
Informes Técnicos Ciemat 915
diciembre, 1999

Integration of Small Solar Tower
Systems Into Distributed Power
Islands

M. Romero
M. J. Marcos
F. M. Téllez
M. Blanco
V. Fernández
F. Baonza
S.Berger

Departamento de Energías Renovables





Toda correspondenica en relación con este trabajo debe dirigirse al Servicio de

Información y Documentación, Centro de Investigaciones Energéticas, Medioambientales y

Tecnológicas, Ciudad Universitaria, 28040-MADRID, ESPAÑA.

Las solicitudes de ejemplares deben dirigirse a este mismo Servicio.

Los descriptores se han seleccionado del Thesauro del DOE para describir las materias

que contiene este informe con vistas a su recuperación. La catalogación se ha hecho

utilizando el documento DOE/T1C-4602 (Rev. 1) Descriptive Cataloguing On-Line, y la

clasificación de acuerdo con el documento DOE/T1C.4584-R7 Subject Categones and Scope

publicados por el Office of Scientific and Technical Information del Departamento de Energía

de los Estdos Unidos.

Se autoriza ia reproducción de los resúmenes analíticos que aparecen en esta
publicación.

Depósito Legal: M -14226-1995
ISSN: 1135-9420
ÑIPO: 238-99-003-5

Editorial CIEMAT



CLASIFICACIÓN DOE Y DESCRIPTORES

140702,200115

MIUS; COGENERATION; TOWER FOCUS POWER PLANTS; CENTRAL RECEIVERS; GAS
TURBINES



Integration of Small Solar Tower Systems Into Distributed Power Islands

Manuel Romero, María J. Marcos, Félix M. Téllez and Manuel Blanco
CIEMAT/DER-PSA, Avda. Complutense 22, E-28040 Madrid,

Valerio Fernández*, Francisco Baonza** and Sebastien Berger***
*AICIA, Escuela Superior de Ingenieros. Avda. de los Descubrimientos s/n. E-41092 Sevilla.

**Dpto. Ingeniería Mecánica, Escuela Politécnica Superior. Univ. Carlos III, E-28911 Leganés, Madrid
***EcoIe Nat. des Ponts et Chaussees, 6-8 avenue Blaise Pascal-Champs-sur-Mame.

F-77455 Marne-la-Vallée CEDEX 2

42 pp. 21 fig. 26 refs.
Abstract:

One of the short-term priorities for renewable energies in Europe is their integration for local power supply into communities
and energy islands (blocks of buildings, new neighborhoods in residential áreas, shopping centers, hospitals, recreational
áreas, eco-parks, small rural áreas or isolated ones such as islands or mountain communities). Following this strategy,
the integration of small tower fields into so-called MIUS (Modular Integrated Utility Systems) is proposed. This application
strongly influences field concepts leading to modular multi-tower systems able to more closely track demand, meet
reliability requirements with fewer megawatts of installed power and spread construction costs over time after output
has begun. In addition, integration into single-cycle high-efficiency gas turbines plus waste-heat applications clearly
increments the solar share. The chief questions are whether solar towers can be redesigned for such distributed markets
and the keys to their feasibility. This paper includes the design and performance analysis of a 1.36-MW plant and
integration in the MIUS system, as well as the expected cost of electricity and a sensitivity analysis of the small tower
plant's performance with design parameters like heliostat configuration and tower height. A practical application is
analyzed for a shopping center with 85% power demand during day-time by using a hybrid solar tower and a gas turbine
producing electricity and waste heat for hot water and heating and cooling of spaces. The operation mode proposed is
covering night demand with power from the grid and solar-gas power island mode during 14 hours daytime with a
máximum power production of 1.36 MW.
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Resumen:

