with the same type number,

although there are limitations on how many types of one kind can be used in one simulation.

A system is set up in TRNSYS by means of an input file, called a TRNSYS deck. This
deck contains all the information that specifies the components and how the components interact.
The system is set up by connecting all inputs and outputs in an appropriate way to simulate the
real system

This deck contains all the information that specifies the components and how the components
interact. The system is set up by connecting all inputs and outputs in an appropriate way to
simulate the real system. Once a system is set up in a TRNSYS deck, the program can be run

over a user defined time interval. The time interval is divided into equal number of time steps.

At each time step the program calls each component and solves all the mathematical
equations that specify the component performance. The program iteratively calls the system
component until a stationary state is reached. The stationary state is reached when all the
calculated inputs to the components remain constant between two iterations. Naturally, in a
numerical solution such as calculated by TRNSYS, there will always be a difference in results

between two iterations. Therefore the user has to specify tolerances that define a stationary state.
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Aside from the components that simulate actual physical parts of the system, there are predefined
utility components that can be used in the simulation. One of them is the data reader. The data
reader is able to read data from a user supplied data file that has to be assigned in the TRNSYS
deck. At every time step of the simulation the data file then reads the desired values from the file

and makes them accessible to the components.

Another kind of utility component is a printer that stores output data in a file. Several printers
can be defined in one deck. These output files can be imported into a spreadsheet program and
the results further examined. The online plotter can be used to make the progress of the
simulation visible on the screen, so that the user can immediately decide whether a run was

useful or not. Additionally, a quantity integrator is available to integrate values over time.

A special feature of the TRNSYS program package is the possibility to create a user-friendly
input file called a TRNSED file. When the TRNSED program is started, the user only has to
supply the important parameters and can change these easily for different simulations. In this
way the program is accessible to users who are not experienced in using TRNSYS but are only
interested in examining a particular system. Modular simulation of a system requires the
identification of components whose collective performance describes the performance of the
system. Each component is formulated by mathematical equations that describe its physical

behavior.

The mathematical models for each component are formulated in FORTRAN code, so that they
can be used within the TRNSYS program. Formulation of the components has to be in
accordance with the required TRNSYS format. A basic principle in this format is the
specification of parameters, inputs and outputs for each component. Parameters are constant

values that are used to model a component

Inputs are time-dependent variables that can come from a user supplied data source such as
weather data or from outputs of other components. (Source TRNSYS manual).

4.2 Creating a New Component

This section will briefly illustrate how to generate new components using the Simulation Studio.

Create the component proforma

» Launch the Simulation Studio and go to File/New
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Select "component™ (see Figure 4.1)

In the component "General" tab, type in the component's object and its Type number. It is important to assign

a Type number different from zero. The selected number should also be in the [201; 300] range in order to

avoid conflicts with existing libraries.
£ Simulation Studio - Co
File Edit View Tools

Window ?

D||d@] &= <« &l &lemalsl e El=ls)] HlE= o=

——
New x|
onentl El =]
—Select project type —Description
i | Description | Variahles I Files I
i Creates an empty component,
. ) INoname
Opens the PROFORMA, editor to allow you to
Empty TRNSYS Mew define the componants variables. Use File/Export I
Project Component in this editor to generate a source code template
{.tmf) for the programming language of I
Z your choice. I
Solar hot Building Date: IJEII"ILIE[)’ 14, 2009 Last Modfication: IJanuElf)’ 14, 2009
water system  Project ...
Type
E % " Detailed {* Simplified " Empirical " Conventional
Buiding  COMIS project o
Project (... [V Qualtative [~ Analytical [~ MNumerical [ Experimental [~ In Assembly
% ' I Type Number : KeyWords :
v i
- _ jo e
Coupled Empty COMIS -
project project Allowed Instances : De
bmp (Commé I —
Step 1 Cancel | Choose icon ... | I j

B Controllers

Cl Electrical

D Heat Exchangers
B0 HWAL

Cl Hydrogen Systems
D Hydronics

B0 Laads and Structures
Cl my component

B Obsolete

B0 Output

Cl Phyzical Phenomena
B Solar Thermal Collectors
B STEC Library

B Themal Starage
B Uty

D ‘wizather D ata Reading and Processin

Figure 4.1 Creating a New Component Proforma

» Variables can be then added to the proforma in the "Variables" tab. Click on "variables", select the
"Parameters" tab and click on "Add". Parameter information can be entered in the row that has been created or click on
"Modify" to have a more detailed view (see Figure 4.2).
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File Edit View Tools Window 7

D| e |2l@l »|=| &|&] 2]

il e )Y =T A S e = B =z

&) 8100/ A |25

M <} Componentl =] = =]
ﬂ Generall Description  Varables IH|&B |
% | Varables (Farameters, Inputs, Outputs, Dervatives)
— — Special Cards
| # Card
H I
| N

(4]

|
|
El |
|
5 |

Comment for each unit (Written to input file):

E-_1 Controllers

& Electrical

-1 Heat Exchangers
&0 HvaC

- Hydiogen Systems
{:I Hydronics

{:I Loads and Stuctures
CI my component

D Obszolete

B Output

- Physical Phenamena
-1 Solar Themal Collectors
&1 STEC Library

{:I Thermal Storage
-0 Utilty

CI “Weather Data Reading and Processin

Mame

,

|1

|Inputs| Dutputsl F'arametelsl Derivativesl

—Wariable

INoname

Symbol

Unit | Type| Min.| Max.

N ENE AL E RN

ISN

7
3

Dimenszion

7
1

I Dimensionless hd |

MinirmLm

I-Inf

Description

Add

Inzert

Modify

U

Delete

— Cycle

Create

Change

] Delete

il

Cancel |

Figure 4.2 Creating a New Component Proforma

» Save the Performa. To be accessible in the Studio, the Performa needs to be in"%TRNSYS16%\Studio\Proformas". A

folder, for example, called "My Components" is created and saved as "Type200.tmf".
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» Open "File/Export as/Fortran™ and create a "Type200" folder anywhere on the disk, (e.g. in "My Projects"). Save the
component as Type200.for there (see Figure 4.3).

o otN el alslmlalsl el sl2i=] =izl=lz]=
Oue - = ] Conroles
= ] Ekecicd
Save CirieS Sy, ] Heat Eschangers
B iputs. Qutpess. Desvatives) _ Hydhogen Sydems
REpe——— | Sevein | ), TRNSYS DOC ~ eBaB- gm
Import BSBat 2 Model.- ’ Defak & teme < Date modfied T g zﬁ::.am
= : 5
Import BBzt 2 Libeary._ : Focest Places No items match your search. g w
Export 25 HTML . 53 Py
s = “"""'1 ”"""': =
bufm Cos > g ::Cuxay
Prirt Setup g ] Themd Steage
= | == 2 Usiey
Settings... Lormes ] 'Weather Didta Reading and Procsian
S — : L
2 plant model Computer
3 C\Program Fles\\TypesSd A ] %
4 C\Program Fles\\Project
Eat « ) »
~ o e rame: kam_l'h"\ 3 Seve I
= Seveashps:  [FORTRANes (for. ) 5] Cxmcd |

Figure 4.3 Exporting as Fortran
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The Studio will then do several things for the user (see the dialog box in Figure 4-4):

> Create a FORTRAN skeleton for the created Type (Type200.for)

» Generate a project that you can open in the Compaq Visual FORTRAN 6.6 compiler or in
the Intel Visual Fortran compiler. That project includes all the settings you need in order
to generate an external DLL that will be placed in the \UserLib\Release DLLs
or\UserLib\Debug DLLs folder, where TRNSY'S will be able to load the created Type.

» Open the project in the compiler that is setup in File/Settings/Directories/Fortran
environment (by default the settings are correct for CVF 6.6, if it has been installed, in

the default location.

The following will assume that Compag Visual FORTRAN 6.6 is installed on the machine.

» The skeleton includes all basic TRNSYS manipulations. At the minimum, you
need to replace question marks in the lines that calculate outputs from
inputs (see Figure 4.4)
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@ Concentrator_Dish - Compaq Visual Fortran - [Concentrator_Dish. L= [ 15 S

J File Edit View Insert Project Build Tools Window Help

== x]

D@ rmalo- o DR =l

|

YWorkspace 'Concentrator_Disk

- Type295Lib files
Ela Source Files

‘. [#]| Concentrator_Dish.

[C3 Header Files

Z
(23 Resource Files
¢l [ Libraries
: . o
-7 Extemnal Dependencies
Z
Z
Z
Z
Z
4 1 r Z
= Z
FileView | [4]
Feady

ICEERE R
=l=se
OUT{e) = 0
endif
el=se
OUTi{E) =10
endif

eta_Collector
OUT{?Yy = QUT{1lYy » ¢ QUT({1l) + QUT(&)+0.0000001 3} I'4 =zhade EW

Humber of Collectors
OOT(8) = Humber_ of Collectors

DHI [Wrm™2]
OUT{23) = DNI

I cut in [W-n™2

F in Fec
OUT(11y=00T(1)*®intercept_factor

interecept_factor
OOT({12) = intercept_factor I 4 shade diag

d ap
OUT{13) = d_ap

F in _collector
OUT{14) = OUT(11) ~ (OUT({?) + 0.00000001)

»
Ln1160.Col 1 |REC [COL [0WR [READ 4

Figure 4.4 Setting the Component Outputs

» Equations (s) of the output are written in the line in place of the question mark (?).After writing the equation(s) F7 is pressed

to build the .DLL file. This will generate"Type200.dll"inthe‘UserLib\Debug DLLs directory if there is no error (see Figure

4.5).
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Concentrator_Dish - -

[B File Edit View Insert Project Build Tools Window Help _|8| x
|8 sad|: we|o- - (0B | =1 ‘n| |
R CEE s
alx n_std_dev=(2/sigma_tot) * :"
: ATAN(DELTAT_accurates{2#p+ 0. 0000001)) =
metmtdw_hu}‘
= B2 Type295Lib files . -
= 53 Seasce Files I 5) solve for gamma (intercept factor) for a specific rim angle
[ Header Fies x = n_std_devs2
[0 Resource Fies tl = 1-(1+r=x+0. 0000001)

fx = 1-(SORT(2#pi)+0 0000001 y*EXP(=(x»=2-2)4 0. 0000001}
Qo= fxeiblet]l + b2etlen? + biwtles] + bietlesf 3 ESwpleal)
gamna = 1 — 2=8()

#- [ Liteaties
#|_] Extemal Dependencies

i I : : .
A wator Dich. | gamma is highest at the mirror vertex and decresses near the collector perineter
I &) =solve for d_Power (total power reflected from differemtial ring) for spec rim
d_Powver={dwpie]EsTEST _focal_length=s2esini{psi)
#d_psi)s{l4cosi(psi)+e 00000001 )x=2 i
I 7)) solve for d_Powver intercept (total power from diff ring intercepted by receiw
Id_Power_intercept may be more accurate raising gamma to pover of 2-——>»4
l d_Power_intercept = d_Power * gammase|

I B) sum up d_Power & d_Power intercept until rim angle reached

Fower_tot = Power_tot + d_Fower )
Power_int_tot = Power_int_tot + d_Power_intercept

40 continue ldo-loop is repeated
F 1 b
- -
| B] Flleview l4] LI—I
| al
AllConcentrator_Dish.obj = 0 error({s). 0 warningis)
—
-
[ A[»]\ Buitd ( Debug § FndmrFles1 ) Fnamries] 4| | v

[Ln21.Cadl [REC [COL [OVF [READ

Figure 4.5 Compiling the Component and Building the DLL
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» Open ‘Build/Set Active Configuration’, and select the ‘Release’ project configuration and
select “Ok”. Press F7 to build the DLL. This will generate "Type200.dll" in the
‘UserLib\Release DLLs ’directory. TRNSYS loads external libraries depending on the
mode in which the main DLLwas compiled:  ‘UserLib\ReleaseDLLs’ and  ‘User
Lib\Debug DLLs’. In this case, it will use the Release director

» Activate the Simulation Studio and create a project to use the new component. Go to”
File/New/EmptyProjects".InorderforthenewlycreatedPerformatoappearinthe direct access
tool (component list on the right of the screen), it is refreshed using “Direct

Access/Refresh tree™ (see Figure 4.6).