Una de las prioridades a corto plazo de las energía renovables en Europa es su integración en sistemas de generación de
potencia aislados (bloques de edificios, áreas residenciales, centros comerciales, hospitales, áreas de ocio, parques
ecológicos y pequeños núcleos rurales aislados, tales como islas o zonas de montaña). Siguiendo esta estrategia, se
propone la integración de una pequeña planta solar de torre en una sistema de cogeneración no industrial. Esta aplicación
influye en gran medida sobre el diseño del campo solar dando lugar a sistemas más pequeños y modulares, capaces de
ajustarse mejor en su dimensionado a la demanda, de mantener un alto rendimiento y fiabilidad con pocos megavatios
de potencia instalada y de distribuir los costes de inversión a lo largo del tiempo según se va incrementando la
capacidad de forma paulatina. En este estudio se presenta la integración del sistema solar en un ciclo sencillo de turbina
de gas de alta eficacia con aprovechamiento del calor residual, permitiendo este tipo de configuración incrementar la
participación solar. La cuestión principal a resolver es si las centrales solares de torre pueden llegar a ser rediseñadas
para estos mercados distribuidos y cuales han de ser las claves para conseguir su viabilidad. El presente trabajo
contiene el diseño y análisis de funcionamiento anual de una planta de 1,36 MWe y su integración en un sistema de
cogeneración aislado, así como una estimación del coste de la electricidad generada y un análisis de sensibilidad a
parámetros tales como altura de la torre y configuración del campo de heliostatos. Para el estudio de viabilidad se ha
seleccionado como aplicación la aportación de energía a un centro comercial ya que el 85% de su consumo de electricidad
es diurna, utilizando un sistema híbrido solar-gas natural, turbina de gas y aprovechamiento del calor residual para
calefacción o refrigeración en función de las necesidades estacionales. La estrategia de operación de la planta que se
propone es cubrir el consumo nocturno con electricidad de la red y funcionamiento híbrido solar-gas natural durante 14
horas al día con una potencia de 1,36 MWe en sistema aislado.
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1.INTRODUCTION

Traditionally, Solar Power Tower Plant projects have been conceived as solar-only

applications in dispatchable power markets. Under these circumstances, large plants of

from 100-200 MW have been proposed in order for solar thermal electricity to become

economically competitive and to optimize O&M costs (Chavez, Kolb and Meinecke,

1993), but the high capital investment and lack of confidence (technology maturity)

discourage investors from undertaking construction.

A recent strategy for reducing the perception of risk in marketing solar power tower

systems has been hybridization. Some examples of water/steam may be found in the

COLON SOLAR project (Silva, Blanco and Ruiz, 1999), air in the PHOEBUS post-

feasibility study 1C (Schmitz-Goeb and Keintzel, 1997) and CONSOLAR (Kxibus et

al., 1998) or molten salt in the hybrid Solar Two concept (Kolb, 1998). Hybridization

today is coming up against two serious barriers for its application. On one hand, the

trend toward large hybrid solar towers integrated in typical combined cycles faces

resistance to construction of a first commercial plant, since the annual solar share

decreases to figures as low as 8-16%. The use of a conventional Rankine cycle

guarantees higher solar shares, but leads to poor efficiencies. The second is that the

search for a niche has been in an obsolete electricity production structure based on

centralized Utilities and large generation stations.

As market deregulation expands worldwide, environmental regulations become stricter

and competition develops, the justification for centralized Utilities weakens.

Furthermore, compared to transmission and distribution, the share of capital investment

in generation is decreasing. In the US, the fraction of total annual investment allocated

to generation was 69% in 1985 versus 27% to transmission and distribution, in 1989 the

ratio was 50/50, in 1994 the situation changed drastically to 38/51 and for 1997 the

transmission and distribution share rose to 80% of total utility construction outlays

(Feinstein, Orans and Chapel, 1997). These figures clearly indicate that Distributed

Utilities (DU) are becoming more and more attractive when cióse to some specific
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application, since the current oversizing of some grid and distribution networks

designed for large peak loads is reduced.

In a fast-changing electrical sector evolving from the central station model to the

distributed utility, centralized large solar thermal power plants face even greater

difficulties for their deployment. Therefore, a different strategy for penetration of the

technology based on modularity of design and integration in distributed utilities (MIUS)

should be carefully assessed. In the White Paper for a Community Strategy and Action

Plan on Renewable Energies (European Commission, 1997), one of the short-term

initiatives foreseen is the integration of renewable energies for local power supply in

100 communities (blocks of buildings, new neighborhoods in residential áreas,

recreational áreas, shopping centers, hospitals, small rural áreas or isolated ones such as

islands or mountain communities). Following this philosophy, the integration of small

tower fields into so-called MIUS (Modular Integrated Utility Systems) is proposed

(Fig. 1). This kind of application strongly influences field concepts leading to modular

multi-tower systems (Mills and Schramek, 1999).

Modular systems are able to more closely track demand and potential growth in loads,

meet reliability requirements with fewer megawatts of installed power and spread

construction costs over time after output has begun (Hoag and Terasawa, 1985). In

addition, integration into single-cycle high-efficiency gas turbines plus waste-heat

applications like district heating, desalination or water treatment clearly increments the

solar share. In other words. capital risk and the amount of initial investment may be

reduced while simultaneously incrementing conversión efficiency and solar share. To be

viable, small cogeneration systems in industrial applications must opérate almost

continuously, which is a clear drawback for the utilization of solar tower plants. On the

other hand applications for buildings, shopping centers, residential áreas and

communities in general typically require as few as 4,500 hours. Therefore a solar MIUS

approach for this kind of community represents a more favorable environment with

potential solar shares of up to 50%. The chief questions are whether solar towers can be

redesigned for such distributed markets and the keys to their feasibility.
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2. A REVIEW OF THE MIUS CONCEPT

Even though DU seems to be a brand new strategy to revitalize the renewable electric

industry (Aitken, 1997) related to the success of cogeneration, a historical review of the

last three decades reveáis that the DU concept is behind the origin of the existing solar

thermal power plants planned in the 70s. The literature is full of MlUS-related terms

like Total Energy Systems, Power Islands, DEUS, IEUS or even District Heating,

Energy Cascade and Cogeneration. Indeed the number of references is amazing. For

the purpose of this paper, the selected solar tower application is closer to the oíd concept

of MIUS as depicted in Fig. 1.
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I Water
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incinerator
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Space heating
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Figure 1. Schematic drawing of an example of a MIUS using a gas turbine and a solar tower. The
energy balance corresponds to the annual demand of a 450-unit apartment complex in Spain. The
example makes use of electricity and waste heat produced by the hybrid (solar/gas) turbine for
domestic and auxiliary electricity, air-conditioning, domestic hot water and space heating.

Total Energy Systems are a particular application of cogeneration for large residential,

commercial or institutional building complexes (hospitals, hotels, etc.). The MIUS

program which was started by the US Department of Housing and Urban Development

(HUD) in 1972 planned to develop such total energy systems for use in

residential/commercial communities of 300 to 1,000 dwellings, adding other typical

utility services such as waste disposal, water treatment, etc (Rothenberg, 1976). MIUS
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combine the integration of renewable energies with heat and materials which have been

traditionally viewed as waste byproducts like exhaust heat from power generation,

combustible solid wastes or treated wastewater, to produce light, heating, cooling, air

conditioning, drying, process heat and power (Mixon, 1974).

The prime movers usually suggested in MIUS and DU are batteries, fuel cells, PV, wind

turbines, diesel engines and gas turbines (Brayton cycle engines). In general they are

modular, small-size units that supply unbundled services. Regarding solar thermal

integration into MIUS for communities application, the most extended technologies are

district heating and domestic hot water with flat-plate collectors. Integration of high-

temperature solar thermal concentrating systems into DU and MIUS seems not to be as

straightforward. Building integrated concentrating systems have been suggested as a

means of using the roofs for production of high temperature thermal energy (Gerics and

Nicklas, 1996), but the most serious attempts have been made with parabolic dishes like

the projects developed by ANU in Australia (Clark, 1990) or the STEP project in the

USA (Shenandoah Solar Total Energy Project) where the energy-cascade concept was

applied to supply electricity, thermal process energy, and chilled water for space

conditioning (Nelson and Heckes, 1989).

The most efficient way to introduce solar concentrating systems into residential or

commercial communities is by hybridizing them with centralized prime movers (open

or closed-cycle gas turbines) to satisfy user needs during long periods of time, even with

poor solar radiation (McDonald, 1986).
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3. SELECTED IVIIUS SOLAR TOWER DESIGN

We propose the integration of small-size tower plants working in a fuel-saver mode.

The following characteristics have been optimized for the reference solar tower plant:

> Small tower and heliostats that reduce visual impact and can better guarantee receiver

apernare fluxes and achieve higher fíeld efficiencies (up to 4% more than large-area heliostats).

> Air as heat transfer media in a pressurized volumetric receiver (3.4 MW thermal outlet).

> Use of an efficient (39.5%) small solar-gas turbme (1.36 kW) with intercooling, heat

recovery and low working temperature (860°C).

> Waste heat (670 kW) at 223°C for water heating and space cooling/heating.

> As in the case of dish system parks, the small tower fields for distributed power should target

máximum unattended operation, to minimize O&M costs.