= simuaton o _ e N = < - 8

" File Edit WView Direct Access Assembly Calculate Tools Window 7 - [ =
D|=|B|@| &[5(@ o« SlR[2] A [il4]5]) o Bl
| 2| =) 1|

=
=

&-_1 Conrallers
&1 Electical
-] Heat Exchangers
2 Y
'I:I' I:| Hydrogen Spstems

| O -1 Hydronics

Concentrator Dish & Loads and Stuctures
o - C Ela my component
Sl Concentrator_Dish
----- L+ Parasitic_power
----- {} Receiver
----- {} Receiver?

- ----- {+ Stifling_Engine
» fef } Stirling_Engine2

Figure 4.6 Using the New Component in a Project

]

e [X [3]£]S #]

-
-

{

£

5]
s |

Ready

In this thesis, four of the components added are Concentrator_Dish, Receiver, Stirling engine,
Parasitic power. Below is given an illustration of the inclusion of the dryer into the TRNSYS
component Types.

» From the simulation studio, click on File-New and then click on New Component-and

finally on create(see Figure 4.7)
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Mewr

Select project bype

Empky TRMNSYS
Praject

v

Solar hok
waker swstem

Building
Projeckt (...

-—
1
]

Coupled
prajeckt

Building
Projeck ...

e

COMIS project

Ermpky COMIS
prajeck

Step 1

Descripbion

E

Creaktes an emply component,

wour chioice,

_reate

Cpens the PROFORMA editor ko allow wou ko
define the componants variables, Use File/Export
in this editor to generate a source code templakte
(.trf) For the programming language of

Zancel |

Figure 4.7 Creating a New Component Proforma (1a)

» On the Componentl window select General and enter the Object name and Type

Number, (see Figure 4.8).
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.-I' Concentrator_Dish

General | Description | Variables | Files |

Object: Concentrator_Dish

Authar:

Organization:

Editor:

Creation Date: January 29, 2004 Last Modfication: January 29, 2004
— Model Type

" Detailed {* Simplfied {" Empirical {™ Conventional

— Validation

v Qualtative [v Anabtical [ Numercal [ Experimental [ In Assembly

Type Number : FeyWards
295

.-Q Allowed Instances

itor_Dish.bmp (Com

Choose icon ..

Figure 4.8 Entering Object Name and Type Number for the New Component

» Pick on the Variables menu and then click on Variables (Parameters, Inputs, Outputs, and
Derivatives) button. The row sunder Name, Role, Dimension, Unit, et care
filled appropriately for the Inputs, the Outputs, the Parameters and Derivatives by
clicking on the Add button. After all the required Inputs, Outputs, Parameters, etc. are
entered click on OK, see Figure 4.9.
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_F Concentrator_Dish IERIERES

Genemll Description  Variables |F|Ies |

Varables (Pammeters, Inputs, Outputs, Dervatives)

All ||nputs| Dutputsl Parametersl Derivativesl

—Yanable

Hame Role Dimension i in. 5 Add
d_ap parameter Length
Reflectivity parameter | dimension [rzert
NS parameter | dimension
MEW parameter | dimension Muodify
M5 _dizh_seperat| parameter Length
EW _dish_sepera | parameter Length
slope_ NS parameter any
=lope_EW parameter any
width_slot_gap | parameter any
height_slot_gap | parameter | any Create
manufacturer parameter | dimension
Wind_Stow_Spe | parameter | Velocity Change
Projected_Area | parameter |Area

| rut in narameter Fhrw

1 Delete
] | Cancel |

Figure 4.9 Entering Variables for the New Component

[relete

cofl=Jdfcnjen | jeafpa)—

— Cycle

» Then click on File-Save and save the new component in the directory of Trnsys 16-
Studio-Performa-in the folder “My Components” then click on the Save button, see
Figure 4.10.
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i T
o
=5 Save As E
| —

il
'|

i Savein: I |, my component j = £ B |
| = MName . Date modified Type
Ha::;‘%l' ﬂ Concentrator_Dish 1/3172004 746 AM Trnsys I5i
aces
Wl Parasitic_power 1/22/2004 259 PM Trnsys II5i
] il Receiver 1/31/2004 74T AM  Trnsys IS
Diesktop ﬂ Receiver2 1/20/2004 4:10 AM  Trnsys I5i
. tirling_Engine : rnsys I5i
- l#l Stirling_Engi 1/4/2004 5:54 AM Trnsys IISi
g Il Stirling_Engine2 1/2/2004 10:15PM  Trnsys ISi
Libraries
A
Computer
Metwork

1 | m

Save

File name: ICnn::E.-fﬂlatnr_Dish

Led Led =

Save as type: ICumpanem Files {* trrf) - Cancel

Figure 4.10 Saving the New Component

» Then click on File-Export as... and pick on FORTRAN and save the component type
“Type N in a new folder that has been created.

77



Savein: I 1 Userlib j = I=_';‘fE " |

| = Mame ° Date modified Type I
";:P . Concentrator_Dish 1/31/2004 7:34 AM  File folder

Recent Places - ]
' .. DebugDLLs 1/31/2004 3:41 AM File folder
- B Paresitic power 1/31/2004 7:34 AM  File folder
Desl;rtnp . Receiver 1/31/2004 7:34 AM  File folder
. 1 Receiver2 1/31/2004 7:34 AM  File folder
v=nl .. ReleaseDLLs 1/31/2004 3:41 AM File folder
Libraries . Stirling 1/31/2004 7:34 AM File folder
&u .. Stirling_Engine 1/31/2004 7:34 AM  File folder
-~ .. Stirling_Engine3 1/31/2004 7:34 AM  File folder
Computer

4 | fn

File name: ICuncerrtlatnr_Dish

Save as type: I FORTRARN files (~far, *f)

Figure 4.11 Saving the Generated FORTRAN Subroutine of the New Component

> Finally, the equations (s) for the component are entered in place of the question mark (?),

out (1) =? as shown in Figure 4.12.
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—— - —
@ Concentrator_Dish - C

—— — _—
Visual Fortran - [EA.\Concentrator_Dish,

File Edit View Insert Project Build Tools Window Help

B sH@ | me o (DR R

R

2l x|

Whorkzpace 'Concentrator_Disk
=-E8 Type295Lib files
=423 Source Files
- [#] Concentrator_Dish,
(- (23 Header Files

[ Resource Files

I:l Libraries
-2 Extermal Dependencies

4 T 3

| Fi|eview|

Ready

n_=td_dew=({2-=igma_tot) =*
ATAN(DELTAr accurates({Z#p+ 0. 00000013}

I' 5 =olwve for gamma (intercept factor) for a specific rim angle
lgamma i= highest at the mirror vertex and decresses near the collector perimeter

¥ = n_std_dev?Z

tl = 1-(1+r=*=z+0. 0000001}

fz = 1-(SORT(2#pi)i+0 0000001 =EXP({—(=x*®%2-2%+ 0. 00000017

1 = fu*xi{bhl*t]l + hZ2*®tl**x? + hixtl*xx3 + hd*tl%*xd + hh*tlx*xD)
gamma = 1 — 2%

I 68) =olve for d_Power (total powver reflected from differential ring) for spec rim
d_Power=(8*pi*Ib*TEST focal_length**Z%=zin(p=i)

*d_p=sils(l+cos(psii+ 0.0000001) %2 o

I 7)1 =olwve for d_Power intercept (total power from diff ring intercepted by receiwv
ld _Power intercept may be more accurate raising gamma to power of 2——:3:4
d_Power_intercept = d_Power #* gammaed

I 8% zum up d_Power & d_Power intercept until rim angle reached
Power_tot = Power_ tot + d_FPower

Power_int_tot = Power_int_tot + d_Power_ intercept

continue ldo—loop iz repeated

o

REC |COL [O%R |READ .4

Ln 640, Col 1

Figure 4.12 Entering Equation (s) in to the Subroutine of the New Component
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> Then the component’s inputs are connected to the component's output its output is

connected to an on line plotter (see Figure 4.13).

P (i,
Dry bulb temperature I beam in 0
Dew point temperature T _amb _in 15
Wet bulb temperature wind_speed_in 0
Effective sky temperature sun_angle in 0
Mlains water temperature P atm_in 1.015
Humidity ratio solar_azmuth 0

Percent relative humidity

Wind velocity

Wind direction

Atmospheric pressure

Total sky cover

Opaque sky cover

Extraterrestrial solar radiation

(Glokal horizontal radiation (not interpolated)
Direct normal radiation (not interpolated)
Solar zenith angle

Solar azimuth angle

Total horizontal radiation

Figure 4.13 Shows the TRNSYS Input File with the Components Placed in Position.

4.3 System Simulation Using TRNSYS

The goal was to create a detailed model that accurately predicts Stirling dish power plant
behavior on short time scales (i.e. hours) and through transients. Consequently, the TRNSYS
model predictions are plotted on a monthly basis. Results are shown for sunny and cloudy month

in 2001 with solar-only operation. Figure 4.14 shows the weather conditions at Kombolcha for
the year 2001.

The simulation is done for year 2001 G.C under Kombolcha weather condition. The weather data
for the Kombolcha considered is found from SEWERA website in a text and TMY formats.

The results for other months of the year are shown in Appendix D
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Figure 4.15 TRNSYS Representation the Power Plant Model
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4.3.2 Simulation Result for cloudy Month August, 2001
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CHAPTER FIVE

Cost and Financial Analysis of the Stirling Dish System

5.1

Solar Advisor makes performance predictions and economic estimates for grid-connected solar

Introduction

power projects in the distributed and central generation markets. The solar technologies
currently represented in SAM include concentrating solar power (CSP) parabolic trough, dish-
Stirling, and power tower systems, as well as flat plate and concentrating photovoltaic

technologies.