Economic viability of such small towers is the result of combining high efficiency

turbines and reduced O&M costs. Today's turbine/generator sets having capacities

ranging from 500 kW to 25 MW are suitable for DU applications. Gas turbines are

widely used in cogeneration projects larger than 3-4 MW where there is a demand for

high-pressure steam. Systems are also available in the 600-100 kW range, but the

electrical efficiency achieved at mis scale is reduced from 30% to around 25% (Major,

1995). Despite this, overall efficiency is 80-90% with high-grade heat recovery which

can be used for médium and high pressure steam and for direct heating or drying

applications. For small gas-turbine generator sets (less than 10 MW), a cold startup to

MI load takes about 40 seconds. With battery backup for the starting motors, gas-

turbine generator sets are capable of a "black start". Gas-turbine generator sets are fully

dispatchable and can be used to follow the load, but they are usually operated at rated

power for optimum efficiency (Goldstein, 1996). The cost of small gas turbine

generator sets below 5 MW is in the $400 kW"1 to $750 kW"1 range (Gas Turbine World

Handbook, 1995). Balance-of-plant costs fall in the $50 kW"1 to $120 kW"1 range.

For small gas turbine generators to enhance thermal efficiency up to 42% or more, the

present trend is to increase the turbme inlet temperature with higher combustión gas
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temperatures of l,350°C. One such development is supported by NEDO in Japan with

the 300 kW CGT-301 and 302 (Ceramic Gas Turbine) developed by NGK and

Kawasaki (CADDET Newsletter, 1998).

A CGT 300 kW cogeneration system generating power and supplying domestic hot

water in an apartment complex of 400 dwellings is expected to save 7,900-9,700 GJ per

year (equivalent to 200-250 million liters of oil). CGT 300 kW turbines may be of great

interest for near future solar applications. Although near the lower limit of solar tower

size. they still require additional test operation. In addition, the required temperature is

still a challenge for pressurized volumetric air receivers that today are limited to 800°C

(Bucketal., 1999).

For the present study we have selected a 1,400 kW two-shaft gas turbine with

intercooling, heat recovery and two-stage combustión (Table 1). The study takes the H-

1 turbine developed by the Schelde Heron B.V. company in The Netherlands

(http://www.heron.nl) as a baseline reference.

Table 1. Heron H-l Gas Turbine Technical Specifications

Electrical power

Thermal power

Fuel consumption

Heat rate

Electrical efficiency

Thermal efficiency

Total efficiency

NOX emission

1,407 kW

1,200 kW

3,280 kW

2.33 J J"1

42.9%

36.6%

79.5%

<20 g Gr1

The H-l has a remarkably high electrical efficiency of 42.9% at ISO conditions,

compared to 25-34% for other small-size gas turbines. Relatively low turbine inlet

temperatures (860°C) and the low pressure before the turbine wheel, 8 x 103 Pa for the
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compression turbine and 3 x 103 Pa for the power turbine, are achievable by today's

solar central receiver technology.

Solarization of the H-l is easily done by introducing hot air frorn the solar receivers

parallel to the high pressure combustor and low pressure combustor (Fig. 2). The energy

balance for solar-mode operation changes the parameters of the turbine. Fossil operation

adds up to 0.09 kg s"1 of fuel fiow to the air, and the combustión process produces steam

that improves both turbine efficiency and recuperator efficiency. The puré solar mode

results in a decrease of efficiency estimated in 39.5%, power production of 1,360 kW

and lower efficiency at the recuperator. Therefore, the solar receiver should supply a

máximum thermal outlet of 3,440 kW at design point.

0.3 MPa
26 "C

0.3 MPa
139 "C

0.1 MPa
620 °C

0.86 MPa
550 °C

661

Rl Y

"C 757

R2 í
"C

R3

740 °C

I

R7 R8

Air inlet
m=5.15 kg/s

Heatflow SOLAR R1-R6
Heatflow SOLAR R7-R10

Total

= 1.91 MW
= 1.53MW
= 3.44 MW

Figure 2. Selected two-shaft gas turbine of 1,400 kW with intercooling, heat recuperation and two-
stage combustión for integration into a solar tower field using a pressurized REFOS-type
volumetric air receiver. The drawing shows the theoretical solarization of a GasTurbine Heron H-
1, leading in solar mode operation to an output power of 1,360 kW. Cl and C2 are compression
stages, CT is the compression turbine and PT the power turbine. HPC represents the high-pressure
combustor that is set in parallel to a group of six pressurized volumetric solar receivers (Rl to R6).
Other four solar receivers (Rl to RIO) are backed up by the low-pressure combustor, LPC.

10
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Heliostat field layout, tower height and receiver configuration as depicted in Fig. 3-a

and 3-b have been optimized by using a customized versión of the well known

DELSOL3 code (Kistler, 1987). A Windows95 versión of DELSOL3 called

WDELSOL has been developed that allows user-friendly generation of heliostat layout

and visual information on flux distribution and heliostat field performance (Romero et

al., 1999).