Solar Advisor is based on an hourly simulation engine that interacts with performance, cost,
and finance models to calculate energy output, energy costs, and cash flows. SAM incorporates
the best available models to allow analysis of the impact of changes to the physical system on

the overall economics.

User Interface Overview

The main window consists of a navigation menu and data page. Navigation buttons in the
navigation menu select the data page to display. Data pages display results and input data. Tabs
along the top of the window provide access to each case in the file. The menu bar provides

access to command menus.

» SAM 2009.9.10: Sample Dish Stirling Systems,zsam
File Case Results Developer Melp

93 Single 25 kw Dish Stirfing Unit

93 300MW Dish Sirking Feld

Arwa: 225 w2

| Sebect Tedhwlogy and Market.., | [ CSP Dish Stirking, Utility 1PP ] Q

-

4 Navigation = Technology and Market cx—

Menu 0.184 m2
for Current Case
Dish System Costs ~
Teeak: 5 21177223 — b isoriion ool
— Thermal Conductmity 0.06 WjmK
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Figure 5.1 SAM user Interface for Dish System (TRNSYS Manual)
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The main window gives you access to the input pages for each of the cases in the project:

5.2 Financial and Incentive Models

Solar Advisor's economic model calculates a project's cash flow over a specified analysis
period. The cash flow captures installation and operating costs, taxes, incentives, and the cost
of debt. Solar Advisor uses the system's hourly output for a single year generated by the
performance model, and then calculates a series of annual cash flows for revenues from
electricity sales and incentive payments, tax liabilities (accounting for any tax credits for which

the project is eligible), and loan principal and interest payments.

Solar Advisor reports a set of economic metrics such as the levelized cost of energy that it
calculates from the cash flow. Solar Advisor also generates a detailed cash flow table that one
can use to evaluate a project's value. The economic model can represent projects in the
residential, commercial, and utility markets, and account for a wide range of incentive
payments and tax credits, which can be based on investment amounts, capacity ratings, and
annual electricity production. Residential and commercial projects are assumed to be financed
through either a loan or cash payment, and to recover investment costs by selling electricity
through either a net metering or time-of-use pricing agreement. For these projects, SAM
reports a payback period and net present value in addition to the detailed cash flow table.
Utility and commercial third-party projects are assumed to sell electricity through a power
purchase agreement at a fixed price with optional annual escalation, and to be required to meet
a set of financing constraints. For utility projects, SAM calculates an electricity sales price,
internal rate of return, and minimum debt service coverage ratio. Projects with commercial and
utility financing can be modeled with or without depreciation using MACRS depreciation

schedules or customized schedules.

5.2.1 Project Cash Flow

Solar Advisor reports annual data in the cash flow table, including the system's annual electric
output in kWh, electricity price in $/kWh, net-metering receipts or sales revenue, project
expenses, taxes, and cost streams used to calculate the project payback. The cash flow table
only displays data from on the analysis base case, which is the set of results calculated from the
input variable values that are visible on the input pages. Solar Advisor calculates the values for
the cash flow and other economic metrics after completing the performance simulation
calculations. The model uses the first year annual energy output value from the simulation

results in the cash flow calculations. It also uses input variable values from the input pages.
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5.2.1.1 Energy (kWh)

The energy quantity reported for year one is equal to the Annual Energy value displayed in the
Metrics table. The quantities in year two and subsequent years is based on the year one value
adjusted for the degradation rate.

5.2.1.2 Energy Price ($/kWh)

For commercial and residential projects, the energy price is the annual average utility rate
where as for utility and commercial third party projects, the energy price is the 1st Year PPA
price displayed in the Metrics table. For year two and later, the energy price is the first year

price adjusted by the PPA escalation rate also displayed on the Metrics table.

5.2.1.3 Energy Value ($)

Residential and commercial projects may receive net-metering offset payments for electricity
generated by the project. Commercial projects pay federal and state income tax on these
payments. For utility projects, annual revenues are determined in each year by the annual

energy output and the electricity sales price for that year.

Energy Value = Energy (kWh) x Energy Price ($/kWh)

5.2.1.4 Operating Expenses

The operating expenses include operation and maintenance costs, and insurance and property
tax payments. The value in the Operating Costs row of the cash flow table is calculated as

follows:

Operating Costs = Fixed O&M Annual + O&M + Variable O&M + Fuel O&M + Insurance +

Property Taxes

The operation and maintenance (O&M) costs are defined on the system costs page and
escalated in each year after year one using both the escalation rate for each O&M category and
the inflation rate value. The insurance and property tax rates apply to the total installed cost
value. CSP trough, CSP tower, and generic fossil systems also include an annual cost of fuel in
the total operating expense. When the fossil fill fraction variable on the Thermal Storage page
for troughs or towers is greater than zero, the systems consume fuel for backup energy. But For

photovoltaic and CSP dish systems, the fuel cost is always zero.
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5.2.1.5 Operating Income and Deductible Expenses

For residential and commercial projects, the deductible expenses are project costs that can be

deducted from federal and state income taxes.

For residential projects, the deductible expense amount equals the property tax amount:
Deductible Expenses = - Property Taxes

For commercial projects, all operating costs are deductible:

Deductible Expenses = - Operating Costs

For utility projects, the operating income is the difference between revenues and operating

Costs:

Operating Income = Revenues - Operating Costs

5.2.1.6 Income, Taxes and Incentives

All projects pay state and federal taxes on the total taxable income for each year when the state
and federal annual tax rates are non-zero. Federal and state tax cash flows are displayed in two
separate sections of the cash flow spreadsheet, under the rows labeled Tax Effect on Equity
(State) and Tax Effect on Equity (Federal). The tax amount for each year appears in the Tax

Savings row under each section.

5.2.1.7 Depreciation

For utility and commercial third party ownership projects with a depreciation option defined on
the Financials page, Solar Advisor displays the depreciation amount in the State Depreciation
and Federal Depreciation rows of the cash flow table. The depreciation amounts and applicable

years are determined by the options on the Financials page.

5.3 SAM Input Pages for Dish System

The model calculates the cost of generating electricity based on information you provide about
a project's location, installation and operating costs, type of financing, applicable tax credits
and incentives, and system specifications. The model provides options for parametric studies,
sensitivity analysis, optimization, and statistical analyses to investigate impacts of variations

and uncertainty in performance, cost, and financial parameters on model results.
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The economic model can represent projects in the residential, commercial, and utility markets,
and account for a wide range of incentive payments and tax credits, which can be based on

investment amounts, capacity ratings, and annual electricity production.

Residential and commercial projects are assumed to be financed through either a loan or cash
payment, and to recover investment costs by selling electricity through either a net metering or
time-of-use pricing agreement. Utility and commercial third-party projects are assumed to
sell electricity through a power purchase agreement at a fixed price with optional annual

escalation, and to be required to meet a set of financing constraints.

For utility projects, SAM calculates an electricity sales price, internal rate of return, and
minimum debt service coverage ratio. Projects with commercial and utility financing can be
modeled with or without depreciation using MACRS depreciation schedules or customized

schedules.

Here there are input pages. The navigation menu provides access to the input pages.
5.3.1 Climate page

Table 5.1 Input Page for Climate from Navigation Menu

Input Page Purpose

Specifv a weather file

Climate

for the svstem's location
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rChoose Climate/Location

Location ’D'.Imesis document\thesis ref\ETH_Combolcha.633330_SWERA/ETH_Combolcha. 533330 _SWERA.epw

Solar Advisor reads weather files in TMY2, TMY3, and EPW format. The default weather file [
library incudes a complete set of TMY2 files for 1.5, locations. To add files for other
locations, use the web links below to find and download the files, and then dick

Add/Remove above to help SAM locate them on your computer,

Add/Remove...

Refresh list

Copy to project

Remowve from project

Create TMY 3 file

Location Lookup...

rLocation Information
City COMBOLCHA/DESS Timezone GMT 3 Latitude 11.08 deg
State | - Elevation 1864 m Longitude 39.72 deg
rWeather Data Information (Annual Averages)
Direct Mormal 213.1 Whfm2 Dry-bulb Temp 19.5 'C
[ View hourly data...
Diffuse Horizontal 96.8 Wh/m2 Wind Speed 1.9 mfs

rWeb Links
Solar Advisor reads weather files in TMY 2, TMY3, and EPW format.
The default weather file library includes & complete set of TMY 2 files for U.5. locations.

Add/Remove above to help SAM locate the downloaded weather files on your computer.

Best weather data for the U.5. {1200+ locations in TMY3 format)

Best weather data for international locations (in EPW format)

LS. satellite-derived weather data {10 km grid cells in TMY 2 format)

You can use the web links below to find weather data for other locations. After you have downloaded the desired weather files, dlick

Figure 5.2 Climate Page
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Choose Climate/Location
Location

A filename preceded by "SAM/" is a standard weather data file included with Solar Advisor
and stored in the \exelib\climate files folder. A filename preceded by "USER/" is a file in a

folder that you have added to the weather file search path list.
Add/Remove

Add or remove a folder on your computer from the list of folders Solar Advisor searches for
files with the TMY2, TMY3, or EPW file extension. Solar Advisor will list all weather files in
folders that you add to the search list in the location list. See Adding and Removing Weather

File Search Paths for details.
Refresh List

Refreshes the list of files in the location list, Solar Advisor automatically refreshes the list each
time you visit the Climate page. If you add a weather file to one of the folders in the search list,

you may need to refresh the list for the file to be visible in the location list.

5.3.2 Financing page

The Financing page displays the variables that Solar Advisor uses to calculate the project cash
flow and other related financial metrics. The variables that appear on the Financing page

depend on the financing option specified.

In this case CSP Power dish technology for Utility IPP market is analyzed. In the financials
page the analysis period, inflation period, loan amount, taxes and insurance, power purchase
agreements and other inputs are found.

Table 5.2 The Financial Input Page

Input Page Purpose
Define the project's debt
Financing
structure and rate of return
_ p> constraints as appropriate for
o the tvpe of project
Tax Credit Incentrees
e
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file:///C:\SAM\2010.4.12\exelib\help\html\climate.htm
file:///C:\SAM\2010.4.12\exelib\help\html\climate.htm
file:///C:\SAM\2010.4.12\exelib\help\html\climate.htm
file:///C:\SAM\2010.4.12\exelib\help\html\climate.htm

rGeneral

Automatically minimize LCOE with respect to Debt Fraction

Automatically minimize LCOE with respect to PPA Escalation Rate

rTaxes and Insurance
Analysis Period 30 years Federal Tax 30,00 %gfyear
Inflation Rate 10,10 =g State Tax 0.00 %%fyear
Real Discount Rate 8.00 9% Property Tax 0.00 36fyear
Sales Tax 15.00 o
Insurance 0.50 %
~Utility IPP Financing Parameters rPower Purchase Agreement
Principal Amount ~ $ 12,470,744.00 FPA Ezcalation Rate 1.2 o
Loan Term 20 vyears
Loan Rate 8 ofyear rConstraining Assumptions
Debt Fraction 20 | Minimum Required IRR 15 =%
Require & minimum DSCR
Minimum Required DSCR. 1.4
WACC % Require a positive cashflow
rFinancial Optimization

rFederal Depreciation rState Depreciation
(") Mo Depredation () No Depreciation
@ MACRS Mid-Quarter Convention @ MACRS Mid-Quarter Convention
(71 MACRS Half-Year Convention (7} MACRS Half-Year Convention
() Straight Line (specify years) 7 () Straight Line (specify years)
() Custom (specify percentages) () Custom (specify percentages)

Figure 5.3 Financial Page

Annual System Performance

-Annual System Performance

System Degradation = 1%

Availability = 94 %%

Figure 5.4 Annual System Performance Page
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5.3.3 Dish System Costs

In the costs page, SAM calculates the different estimates for direct, indirect, and operation and
maintenance cost components for the project. This page is used to determine the total installed

cost that can be used as input for the financial page.