The heliostat field layout of the 1.36 MW plant (Design point noon, JD 172, latitude

37.2 °C in South spain). The field has a North-shape configuration and 345 small-size

heliostats. The large number of heliostats and land área used has been a result of the

optimization strategy since tower height minimization was given high priority to reduce

visual impact of the system.

Optimization has taken noon of Julián day 172 as the design point, and a latitude of

37.2° corresponding to the city of Huelva (South Spain). Main characteristics of the

optimized solar field are Usted in Table 2. Field layout optimization has taken into

consideration the visual impact produced by the heliostat field and the tower. Because

of that, a solar plant with a relatively short tower (26 m) has been created by increasing

the land used. In fact, the land-use ratio is low (17.4%).

11
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Figure 3.a. Heliostat field layout of the 1.36 MW plant obtained with the computer code
WDELSOL (Design point noon, JD 172, latitude 37.2° in South Spain). The field has a North-shape
configuration and 345 small-size heliostats. The large number of heliostats and land área used has
been a result of the optimization strategy since tower height minimization was given high priority
to reduce visual impact of the system.
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v

Conceníratsd
Soíar Energy
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Figure 3.bTower height, with the cluster of 10 receiver modules and pressurized volumetric
receiver (REFOS configuration)
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Table 2. Technical specifications of the MIUS solar tower optimized using the computer code
WDELSOL. Solar field área and receiver dimensions have been designed for a solarized 1.36 MW
Heron H-l gas turbine.

Latitude (°)
Tower optical height (m)
Number heliostats
Heliostat surface (nr)
Receiver surface (m2)
Receiver tilt angle (°)
Land (m")

Design point (Noon, JD 172)
DNI (W m"2)
Power onto mirrors área (MW)
Gross power onto receiver (MW)
Power to turbine (MW)
Gross electric power (MW)
Total efficiency
Investment ($)
Heliostats
Land
Tower
Receiver
Inst.&Control
Power block
Fixed cost

Direct capital cost ($)

Installed cost ($ kW"1)
(including turbine set)

37.2
26

345
19.2
16.5

30
38,000

Power
875
5.8
4.3
3.4
1.4

Efficiency

100 %
74%
80%
39%
2 3 %

995,765
62,745
104,575
484,750
107,000
1,146,000
65,350

2,966,185

2,120

A different optimization strategy would lead to a much higher occupation of terrain with

double the tower height. For the field proposed, the small-area HELLAS heliostat

produced by the GHERSA company in Spain (Grimaldi et al., 1999) has been selected.

This heliostat has a number of characteristics that make it suitable for MIUS

appiications. It is modular so that the whole unit is easy to transport from the factory in

a few pieces. Pedestal and foundation are integrated in a single unit. Local control is

connected to the master control by radio-modem. The tracking system makes use of

cheap, standard rectilinear actuators. The reflective surface is formed by only three

13
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easily canted 2-x-3.2-m facets vertically assembled as depicted in Fig. 4 and Table 3.

Beam quality supplied by HELLAS is 2.4 mrad. The installed cost is $150 m" .

Table 3. Heliostat structural description

Área

Aspect Ratio

Number of facets

Facet dimensión

Pedestal size

Weight

Fresh reflectivity

Orives

Beam quality

3.2 xóm (19.2 m2)

1.88

3

2 x 3.2 (6.4 nr)

1.9 m bigh

41 kg/m2

93%

Linear actuators

2.4 mrad

Figure 4. Structural configuration of the HELLAS heliostat manufactured by the Spanish company
GHERSA

14



Integration of small solar tower systems ¡rito distributed power islands

The heliostat aspect ratio is 1.88, leading to a rather short vertical dimensión and high

heliostat-field design-point efficiency (74%). Best heliostat-field efficiency is calculated

between October and March with valúes up to 81%. The yearly average is as follows:

Reflectivity 90%, Cosine 85.1%, Shadowing 97.1%, Blocking, 98.9%, Atmospheric

Transmittance 98.0%, Receiver Aperture Spillage 98.8% and TOTAL 71.3%.

The HELLAS heliostat's small size minimizes spillage losses for the volumetric

receiver proposed with a peak flux limit of 630 kW m"2 and a small aperture área of

16.5 m2.

The receiver consists of a cluster of 10 pressurized windowed volumetric receivers of

the type proposed in the REFOS project which is successfully testing a 350-kW unit at

the Plataforma Solar de Almería in a joint DLR-CIEMAT project (Buck et al., 1999).