The direct capital costs include site improvements, Collector Cost, Receiver Cost, Stirling
Engine Cost, and contingency costs for the project. According to this analysis a total direct
capital cost is $23,982,200.00.

An indirect cost is typically one that cannot be identified with a specific piece of equipment or
installation service, and may include all other costs that are built into the price of the system,

such as profit, overhead, and shipping costs.

Engineering procurement, sales tax, land and project management costs are considered as
indirect capital costs which in this case estimated to be $7,194,660.00.

The total installed capital cost is the sum of direct and indirect capital costs which is
$31,176,860.00 as shown in Figure 5.5

r Direct Capital Costs

Site Improvements 90000 m2 3.00 §/m2 € 270,000.00
Collector Cost (Projected Area) 87.7 m2funit 400.00 §/m2 £ 14,032,000.00
Receiver Cost 25 kW funit 250,00 gfkw € 2,500,000.00
Engine Cost 23 kwWjunit 500.00 s/ £ 5,000,000.00
Contingency 10 % £ 2,180,200.00
Total Direct Cost £ 23,982,200.00
rIndirect Capital Costs
%% of Direct Cost Mon-fixed Cost Fixed Cost Total
Engineer,Procure,Construct 16 % % 3,837,152.00 £0.00 % 3,837,152.00
Project,Land, Miscellaneous 2% £ 479,644.00 £0.00 £473,644.00
Sales Tax of 15 % applies to 80 % of Direct Cost £ 2,877,864.00
Total Indirect Cost ¢ 7,194,660.00
rTotal Installed Costs
Total Installed Cost £ 31,175,860.00
Total Installed Cost per Capadty (kW) £3,117.69
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-Operation and Maintenance Costs

First Year Cost Escalation Rate (above inflation)
Fixed Annual Cost =2 0.00 gfyr 0 %
Fixed Cost by Capacity 50.00 &~y 0 %
Variable Cost by Generation =2 0.70 smwh 0 %
Fossil Fuel Cost =2 0.00 sMMBTU 0 %

MNotes

Figure 5.5 Dish System cost Page

5.3.4 Dish solar Field Page

The parameters on the Solar Field page define the size of the solar field and the layout of the
dish network. To explore the impact of these parameters on the system's costs and
performance, change the value of the parameter. The solar field is assumed to be a rectangular
field with collectors oriented north-south and east-west.

rField Layout rSystem Properties
Mumber of Collectors, Morth-South 20 Wind Stow Speed 16 mfs
Mumber of Collectors, East-West 20 Total Capacity 10000 ki
Mumber of Collectors 400
Mote:
Collector Separation Morth-South 15 m
Collector Separation East-West 15 m
Total Solar Field Area Q0000 m2
rArray Shading Parameters
Ground Slope, Morth-South 0 deg Slot Gap Width 1m
Ground Slope, East-West 0 deg Slot Gap Height 1m

Figure 5.6 Solar Field Page

5.3.5 Solar dish collector page

The collector consists of parabolic mirrors, a support structure, and two-axis tracking system.

The mirrors focus direct normal solar radiation on the aperture of the receiver. The receiver
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aperture size is typically optimized to maximize the quantity of reflected solar radiation that

enters the receiver and minimize convection and radiation losses out of the aperture.

~Mirror Parameters
Projected Mirror Area 91 m2
Reflectance 0.94 (0..1)
-Performance
Insolation Cut-In 200 Wim2

Figure 5.7 Collector Page

5.3.6 Receiver page

The receiver absorbs thermal energy from the parabolic concentrator and transfers the energy to

the working fluid of the Stirling engine. The receiver consists of an aperture and absorber. The

receiver aperture is located at the parabolic concentrator's focal point. The current version of

Solar Advisor models one receiver type, direct illumination receivers, in which solar radiation

is directly absorbed by absorber tubes containing the working fluid. Direct illumination

receivers are the receiver type most commonly used for dish-Stirling systems.

Solar Advisor uses the receiver parameters to calculate thermal losses from the receiver, which

typically account for over 50% of the system's total losses. Other system losses include

collector losses due to mirror reflectivity, receiver intercept losses, and Stirling engine losses.

Receiver thermal losses are due to conduction, convection, and radiation:

Conductive losses through the receiver housing

Conductive losses through the receiver housing.

Natural convection from the cavity in the absence of wind

Emission losses due to thermal radiation emitted from the receiver aperture

Forced convection in the presence of wind

Radiation losses reflected off of the receiver cavity surfaces and out of the receiver

through the aperture.
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rAperture
Receiver Aperture Diameter 0,184 m
~Insulation
Thickness 0.075 m
Thermal Conductivity 0.08 W /mk
~Absorber
Absorber Absorptance 0.9
Absorber Surface Area 0.6 m2
rCavibty
Cavity Absorptance 0.6
Cavity Surface Area 0.6 m2
Internal Diameter of Cavity Perp. to Aperture 0,46 m
Internal Cavity Pressure With Aperture Covered 101 kPa
Internal Depth of Cavity Perp. to Aperture 0,456 m

Figure 5.8 Receiver Page

5.3.7 Stirling Engine page
The Stirling engine converts heat from the receiver's absorber to mechanical power that drives

an electric generator.

The Stirling engine model is based on the Beale curve-fit equation with temperature correction
described in Fraser (2008). The model calculates the average hourly engine power output in
Watts as a function of the Beale curve-fit equation, pressure curve-fit equation, the engine
displacement and operating speed, and expansion space (heater head) temperatures. The Beale
curve-fit equation calculates the engine's gross output power as a function of the input power
calculated by the collector and receiver models. Solar Advisor determines the compression

space temperature from the ambient temperatures in the weather data file.
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rEstimated Generation
Single Unit Mameplate Capacity 25 kw

~Engine Parameters

Heater Head Set Temperature 933 Kelvin

Heater Head Lowest Temperature 973 Kelvin
Engine Operating Speed 1800 rpm
Displaced Engine Volume 0.00038 m3

~Beale Curve Fit Coefficients

Beale Constant Coeffident 0.04247
Beale First-order Coeffident 1.682e-005
Beale Second-order Coeffident -5.105e-010
Beale Third-order Coeffident 7.073e-015
Beale Fourth-order Coefficent -3, 586e-020

-Pressure Curve Fit Coefficients
Pressure Constant Coefficent 0.658759

Pressure First-order Coeffident 0,00023495

Figure 5.9 Stirling Engine Page

5.3.8 Parasitic page

The input variables on the Parasitics page are used to calculate the compression space
temperature and the electrical power consumption of pumps, cooling fans, and tracking

controls.

r Parasitic Parameters

Control System Parasitic Power, Avg. 150
Cooling System Pump Speed 1500

Cooling System Fan Speed 1 400

Cooling System Fan Speed 2 550

Cooling System Fan Speed 3 650

Cooling Fluid Temp. For Fan Speed 2 Cut-In 20
Cooling Fluid Temp, For Fan Speed 3 Cut-In 30

Cooling Fluid Type | V50%:EG

Cooler Effectiveness 0.6
Radiator Effectiveness 0.6
'b_cooler' Parameter 0.7
'b_radiator' Parameter 0.7

Figure 5.10 Parasitic Page
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5.3.9 Reference inputs page

Solar Advisor uses the reference condition parameters in an iterative process to calculate the

total collector error for a given set of values for the aperture diameter, focal length, and

collector diameter. Once the collector error is calculated, that value can be used to calculate a

new intercept factor for different aperture diameters

rCollector Reference Condition Inputs

Intercept Factor 0.935 (0..1)
Focal Length of Mirror 745 m
- Receiver Reference Condition Inputs
Aperture Diameter 0.134 m
Delta Temp. for Receiver (DIR Type) 90 Kelvin
- Parasitic Variable Reference Conditions
Pump Parasitic Power 100 wy
Pump Speed 1300 rpm
Cooling Fluid Type |W50%%EG -
Cooling Fluid Temperature 288 Kelvin
Coaling Fluid Volumetric Flow Rate 9 galfmin
Cooling System Fan Power 1000wy
Cooling System Fan Speed 290 rpm
Fan Air Density 1.2 kafm3
Fan Volumetric Flow Rate 6000 CFM

Motes:

Figure 5.11 Reference inputs Page
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5.3.10 System summary

Table 5.3 Input pages for system summary

Input Page Purpose

Displavs kev characteristics of the

svstem based on input

system summary § . ‘ variables on other pages
; |

System Nameplate Capacity (kW)

For concentrating solar power systems, the value is equivalent to the power block’s rated

capacity, which is an input on the Stirling Engine page dish systems.

The nameplate capacity is the value that Solar Advisor uses to calculate cost per kilowatt
values displayed on the cost pages and used for economic modeling.

Total Direct Cost ($)
The total cost of installation equipment and services, calculated on the system cost page.
Total Installed Cost (3)

The project's total capital cost, including direct and indirect costs, calculated on the system cost
page.
Total Installed Cost per Capacity ($/kW)

The total installed cost divided by the system nameplate capacity, also displayed on the system

cost page.
Analysis Period (years)

Number of years covered by the analysis. Typically equivalent to the project or investment life,

also displayed on the Financing page.

Inflation Rate (%/year)
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Annual rate of change of prices, typically based on a price index. Solar Advisor uses the
inflation rate to calculate costs in the cash flows for years after year one, also displayed on the
Financing page.

Real Discount Rate (%o/year)

A measure of the time value of money expressed as an annual rate. Solar Advisor uses the real
discount rate to calculate the present value (value in year one) of cash flows over the analysis
period and to calculate annualized costs, also displayed on the Financing page.

rSystem Summary

System Mameplate Capacity 10000 kw

Total Direct Cost 23,982,200.00 =
Total Installed Cost 31,175,360.00 £

Total Installed Cost per Capacity 3,117.69 sfiw
Analysis Period 30 vyears

Inflation Rate 10.1 =4

Feal Discount Rate g %

Figure 5.12 System Summary Page

5.4 SAM Output Variables Description

The Solar Advisor Model is a performance and economic model based on an hourly simulation
engine that interacts with performance, cost, and finance models to calculate energy output,

energy costs, and cash flows. The results of SAM analysis were presented in this section.