Six modules will be installed in parallel to the high pressure combustor (Fig.2), raising

air temperatures from 550°C to 860°C. Two rows of three modules will divert 2.5 kg s"1

of air each to the compression turbine at a pressure of 8.4 x 103 Pa. Modules R3 and R6

will have a ceramic absorber and the rest are metal. The six-module set will supply

1.91 MW to the fluid before entering the compression turbine.

Four additional modules are installed in parallel to the low pressure combustor working

at 3.1 x 10D Pa. Two rows of two modules each will raise the temperature of the fluid

from 612°C up to 860°C. Modules R8 and RIO will have a ceramic absorber. The four-

module set will supply 1.53 MW to the air before entering the power turbine.

The disposition of four rows in parallel but with modules connected in series allows a

high controllability of the absorber temperature and air conditions.

15
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4. SOLAR FIELD SENS1TIVITY ANALYSIS

A sensitivity analysis to the solar field reflects similar performance than most solar

thermal tower plants. Efficiency of the plant is proportionally influenced by yearly

average reflectivity of the heliostat field as already determined in previous analyses

(Sánchez, Romero and Ajona, 1996).

A decrease of 10% in heliostat field reflectivity represents an almost proportional 12%

decrease in annual electricity production, therefore the use of low-iron high-reflectivity

miiTors is recommended. Bi-weekly mirror-washing would be sufficient to preserve up

to a yearly average of 96% of fresh reflectivity. The 345 small heliostats could easily be

washed in 8 hours with a mechanized washing-truck.

a 0.8-0.85
D 0.75-0.8
D 0.7-0.75
D 0.65-0.7
D 0.6-0.65
D 0.55-0.6
D 0.5-0.55
D 0.45-0.5
D 0.4-0.45
D 0.35-0.4
D 0.3-0.35
D 0.25-0.3
• 0.2-0.25
DO.15-0.2
DO.1-0.15

Characteristics and performance of the field

Elevation angle

n

Azimuthal angle (°)

Figure 5. Heliostat field efficiency matrix . Characteristics and performance of the field

The main conclusión obtained from the field efficiency analysis were:

$• Design point efficiency of the heliostat field is 74 %.
$• Best heliostat field efficiency is between October and March with valúes up to 81 %.
• Yearly average: Reflectivity 90 %, Cosine 85.1 %, Shadow 97.1 %, Block 98.9 %,

Atms. Trans. 98.0 %, Spillage 98.8 % and TOTAL 71.3%

16
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The influence of beam quality is not so relevant in terms of annuai electricity

production. A drastic change in HELLAS beam quality from 2 to 4 mrad (today's

technology guarantees heliostats with beam qualities on the order of 2.2-2.6 mrad)

produces only a 5% impact in terms of annuai energy production.

A relevant parameter for MIUS applications where there are land constraints and

restrictions is the influence of heliostat size and tower height on plant efficiency. As

mentioned before, visual impact has been considered in the proposed design, selecting

small tower and heliostats. Fig. 6 compares the HELLAS heliostat (19.2 m2) to other

sizes with the same aspect ratio and optical quality. A heliostat field with large-area

heliostats (90 m") produces 4% less energy per year and requires 10% more land.
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Figure 6. Sensitivity of land área and annuai optical efficiency versus heliostat reflective surface

Tower height has the inverse effect. The higher the tower, the less land is needed and

annuai energy production is increase as depicted in Fig. 7. As observed in Fig. 7,

depending on the restrictions of the particular site (expensive land, restricted área or

visual impact), the tower can be used to minimize the effect. The effect of towers over

32 m tall on annuai optical efficiency of the heliostat field is not significant, but the

17



Integration of small solar tower systems into distributed power ¡slands

amount of land required is considerably less, decreasing from 38,000 m2 with a 36-m-

high tower, to 28,000 m2 with a 35-m tower and 21,000 m2 for a 50-m tower.
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Figure 7. Sensitivity of land área and annual optical eficiency versus tower height.

5. SOLAR TOWER PERFORMANCE CAPABILITIES

The TRNSYS® code was used for annual performance analysis of the solar thermal

tower power plant. Heliostat field and solar-receiver performance were simulated by

using the STEC library developed by the IEA/SolarPACES intemational cooperation

project (Pitz-Paal and Jones, 1999). New component models for the air compressor, the

gas turbine and heat recuperator were specifically formulated for the MIUS plant.