5.4.1 Levelized Cost of Energy (LCOE)

The levelized cost of energy (LCOE) in cents per kilowatt-hour accounts for a project's
installation, financing, tax, and operating costs and the quantity of electricity it produces over
its life. The LCOE makes it possible to compare alternatives with different project lifetimes
and performance characteristics. Analysts can use the LCOE to compare the option of installing
a residential or commercial project to purchasing electricity from an electric service provider,
or to compare utility and third-party ownership projects with investments in energy efficiency,
other renewable energy projects, or conventional fossil fuel projects. The LCOE captures the

trade-off between typically higher-capital-cost, lower-operating-cost renewable energy
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projects, and lower-capital-cost, higher-operating-cost fossil fuel-based projects. Solar Advisor
calculates the LCOE for residential and commercial projects differently than it does for utility
and commercial third-party ownership projects as described below. One can specify the
project's financing type (residential, commercial, commercial third-party, and utility) in the
Technology and Market window. For all projects, Solar Advisor calculates both a real and
nominal LCOE value. The real LCOE accounts for the effect of inflation over the life of the

project. The nominal LCOE excludes inflation from the calculation.

5.4.2 LCOE for Residential and Commercial Projects

For a project using one of the Residential Market or Commercial Market (except Third-Party
Ownership) financing options, the LCOE is the cost of installing and operating a system per
unit of electricity it produces over the project's life. Solar Advisor assumes that projects with
residential or commercial financing are distributed energy projects installed on a residential or
commercial property, and that power generation equipment operates on the retail customer side
of the electric meter. For these projects, it is possible to compare a project's LCOE to the
electricity rate that the residence or commercial entity would pay to an electric service provider

if the project were not installed.

Solar Advisor uses the inflation rate to calculate Year 2 and later costs in the cash flow based
on the cost input values specified. The inflation rate accounts for expected price increases over
the project life for future operating costs. For the real LCOE, the real discount rate appears in

the denominator’s total energy output term as:

Cn

Zg=0(1"'dnominal)n
real LCOE = B e, (5.1)

N __ <n
1=1(1+dpea"

Similarly, for the nominal LCOE, the nominal discount rate appears in the denominator's total

energy output term:

Cn

nominal LCOE = ¥ N_, T N, (1+ann ............................. (5.2)

ominal)Il ominal)Il

The summation in the numerator term starts at n = 0 to include project's capital costs incurred
in year zero of the cash flow and shown as the Total Installed Cost on the system costs pages.
The summation in the denominator term begins at n = 1, which is the first year that the project

produces energy.
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5.4.3 LCOE for Utility IPP and Commercial Third Party Projects

For a project using either the Utility and IPP or Commercial Market - Third-Party Ownership
financing option, the LCOE is the amount that the project must receive for each unit of
electricity it sells to meet financial returns targets. This makes the LCOE for these projects very
sensitive to the values specified for the minimum IRR, minimum DSCR, and positive cash

flow.

Solar Advisor assumes that utility IPP (independent power producer) and commercial third-
party ownership projects are power generation projects installed on the utility side of consumer
power meters. These projects recover capital, operating, and financing costs through electricity
sales to a utility customer or other off-taker through a power purchase agreement with a fixed
annual electricity sales price and optional annual escalation rate.

For these projects, the LCOE is effectively a levelized price of electricity because it is based on
the present worth of the project's revenue stream. The electricity sales price reported in the cash
flow for year one is equivalent to the first year power purchase price, which Solar Advisor
reports as 1st Year PPA Price in the metrics table. Solar Advisor uses the real discount rate and
inflation rate to calculate the present worth of future costs. The discount rate accounts for the

time value of money and the relative degree of risk for alternative investments.

Solar Advisor uses the inflation rate to calculate Year 2 and later costs in the cash flow based
on the cost input values specified on the system costs page. The inflation rate accounts for
expected price increases over the project life for future operating costs. For the real LCOE, the

real discount rate appears in the denominator's total energy output term:

Rn

real LCOE = SN0 7 SN e, (5.3)

ominal)rl dreal)n

Similarly, for the nominal LCOE, the nominal discount rate appears in the total energy output

term:

Rp

. Qn
nominal LCOE = ¥N_, T N, Trd e (5.4)

ominal)Il ominal)Il

5.4.4 Real and Nominal LCOE

Solar Advisor reports both a real LCOE and a nominal LCOE value. The form of the discount
rate used in the denominator's total energy output term of the equations described above
determines the form of the LCOE.
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The real LCOE is a constant dollar value that is adjusted for inflation. Because the nominal
discount rate used to compute the nominal LCOE includes inflation, inflation is effectively
factored out of the nominal LCOE. The nominal LCOE is a current dollar value. If the inflation
rate is set to zero, the real and nominal LCOE will be equal. The choice of real or nominal
LCOE depends on the analysis. Most long-term analyses are conducted in real (constant)
dollars to account for many years of inflation over the project life, whereas most short term
analyses use nominal (current) dollars. The nominal discount rate can be calculated based on

the values of the real discount rate and the inflation rate:

dnominaldnominal = (1 + dreal) (1 + e) — 1 3113 e o s eannarennons (55)

5.4.5 1st Year Power Purchase Agreement (PPA) Price

The first year PPA price is the electricity sales price for projects with Utility and IPP or
Commercial - Third- Party Ownership financing. Solar Advisor assumes that such projects sell
electricity through a power purchase agreement (PPA) at a fixed price over the life of the
project with an optional annual escalation rate. The first year PPA Price and annual escalation
rate (PPA Escalation rate on the Financing page) determine the project's annual revenues. Solar
Advisor calculates the annual revenues to meet the minimum requirements of the internal rate
of return (IRR), debt service coverage ratio (DSCR), and positive cash flow, which are defined
as constraining assumptions. Because of the way the first year PPA price, IRR, and minimum
DSCR interact, Solar Advisor uses an iterative algorithm to determine the values of these
variables. For projects with Utility and IPP financing, the constraining assumptions defined are
the Minimum Required IRR and the Minimum Required DSCR, and a positive cash flow
requirement. But for projects with Third-Party Ownership financing, there is a single

constraining assumption defined on the Financing page which is the Minimum Required IRR.

The following equations show the calculations used in the iterative algorithm to determine the
IRR and minimum DSCR, which are both reported as results. The internal rate of return is the
discount rate, IRR in the equation below, that corresponds to a project net present value, NPV,
of zero whereas the minimum DSCR is the minimum debt-service coverage ratio that Solar
Advisor calculates for projects with Utility and IPP or Commercial - Third-Party Ownership
financing. The debt-service coverage ratio in each year n is the ratio of operating income to
expenses in that year. Solar Advisor calculates the minimum debt-service coverage ratio to be

greater than or equal to the minimum required DSCR target defined.
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Rn_c T X,n
NPV = zgﬂﬁ F CafterTaxo = 0eeerrrrrrmmiiiiiiiiieee e eeeeeeeeee, (5.6)
DSCR, = ——n-Coperatingn (5.7)

CIntererest,n + cPrincipal,n

5.4.6 Annual Energy

The annual energy quantity reported in the Metric table is the total electric generation in kWh
for the first year that the project operates, equivalent to Year one in the project cash flow. The
output in subsequent years may be lower than in the first year depending on the value of the

degradation rate
Capacity Factor

The capacity factor is the ratio of the system's predicted electrical output in the first year of

operation to the output had the system operated at its nameplate capacity:

Eoutputyear1
CF = DU CaTL e, (5.8)
l:'SystemCapacity.8760
Annual Energy Flow (Base Case)
60,000,000 | -
Bl Collector Power In (kwh), Annual
50,000,000 F DCUIIectur Powier Out (kWh), Annual|
= [ ]Receiver Power In (kwh), Annual
E 40.000.000 1 [ Receiver Power Out (kwh), Annual| 1
= [l Gross Field Power (kwh), Annual
B [l Total output (kwh), Annual
O 30,000,000 B
o
=
=
c
= 20,000,000 - :
10,000,000 B
D L L

Figure 5.13 Annual Energy Flow

Table 5.4 Annual Energy Flow

Collector
Power In
(kwh), Annual

Collector
Power Out
(kwh), Annual

Receiver Power
In (kWh),

Annual

Receiver Power
Out (kwh),

Annual

Gross Field
Power (kWh),

Annual

Total Output
(kwh),

Annual

Annual
Energy
(kwh)

65475300

56842700

56558500

49799900

15576100

14894800

14001100
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5.4.7 Debt Fraction and PPA Escalation

The debt fraction is the percentage of the project total installed cost that is financed through a
loan and the PPA escalation rate is an annual escalation rate that Solar Advisor uses to
calculate future electricity sales prices based on the first year PPA price, The values are
reported as a results only for projects with Utility and IPP or Commercial - Third-Party
Ownership financing. For these types of projects, depending on the financial optimization
option, the debt fraction and PPA are either a user defined input on the Financing page, or a
value that Solar Advisor calculates. When the Automatically minimize LCOE with respect to
Debt Fraction and PPA Escalation Rate option are checked, Solar Advisor finds the debt
fraction and PPA Escalation Rate that results in the lowest levelized cost of energy. Solar
Advisor uses the debt fraction to calculate the principal and interest payments, and used in the

iterative search algorithm described in 1st Year PPA Price.
Net Present Value

The net present value is the present value of the after-tax cash flow discounted to year one

using the nominal discount rate, plus the after-tax cash flow in year zero:

NPV = N O L (e eer e e e e e e e (5.9)

(1+dpnominaD™

5.4.8 After Tax Cash Flow

Year zero of the cash flow represents project capital cost. The capital cost is equal to the total
installed cost displayed on the system costs page minus the loan principal amount. Year one is
the first year that the project generates electricity. The cash flow for year one and subsequent
years account for project expenses, income from electricity sales, taxes, and incentive
payments. For Utility power producer, the after tax cash flow for year one and subsequent year

is given by:

After Tax Cash flow = After Tax Cost + Revenues
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Table 5.5 Project Cash Flow
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3456 7 8 91
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Figure 5.14 After Tax Cash Flow

Year | After Tax Cash Flow | Year | After Tax Cash Flow | Year | After Tax Cash Flow
0 -31176900 11 4001270] 21 3159700
1 16827200, 12 3981260| 22 2963530
2 5932840, 13 3950880| 23 2737420
3 5140570| 14 3908920 24 2478150
4 4806680, 15 3854060 25 2182180
5 4833680 16 3784810 26 1845590
6 4090540, 17 3699550 27 1464080
7 3998120 18 3596500 28 1032900
8 4009590 19 3473660, 29 546802
9 4014490 20 3328860, 30 36
10 4012020

1
0
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5.4.9 Payback period

The payback period (PBP) for the investment is the number of years for which the net present

value (NPV) is zero, or it can be defined as the time needed for the cumulative savings to equal

the initial investment.

Based on the above cash flow, the payback period is calculated as:

Table 5.6 The Payback Period

Year|After Tax Cash Flow|Commutative Cash Flow|
0 -31176900
1 16827200 -14349700
2 5932840 -8416860
3 5140570 -3276290
4 4806680 1530390

Payback period= 3years + 3276290/ 4806680 year = 3.682 years

Hence the money invested on the system, dish-engine; can be returned in approximately four

years period which is much less than its life time. Thus the system is economically feasible.

5.4.10 Cost Stacked Bar
Stacked Costs (Base Case)

70,000, D00 -

50,000,000 - [l sales Tax
[Dinstalled Cost (£)
[lPresent Value of Ins. and Prop. Tax (%)

50000000 1= [JPresent value of © and M (%)
[l indirect Cost (5)

40,000,000 - B contingency Cost (%)
[l Engine Cost (%)
[CJReceiver Cost (8)

0,000,000 |- [ Jcollector Cost (&)
[l site Cost (5)

20,000, 000 -

10,000, DDD -

[i]

Figure 5. 15 Cost Stacked Bar
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Table 5.7 Cost Stacked Bar

Present
Present | Value of
Site Value of | Ins. and
Cost Collector | Receiver | Engine | Contingency | Indirect | O and Prop. Installed | Sales
$ Cost($) | Cost($) | Cost ($) | Cost ($) Cost($) | M (9) Tax ($) | Cost($) | Tax
270000 | 14032000 | 2500000 | 5000000 2180200 | 7194660 | 5204160 | 1593930 | 31176900 | 2877860
5.4.11 Monthly Energy Flow
Monthly Output (Base Case)

7,000,000

6,000,000

5,000,000

4,000,000

3,000,000

2,000,000

1,000,000

0

Jan

Feb

Mar

Apr

[l Total Output (kwh), Monthly
[ Receiver Power Out (kwh), Monthly
[]Receiver Power In (kWh), Manthly
Il Gross Field Poveer (kWh), Monthly
[l Collector Power Out (Kwh), Monthly
Il collector Power In (kwh), Monthly

May Jun

Jul Aug

Sep

Figure 5.16 Monthly Energy Flow
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Mo
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Table 5.8 Monthly Energy Flow

Receiver Receiver Gross Field  |Collector Collector
Total Output [Power Out  [Power In Power Power Out  |Power In
(kwh), (kwWh), (kwh), (kwh), (kwh), (kwh),

Month |Monthly Monthly Monthly Monthly Monthly Monthly
1 1782700 5877720 6595180 1847000 6628320 7425630
2 1340610 4430350 5000630 1394150 5025760 5705310
3 1288930 4297320 4888270 1347790 4912830 5653980
4 1086440 3650410 4107710 1139790 4128360 4794840
5 1053790 3592160 4290840 1112140 4312400 4988940
6 1021150 3490610 4068470 1077660 4088910 4724860
7 813647 2794290 3277950 861992 3294420 4018240
8 836198 2885580 3359560 889083 3376440 3988910
9 960303 3256060 3708930 1012010 3727560 4350550
10 1234880 4126960 4612540 1293220 4635720 5468380
11 1729870 5674190 6250640 1791970 6282050 7055750
12 1746320 5724240 6397810 1809260 6429960 7299940
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CHAPTER SIX

6.1 Conclusion

In conclusions, the need for the construction of a parabolic dish solar steam generator arose as
an alternative to solve the thermal energy needs of the populace. This will also reduce the total
dependency on fossil fuels and other non-renewable and exhaustible energy source which have

be known to be depleted with ages to come as they are being used up.

A computational model was created and used to investigate the effects of system design
parameters for a Stirling dish system. The model, implemented in TRNSYS, can be used to
predict how a system design change influences the net energy production in a specific location

using input weather data files.

In TRNSYS model the heater head temperature that results in the maximum net efficiency is a
function of the receiver losses and the engine efficiency. The current heater head operating
temperature is 993 K and increasing this temperature has been prevented due to material

limitations.

The engine pressure is controlled to maintain a constant heater head temperature, so it will

fluctuate constantly throughout the day.

The engine efficiency was greater at higher engine input powers for colder ambient
temperatures. This behavior results from the engine operating more efficiently at colder

ambient temperatures as explained by the second law of thermodynamics.

According to the cost and financial analysis of the project the total direct capital cost is
$23,982,200.00.and the total indirect capital costs is estimated to be $7,194,660.00. The total
installed capital cost is the sum of direct and indirect capital costs which is $31,176,860.00.
The project payback is in about 4 years for its life time of 30 years.
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6.2 Recommendation

Future work should to be done to research Brayton cycle engines and determine how a
performance curve could be made for the gas turbine for a TRNSYS component.

The lower cost will be achieved through: improvements in mirrors and support structures,
improvements in hybrid heat-pipe and volumetric receivers coupled to Stirling and Brayton
engines, and development of control systems for fully automatic operation; and improvements
in system integration by reduction of parasitic loads, optimization of startup procedures, better

control strategies, and hybrid operation of the Stirling and Brayton engines.

A performance and economic analysis using gas turbines instead of Stirling engines in a closed
cycle using hydrogen or helium as the working fluid would be of value. Analyzing a combined
cycle using gas turbines in place of the Stirling engines and a centrally located steam turbine in
the bottoming cycle may also be a valuable design study. Gas turbines can be purchased off-
the-shelf so they likely would be less expensive than Stirling engines on a large scale.

Tracking Error produces unexpected less power output. A good solar tracker can typically lead
to an increase in power generation capacity of 30-50%.So detail performance analysis must be

done at this area.

Mirror soiling can contribute to a significant reduction in the performance of Stirling dish

systems. So the mirrors must washed on a regular two week schedule

Although many researchers have analyzed Stirling engines, there still remains room for further

development.
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Appendix A

TRNSYS Model Descriptions

A Stirling dish system model was created in TRNSYS to determine the location dependent

performance of the systems. Separate components were created for the parabolic collector,
receiver, Stirling engine, and the parasitic power. The TRNSYS model predict show the
system performance changes based on location dependent variables consisting of the wind
velocity, direct normal insolation, ambient temperature, ambient pressure (altitude), and the

sun elevation angle.

TRNSYS Parabolic Collector Model

The parabolic concentrator model predicts the radiative power intercepted by the receiver
(Pinrec) based on the direct normal insolation (Ipy,), projected area of the mirror(A,,;),wind
cut-out velocity, intercept factor (pj,..), mirror reflectivity (), and the shading factor

(Pgnage) @S given by Equation (A.1)

Pin,rec = IDNI * Aproj *pref *q)int, fac *¢shade ............................................. (Al)
The wind cut-out velocity is value indicating the wind speed at which the parabolic

concentrator will be sent into as to w position to prevent wind damage. The shading factor
(pshade) is determined using theory from Osborn (1980). The shading factor is a function of
the number of parabolic concentrators, the collector diameter, and the North-South and East-

West collector separation distance.

The intercept factor (¢, ,c) in Equation(A.1) is the fraction of energy reflected from the
parabolic concentrator that enters the receiver aperture. The TRNSYS model uses theory from
Stine and Harrigan (1985) and requires as an input the intercept factor for a specific receiver
aperture diameter, focal length, and collector diameter. The model then determines the total
collector error (o) in mille-radians by iterating Eq. (A.2) with a guess value for the total
collector error until the appropriate value for the input of the intercept factor is found. Once
the total concentrator error is determined, it can be used to obtain a new intercept factor for a

different receiver aperture diameter using the same theory.

The terms Pipercent 1ot 1 the total power intercepted by the receiver, P e 1o IS the total power

reflected by the collector, I is the intercept factor for a specific differential ring evaluated at

the ring-specific rim angle(y). The total rim angle at the collector perimeter is given by v,
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Ion IS the direct normal insolation, f is the focal length of the mirror, and A, is the projected

proj
area of the mirror. The ring specific intercept factor (I') is a function of the total error (o) as
shown in Equations (A.3) and (A.4). The terms Q(n) is a function of the number of standard
deviations (n) described in Stine and Harrigan (1985), d, is the receiver aperture diameter, and
p is the length between the foci and the specific differential ring on the collector. The
concentrator model, combined with the receiver model described below, allows an optimal
receiver aperture diameter to provide the greatest solar net energy transfer to the Stirling
engine to be found.

The TRNSYS model automatically proceeds through the following steps to find the intercept

factor based on the diameter of the receiver aperture for specific collector systems:

. ~ (G T*8r* 1, * 2 *sin€ > Ay -
Pin = ‘)in r ‘Jr _ = = ( *A roj
t, fac tercepttot j eflect tot (WZO:O P COS((/;E DNI proj _ (AZ)

T=1-2%Q€ oo (A.3)

n=2/c, *tan* ,, *cos¢ ] €* D e (A.4)

1. Solve for the collector rim angle based on the collector focal length and diameter

2. Guess a small value for the total collector error

3. Solve for the number of standard deviations for a specific rim angle (differential ring) based
on the guess value for the total collector error

4. Solve for the intercept factor for a specific rim angle in the collector based on the number

of standard deviations for the rim angle

Solve for the total power reflected from the differential ring

Determine the total power intercepted by the receiver for the specific rim angle

Sum up the total power reflected over the entire collector(summation of #5)

Sum up the total power intercepted by the receiver for the entire collector (Sum#6)

Divide #8 by #7

10. If #9 is less than the appropriate intercept factor, then guess a larger value for the total

© o N o O

collector error in #2 and repeat steps #3 through #10
11. The total collector error is solved to give the correct intercept factor for the one data point
measured at a specific aperture diameter

12. Once the total collect or error is determined, the previous steps are modified slightly and
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the total collector error is used to determine what the new intercept factor is for a different

aperture diameter

Table A.1 The Parameters, Inputs, and Outputs for the TRNSY'S Parabolic Collector Model

Parameters

Inputs

Outputs

Receiver (not collector) aperture

diameter

Direct normal

insolation

Collector output power

Mirror reflectivity

Ambient temperature

Ambient temperature

Number of collectors North-South

Wind speed

Atmospheric pressure

Number of collectors East-West

Sun zenith angle

Wind speed

Dish separation distance North-South

Atmospheric pressure

Sun elevation angle

Dish separation distance East-West

Solar azimuth angle

Collector losses

Manufacturer

Efficiency of the collector

Wind stow speed

Number of collectors

Projected area of the mirror

Direct normal insolation

Insolation cut in

Insolation cut in

Test receiver aperture diameter for

the test intercept factor

Input power to the receiver

Test intercept factor

Receiver intercept factor

Test focal length of the mirror

Receiver aperture diameter

Total area of the mirror

Input power to the

collector

Dish separation distance
North-South

Dish separation distance
East-West

Shading factor
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TRNSYS Receiver Model

The TRNSYS receiver model computes the thermal input power to the Stirling engine by
subtracting the receiver thermal losses due to conduction, convection, and radiation from the

total power intercepted by the receiver as shown in Equation (A.5). The conduction losses (g, )

through the receiver housing are minimal. The natural convection coefficient used for the
receiver cavity is location and time-of-day dependent and is determined from the Nusselt
number correlation by Stine and McDonald (1989) in Equations (A.6) and (A.7) with the
interior cavity diameter parallel to the aperture as the characteristic length. The forced
convection heat transfer coefficient for receiver cavity is based on Ma (1993) as shown in
Equation (A.8). The total convection heat transfer coefficient according to Ma is given by
Equation (A.9) with the natural convection coefficient derived from Equation (A.6). The

total receiver heat loss rate due to convection is given by Equation (A.10) where A_,, is the total

surface area of the cavity interior.