Yearly Direct Normal Insolation for the selected site is as much as 7,434 MJ m~2 (2,065

kWh m"2). A typical design year corresponding to the city of Huelva in southern Spain

was used for the detailed performance analysis. The weather file provides DNI in 15-

min steps. Mathematical treatment of results has been done with MATLAB® and a

distribution is depicted in Fig. 8.

18



Integration of small solar tower systems into distributed power islands
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Figure 8. DNI annual distribution as obtained by using MATLAB. Site Huelva, latitude 37.2 °.
Weather file step:15 min. Solid lines represent sunrise and sunset.

Befo re a particular application can be analyzed, the small tower system's limits and

capacities for annual electricity production, conversión efficiency and waste heat supply

must be assessed. Two different operating modes were analyzed, solar-only and hybrid

with a máximum solar share.

5.1 Solar-only

This sun-tracking mode has no fossil backup. It is, in principie, recommended only for

isolated communities or power islands. For those applications, only oversized solar

systems and appropriate energy storage would lead to practical solutions. In any case,

the stand-alone system is worth assessment since it gives the lower-limit figures of

merit for solar electricity production, since the gas turbine would essentially work on a

non-steady regime most of the time. Fig. 9 shows the gross electricity production of the

solar tower, with solar-only operation mode.
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The stand alone mode is of special interest for Spain, since the recent approval of the

ROYAL DECREE 2818/1998, of December 23, 1998, on production of electricity by

facilities powered by renewable energy sources might allow all the electricity produced

by solar-only plants to be sold at a premium price of $63.9 GJ"1 ($0.23 kWh"1).

Gross Solar Eleclricity Production |kWel
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Figure 9. Gross electricity production. Only solar mode. Solid Unes represent sunrise and sunset.

Because of that, the operating strategy for this MIUS plant in Spain allows both use of

electricity produced for intemal consumption or sale to the grid, and use of waste heat

produced for internal consumption by hot water supply and space cooling.

As seen in Fig. 10, on a typical sunny day, the electricity produced comes to between

21.6 and 39.6 GJ (6 and 11 MWh). Energy from waste heat is typically between 10.8

and 18 GJ (3 and 5 MWh per day). A temperature gradient between 223 and 95°C has

been considered for waste heat. The annual electricity produced per year will be up to
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8,320 GJ (2,311 MWh) and the total amount of waste heat available for heating and

cooling purposes will be 4,705 GJ (1,307 MWh).
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Figure 10. Solar-only operation mode staíistics.

a) Daily solar and heat production. (Up left)

b) Annual electricity and heat production (Up right)

c) Distribution by frecuency of daily electricity and

usable waste heat (Down left)
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Fig. 11 shows the relevance of partial load operation. The operating strategy assumed in

this example allows operation only with a 50%-100% load to maintain high-efficiency

electricity production and to minimize sharp transients in critical components like the

recuperator. With less than a 50% turbine load, the system stops.

From the statistics, it can easily be inferred that the turbine is running about 1,750 h per

year with over 65% loads. As a consequence, turbine dispatchability under solar

conditions is quite high, with a relatively low impact on overall efficiency.
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Figure 11. Distribution of part load functioning of the solarized H-l Heron gas turbine for the
typical design year in Huelva (Spain) and operating in stand-alone mode. Weather file provides
DNI in 15-min steps. In solar-only conditions, the operational strategy has required the system to
be stopped with less than 50% turbine load (2,000 hours). The system reveáis high dispatchability
and is running over 1,750 hours per year with over 65% loads.

As seen in Fig. 12, conversión efficiency is high throughout the year, going from 18%

to 22%, and decreasing in summer (2%), basically due to the worse cosine factor in the

heliostat field at that time of the year. When efficiency in June is compared with design-

point efficiency, design-point performance is observed to be overestimated for better

hybridization and minimization of excess solar energy. Even then, efficiencies are high

compared to those typically used in large-scale solar tower plants with steam Rankine

conversión cycles (11-15 %).
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Figure 12. System efficiency during the year of the solarized H-l Heron gas turbine combined with
the 345-heIiostat field optimized with the code WDELSOL and operating in solar-only mode. The
figure represents evolution of solar-to-electricity conversión efficiency for a weather file providing
DNI in 15-min steps for the city of Huelva (Spain). Efficiency moves between 18 and 22%, with 2%
reduction in summer.