P se = Pinrec — Urad refiect —(qcond + qconvgmt + q,advemit)l ............................. (A.5)
NUpy cons = 0.088*Gr*® * &, /To, 20 * €080 > * €, /Ay, Seovevviinnnnnnn. (A.6)
S=-0982*q,, /des FLA2.. oo (A.7)
Rireeg = 019675V (A.8)
Nuotat convection = Muaturat  Morget -+ eeenveermeeenseeeseeeeee e e e (A.9)
eomiot = Mot convection ™ Aoar ™ Coay = Tamh _evveeermvreeeemmreeseineeeeeeeeeeeeiseeeenea, (A.10)

The term Pj, s in Equation (A.5) represents the thermal input power to the Stirling engine while
Qeonv.tot » Orad emit » @Nd  rad reflect FEPresent the rate of heat loss from the receiver by convection
(natural and forced), emitted radiation out of the receiver aperture, and the reflected radiation out
of the aperture, respectively. The quantity, Nupaconv, In Equation (A.6) represents the free
convection Nusselt number with the interior cavity diameter as the characteristic length. Gr is
the Grashof number using the interior cavity diameter as the characteristic length,T¢a, IS the
average temperature of the interior cavity walls, Tamp IS the ambient temperature, 0 is the sun
elevation angle, dy is the aperture diameter, dcay is the cavity diameter parallel to the receiver

aperture and v is the wind speed. The emitted radiation from the receiver cavity (¢, . .) IS
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estimated as the thermal emission given by the Stefan-Boltzmann law in Equation(A.11) where,

¢ is the emissivity of the cavity, A, is the surface area of the receiver aperture opening, and c is
the Stefan-Boltzmann constant. The reflected radiation (g, d’reﬂect) from the receiver is given
by Duffie and Beckman (2006) shown in Equations (A.12) and (A.13) where o is the effective
absorptance of the cavity, a,, is the absorptance of the cavity interior surface, and A, is the

interior cavity surface area.

Gragemmit = % A 0 € =T ) (A.11)

Ay = o e (A.12)

B Ay T "_acav:* «ap/Acav,

~

Urad refioct = €= Catt 2 Ui roceiver -+« -+ rsssreeeenmnnreeesannneteeeaaenieeeeeeeeneeiaeeee e (A.13)

An aperture cover can be used for hybrid systems to supplement solar energy with natural gas or
for systems that replace the Stirling engine with a gas turbine. A receiver aperture cover can be
simulated in the TRNSYS model providing a value for the cover transmittance for radiation at
normal incidence (z.). An aperture cover will reduce the transmitted energy through the cover to
the receiver cavity due to reflection as shown in Equations (A.14) and (A.15) but it will also
reduce radiation and convection losses from the receiver cavity. The terms 7z, and 7, are the
transmittance of the cover for incident solar radiation and isotropic diffuse radiation

respectively.

a
T, ¥y =7, % S N (S (A.14)

) Aoy T ‘_ acav:*rd «ap/Acav/

. B y
Urag reiect = € Te ¥ ay 3 Qi receiver- e evveeeeeeeemmmmmnnnaneiieeeneiineeeeiiieeee. (A.15)

Convection from the cavity to the aperture cover is determined using internal volume
convection correlations given by Egs. (A.16) and (A.17) (Incropera and DeWitt, 2002).
Convection from the exterior plate surface to the environment is found by combining free
convection with forced convection using Equation (A.21) with the value for n in Eq. (A.21)
chosen to be three (Incropera and DeWitt, 2002).Free convection from a flat plate at the

appropriate sun elevation angle is given by Equation (A.18) and (A.19) with forced convection
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given by Equation (A.20). The characteristic length used for these equations is the receiver
aperture diameter. The terms Pr, Re, and Ra are the Prandtl, Reynolds, and Rayleigh numbers

respectively.

NUinternal =1+|:NUix=900—1:|*Sin 000 +0: ............................................ (A16)
B P 0.29
NU r-s00 = 0.18*[ * Raj .................................................... (A.17)
0.2+Pr
- 0.67*Ra"* .
NU exterior, free = 0.68 + [ Py 492/P 916 ﬂg (Qa <10°%:0° <9 <60° T (A.18)
+ Q. r
NU exterior, ree = 0.27* Ra¥* €0° < Ra <10%°:60° < 6 < 90° ................... (A.19)
I\IU exterior, forced,lam = 0664* Rel/z* Prl/s ........................................... (A.ZO)
Nombined.convection = [?ree +N% e ?r ................................................. (A.21)

Most systems use a DIR receiver even though there flux receiver improves the system
performance. Integration issues for a reflux receiver can be challenging for four-cylinder engines

such as the SES Stirling engine, so SES is not planning on using reflux receivers at this point.

Table A.2 The Parameters, Inputs, and Outputs for the TRNSY'S Receiver Model

Parameters Inputs Outputs

Receiver type Input power to the receiver Receiver output power

Transmittance of the aperture | Ambient temperature Ambient temperature

cover

Manufacturer Atmospheric pressure Receiver losses

Absorptance of the absorber | Wind speed Efficiency of the receiver

Surface area of the absorber | Sun elevation angle Engine heater head operating
temp

Absorptance of the cavity Number of collectors Number of Collectors
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wall

Surface area of the cavity

Heater head temperature (set

Density of ambient air

wall point
Receiver insulation thickness | Heater head temperature DNI
(lowest)
Insulation thermal DNI Insolation cut in

conductivity

Internal diameter of the
cavity perpendicular to the

receiver aperture

Insolation cut in

Reflected radiation losses

Internal cavity pressure when

a cover is over the aperture

Receiver aperture diameter

Radiation losses from long-

wave emission

Internal depth of the cavity
perpendicular to the aperture

Receiver convection losses

Receiver conduction losses

TRNSYS Stirling Engine& Generator Model

Data for the gross output power (Pg,.s) Was based on a Beale number (Beale) curve at part-to
full-load using a temperature correction term (T,
2007) as given by Equation(A.23).
expansion (Tg) and compression space (T.) temperatures.

) from finite-time theory (McMahan et al,

correct
The temperature correction term includes values for the

The expansion space temperature is

the heater head operating temperature. One individual day of data is used to determine the

temperature corrected Beale number (Beales,,ceq) iN Equation (A.23) with the input power to

the Stirling engine determined by the collector and receiver models using Equation (A.5). The

terms Pmean, Vg, and f refer to them e an engine pressure, swept volume, and engine

frequency.

Beale# . roees = Paross/ Prcan Var ¥ Toomrect «vveeereeneeeneeeeeeeeeeeieeenen, (A.22)

Tcorrect = ‘_ ‘_E /T ES:



Once a curve fit is generated using data for a specific engine, the gross output power of the

engine is predicted using Equation (A.24) where the Beale number (Beale,,.) is determined

curv
fromthecurvefitinFigureA-landtheinputpowertotheengine. The other terms in Equation (A.24)
are determined either using TRNSYS TMY-2data, or another data set. The temperature-
corrected performance of the Stirling engine component allows for system optimization by
altering the heater head (expansion space) temperature, fan or pump operating speeds, or
replacing the fan and radiator with a central cooling tower.

Puroe = BEAIE, 1 * Pooan ™V ™ T ¥ Toireet o eeeeeeeeeee e e (A.24)

The expansion space temperature can also be modified to determine the effect on system
performance. A term can be input for the lowest temperature of the heater head, which would
occur in a 4-cylinder engine (SES&SAIC) with varying heater head temperatures. Similar to
improving the receiver efficiency by reducing the tmperature drop between the receiver and
engine heater head, the engine performance will improve by reducing the temperature drop from
the highest and lowest heater head in a multiple cylinder engine. This change in performance is

simulated in the TRNSY'S model by using the lowest heater head temperature in the engine.

Table A.3 The Parameters, Inputs, and Outputs for the TRNSYS Stirling Engine Model

Parameters Inputs Outputs
Manufacturer Input power to the Gross output power of the Stirling
Stirling engine dish system
Heater head set temperature Ambient temperature Ambient temperature
Heater head lowest Number of Collectors | Stirling engine losses
temperature
Beale constant coefficient from | Compression space Stirling engine efficiency
curve fit temperature (Stirling
engine cold sink
temperature)
Beale first-order coefficient Density of air Density of ambient air
from curve fit
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Beale second-order coefficient | DNI DNI

from curve fit

Beale third-order coefficient Engine hot-end Engine lowest operating heater
from curve fit operating temperature | head temp

Beale fourth-order coefficient | Insolation cut in Heater head highest temperature
from curve fit (set point)

Pressure constant coefficient Input power to the Displaced volume of engine
from curve fit collector

Pressure first-order coefficient Engine frequency

from curve fit

Engine operating speed Engine pressure
Displaced volume of the Number of parabolic collectors
engine

Insolation cut in

Gross system operating efficiency

TRNSYS Parasitic Power Model

A cooling system model was generated to predict the compression space temperature of the
Stirling engine and the parasitic power consumption of the Stirling dish system. The
compression space temperature affects the Stirling engine performance and the predicted
parasitic power is used to obtain the net power from the system. The compression space
temperature is determined with inputs of the ambient temperature, pump speed, fan speed, and
the effectiveness of the radiator and cooler at test conditions. The appropriate effectiveness-
NTU correlations (Incropera and DeWitt, 2002) are used in the TRNSYS model to predict how
the radiator or cooler effectiveness will change at different operating speeds. The fan and pump
parasitic powers are determined using the “fan laws “and the dimensionless pump performance

equations. The net system power (P, is found by subtracting the parasitic power of the

tracking and controls (P o), PUMP (Ppymp), and fan (Pf,,) from the gross output power
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(Paross,op) Of the engine as shown in Equation (A.25). The pump and controls parasitic power are

initiated in the TRNSYS model when the direct normal insolation is positive, where as the
parasitic power from the fan is not included until the DNI is higher than the insolation cut-in

value, which corresponds to when the fan is connected to the grid.
PNet = PGTOSS,OD - écontr(ﬂs + Pfan + Ppump IR R LI T PR PP (AZS)

Table A.4 The Parameters, Inputs, and Outputs for the TRNSY'S Parasitic Power Model

Parameters Inputs Outputs

Cooling tower on [O-radiator Gross output power of | Net output power of the Stirling
and fan , 1-cooling tower] the Stirling dish dish system(for one collector

system including system availability

Cooling tower mode [1-natural | Ambient temperature | Total parasitic power of the
draft (no fans), 2-forced draft] radiator fan, radiator pump, and

tracking controls

Cooling tower water Number of Collectors | Compression space temperature
distribution pipe diameter

Mass flow rate of the cooling Density of air Stirling dish system fan parasitic
tower water power

Mass flow rate of the cooling DNI Stirling dish system pump

tower water during tower test parasitic power

conditions

Material of the cooling tower Engine lowest heater- | Inlet cooling water temperature to
water distribution piping[1- head operating temp the cooling tower
plastic, 2-cast iron, 3-riveted

steel]

Efficiency of the cooling tower | Displaced volume Mass flow rate of the cooling

water distribution pump tower water 130




Fan control signal [-] 0-off, 1-
on, values between 0 and 1 are
the fraction of the rated

volumetric flow rate of the fan

Engine frequency

Ambient temperature

Effectiveness of the counter
flow heat exchanger between
the cooling tower fluid loop and
the Stirling dish cooling fluid

loop

Engine pressure

Fan control signal

Dish system availability

Insolation cut in

Compression space temperature

Stirling dish cooling system

pump operating speed

Engine rejected

thermal load

Parasitic power of the cooling

tower

Stirling dish cooling system fan

operating speed 1

Cooling tower water

outlet temperature

Temperature of the Stirling dish
system cooling fluid into the

radiator

Stirling dish cooling system fan

operating speed 2

Atmospheric pressure

Temperature of the Stirling dish
system cooling fluid out of the

radiator

Stirling dish cooling system fan

operating speed 3

Dish separation

distance north to south

Net Stirling dish system efficiency

Stirling dish cooling system
cooling fluid temperature for
fan speed 2 cut-in

Dish separation

distance east to west

Stirling dish cooling
systemcooling fluid temperature
for fan speed 3 cut-in

Parasitic power of the

cooling tower fan

Cooler effectiveness at test

Input power to the
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conditions

collector

Radiator effectiveness at test

conditions

Cooling fluid

Manufacturer

Average control system

parasitic power

Stirling dish cooling system

pump test parasitic power

Stirling dish cooling system
pump test speed

Pump test cooling fluid

Cooling fluid test temperature

Cooling fluid test volumetric

flow rate

Stirling dish cooling system fan

test power

Stirling dish cooling system fan

test speed

Stirling dish cooling system fan

test air density

Stirling dish cooling system fan

test volumetric flow rate
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Appendix B

EES Model for the Stirling Engine

"parameters"

"values in parametric table™

RPM = 1800[rpm]

Volume_displacement = 0.00038[m"3]

TC = 310[K]
TE = 993[K]

Insolation = 180[W/m"2]
1000W/m~"2"

Pressure_mean = 2[Pa]*10"6

between 2E6 and
2E7Pa"

Patm = 101325 [Pa]
P_atm = Patm
TE_max = 995[K]

Th =1083 [K]
temperature)”

TC_max = 310[K]

Tk = 293[K]

ambient"
DNI = Insolation
A _dish =91 [m"2]

intercept_factor = 0.97 [-]

"engine speed (1/s) "

"displaced volume of engine"
"compression space temp of engine"
"expansion space temp of engine"

"varied in parametric table between 180 and

"mean engine pressure varied in parametric table

"expansion space operating temperature"

"heater operating temperature (absorber

""compression space temperature”

""cooler temperature....should be just above
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eta_receiver = 0.86 [-]
reflectivity = 0.91 [-]
eta_generator = 0.95[-]

Power_in_SE = Insolation * A_dish * reflectivity *intercept_factor*eta_receiver

engine parameters
k spec=Cp/Cv

V1 =540 [cm”3] * convert(cm”3,m"3) "max volume at state 1"

V2 =V1 - 380 [cm"3] * convert(cm”3,m"3) "minimum volume at state 2"

T_S L =Tk"sink (cooler) temperature”

w_S L =sqgrt(gamma*R*T_S L) "speed of piston for the sound speed at

sink temperature™

Vmax = V1 "max volume for P-V diagram"
Vmin = V2 "min volume for P-V diagram”
epsilon_v =(V1/V2) "volumetric compression ratio"

gamma = Cp / Cv"specific heat ratio"

Cv=Cv(H2, T =AVERAGE(TC,TE)) "spec heat constant volume™
Cv. g=Cv

Cp=Cp(H2, T=AVERAGE(TC,TE)) "spec heat constant pressure"

MM_H2 = MolarMass(H2)

R=R#/MM_H2 "working gas constant"

T H2 ave=(TE+TC)/?2

m_g = Pressure_mean*V1/ (R*T_H2_ave) "estimate Urieli p39 & ideal gas law"""'mass of
working gas”

N_cylinders =4 "number of cylinders"

stroke_cyl = 0.04[m] "stroke for each cylinder"
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S = (N_cylinders*stroke_cyl) "total stroke of the piston [m]"
T_m=AVERAGE(TC,TE) "mean temperature of gas”
Pr = Prandtl(H2,T=T_m) "Prandtl number"

nu=Viscosity(H2,T=T_m)*Volume(H2,T=T_m,P=Pressure_mean) "viscosity of working gas
[m”2/s]"

P1 = (4*Pressure_mean) / ((epsilon_v + 1) * (tau + 1)) "initial state inlet pressure"
tau = (TE / TC) "ratio of working gas extreme temperatures"

w = 2*S*RPM/(60 [s/min]) "speed of piston [m/s]"

regenerator parameters
m_R =0.2 [kg] "mass of regenerator"

TR =(TE-TC)/(In(TE/ TC)) "mean effective regenerator temp...NASA ref"
c_R =c_('Stainless_AISI316', TR) "specific heat of regenerator"

A R=pi*(D_R/2)"2* N_S "! total surface area guessed""heat transfer surface area of

regenerator"
D_R =.057[m] "diameter of regenerator"
b2 = 1e-7[m] "!guess""distance between wires in the regenerator"

d = 4e-5[m] "lguess....not sensitive""'regenerator wire diameter"

N_S=1600 "! 2 x 200 in each of 4 cylinders""number of screens in the

regenerator"" "

"Regeneration losses™

y =0.72 "y is an adjusting coefficient"

eta Il X=1/(1+X*(1-sqrt(Tk / Th))/ ((gamma-1)*In(epsilon_v))) "Regeneration losses"
X =X1*y+ X2*(1 -y)" Xis coefficient of regenerative losses"
X1=(1+2*M+EXP(-B))/ (2* (1 +M))

X2 = (M + EXP(-B)) / (1 + M)
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M=(m_g*Cv g)/(m R*c R)
B=(1+M)*(h*A_R)/(m_g*Cv_g)*(S/w)

h = (0.395*(4*Pressure_mean / (R*TC)) * w(0.424) * Cp * nu”0.576) / ((1+tau) * (1 - (P1/
(4*((b2/d)+1))))*D_R"0.576 * Pr~(2/3)) "convection heat x-fercoef to

regenerator

"IPressure losses"

eta Il DELTA P=1-(((w/w_S_L)* gamma*(1 + sqrt(tau))* In(epsilon_v) + 5 *
(W/w_S_L)*2* N_S) /(tau * eta_prime * In(epsilon_v)) + ((3*(0.94[m/s]+0.045*w)*(10"5)[Pa-
s/m]) / (4*P1)) /(tau*eta_prime*In(epsilon_v)))

eta_prime =eta CC *eta_Il_X"

"I Stirling cycle efficiency"

eta CC =1 - (Tk/Th) "Carnot efficiency"

eta 2 DELTA T =1/ (1+sqrt(Tk/Th))

eta Il irrev=eta Il X*eta Il DELTA P*eta 2 DELTA T "second law efficiency including
irreversibilities™

eta_Petruscu = MAX(0,eta_CC * eta_Il_irrev) "Stirling engine total

efficiency
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Appendix C

Stirling Engine Types

There are two common types of Stirling engines that have been used for power production: the

kinematic and the free-piston engine.

Kinematic engines have the power piston connected to the crankshaft by a connecting rod, which
IS attached to a cross-head to eliminate lateral forces against the cylinder walls. A linear seal is
used between the cross-head and piston to seal the region between high and lower pressures to
allow the bearing surfaces to remain lubricated in the low-pressure area while preventing fouling
of the heat exchanger surface in the high-pressure region. Kinematic Stirling engines are

currently being used in the Stirling dish systems by all of the major manufacturers.

An alternative design to the crankshaft with the cross-head is to use a swash plate or wobble
plate drive. A slanted drive surface is connected to the drive shaft at an angle and moves the
fixed piston push rods up or down while the drive surface rotates. The stroke length can be

controlled by varying the drive surface angle with respect to the axis of rotation.

Free piston Stirling engines do not have the power piston connected to a crankshaft, but rather
cycle back and forth between the working fluid and another gas. Free-piston Stirling engines
have a lower cost, longer life, and minimal maintenance with respect to kinematic Stirling
engines but no free-piston Stirling dish systems are currently planned for direct solar dish

applications.
Stirling engine configurations

There are three basic engine design configurations that have been used for Stirling engines or
Engineers classify Stirling engines into three distinct types. These include alpha, beta, and

gamma configurations.

The alpha configuration uses a separate cylinder for the expansion and compression space to
move the working gas, with the cylinders held at different temperatures while the beta and
gamma configurations use a displacer piston to move the working fluid between the expansion

and compression spaces.
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Alpha Stirling

An alpha Stirling contains two separate power pistons in separate cylinders, one "hot" piston and
one "cold" piston. The hot piston cylinder is situated inside the higher temperature heat
exchanger and the cold piston cylinder is situated inside the low temperature heat exchanger.
This type of engine has a very high power-to-volume ratio but has technical problems due to the

usually high temperature of the "hot" piston and the durability of its seals.

L E0E

Figure C.1 Alpha Type Stirling Engine (http:// wikipedia.org)

Figure C.2 Actual Alpha Type Stirling Engine (http://www.sbp.de)

Beta Stirling

A beta Stirling has a single power piston arranged within the same cylinder on the same shaft as
a displacer piston. The displacer piston is a loose fit and does not extract any power from the
expanding gas but only serves to shuttle the working gas from the hot heat exchanger to the cold
heat exchanger. When the working gas is pushed to the hot end of the cylinder it expands and

pushes the power piston. When it is pushed to the cold end of the cylinder it contracts and the
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momentum of the machine, usually enhanced by a flywheel, pushes the power piston the other

way to compress the gas.

Unlike the alpha type, the beta type avoids the technical problems of hot moving seals.

g

Figure C.3 Beta Type Stirling Engine (www.physics.sfasu.edu)

A beta Stirling has two pistons within the same cylinder both connected to the same crankshaft.

One of these is the tightly fitted power piston and the other a loosely fitted displacement piston.

Gamma Stirling

A gamma Stirling is simply a beta Stirling in which the power piston is mounted in a separate
cylinder alongside the displacer piston cylinder, but is still connected to the same flywheel. The
gas in the two cylinders can flow freely between them and remains a single body. This
configuration produces a lower compression ratio but is mechanically simpler and often used in
multi-cylinder Stirling engines. Stirling engines with regenerators have a cycle that matches the
Carnot cycle. The Carnot cycle determines the maximum theoretical efficiency of a heat engine.
The temperatures must be measured in absolute degrees (Kelvin or Rankine) for this formula to

work.
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Compression
Space

Gamma Engine

Fegenemtor

Cooler Heater

Piston

Figure C.4 Gamma Configuration Stirling Engine (Urieli, 2007)
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Appendix D

Simulation result for the remaining months
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