5.2 Fuel-saver mode

This is the most appropriate operating mode for the plant. In communities, typical

minimum usage is about 4,500 h per year (51% capacity factor), basically, half ofthe

time during sunny hours and half during dark or cloudy periods. An additional

advantage is that if the design is able to optimize the solar share at about 50% or higher,

under the new Spanish law, the solar production may still be sold at the premium price,

while higher fossil contributions are not of interest since the MIUS plant will no longer

be considered renewable and would have to compete on the wholesale electricity market

to sell the excess electricity.

One of the main advantages of fossil backup is the elimination of partial turbine loads.

This improves component lifetime and facilitates maximization of solar conversión. The

opposite of solar-only would be hybrid operation from sunrise to sunset. This kind of

theoretical operation is represented in Fig. 13. Solar production is maximized in this

way and can be sold entirely or partially to the grid at the subsidized price.
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Figure 13. Two dimensional representaion of gross electricity production in a fuel-saver sunrise-to-
sunset operation mode (Solar electricity top and fossil electricity bottom). Solid lines represent
sunrise and sunset.
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Annual SOLAR electricity production goes up to 10,440 GJ (2,900 MWh); annual

FOSSIL electricity represents 9,720 GJ (2,700 MWh) and total electricity produced by

the system is 20,160 GJ (5,600 MWh), equivalent to the demand of a typical 450-

dwelling community in southern Spain (Fig. 1).

SOLAR £. FOSSiL Elsttricily production
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Figure 14. Daily solar (grey) and fossil (dark) production of electricity compared to theoretical prediction
(solid Une) as calculated for the typical design year (sunrise-to-sunset operating mode). The curves represent
daily electricity production (left) and annual cumulative electricity production (right) by the solarized
1.36 MW H-l Heron gas turbine working in a fuel-saver mode at 100% load. The theoretical prediction of
electricity production (5.6 GWh per year) is obtained by multipiying the nominal power (1.36 MW) by the
number of hours of day between sunrise and sunset and integrating this valué during the whole year. Daily
electricity production moves between 12 and 19 MWh. Daily and yearly solar contributions to electricity
production are about 50%.

A statistical analysis carried out with MATLAB and represented in Fig. 14

demonstrates that the solar share is 50% not only as a yearly average, but also daily.

The turbine can be seen to be working many days with high solar daily production and

only a few days with mostly fossil. Fig. 15 shows the distribution of frequencies on a

daily basis for solar (grey) and fossil (dark) shares working on a hybrid mode sunrise-

to-sunset with the solarized H-l Heron gas turbine (fuel-saver-mode). As can be

observed there is a higher amount of days with higher contribution of solar than fossil.

Typical daily electricity production from solar is 9 MWh and from fossil 6 MWh.. This

means that on most days, fossil backup is limited.
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Figure 15. Distribution of frequencies for solar and fossil shares working on a hybrid mode sunrise-

to-sunset.

6. APPLICATION TO A HiUS SGHEÜE

Two situations should be carefully analyzed when working with a MIUS tower field in

solar-only mode: the part-load statistics for the turbine and mismatch between waste-

heat offer and demand. The two previous analyses produced solar electricity production

limits between 8,280 GJ (2.3 GWh) for solar-only mode and 10,440 GJ (2.9 GWh) with

fossil full-load turbine operation.

As seen in Fig. 1, the proposed solar-fossil small-tower would be enough to supply the

community demands on a yearly basis with solar shares of about 50%, but complexity

of the demand may produce daily differences between production and consumption.

For a particular MIUS case, a more stable end-user with a simpler demand, a shopping

center, has been selected.
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Figure 16. Power demand curve for a medium-size shopping center in Spain (real case),
concentrating 85% electricity demand at shopping hours from 7:00 to 19:00 solar time. Depicted
are profiles corresponding to typical days in February, July, September and October. Daily
demand and peak power at noon can be covered with hybrid solar-gas operation of the H-l Heron
gas turbine.

A shopping center is a good end-user for a solar theraial power plant since 85% of its

electricity demand is concentrated during the daytime (Fig. 16) at typical shopping

hours (in Spain from 7:00 to 19:00 solar time). This concentration of consumption

during the day represents a more expensive kWh purchase. In addition, power demand

has a unifonn daily profile with monthly differences between 1,300 and 800 kW.
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Figure 17. Annual distribution on a daily basis of electricity demand (left) and cumulative solar
and fossil electricity production (right). Shopping center application.
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Figure 18. Performance of solar usable (black bars), solar excess (cross hatched bars) and fossii
power (white bars) supplied by a small size solar tower plant and the solarized 1.36 MW Heron H-l
gas turbine to cover shopping center power demand during working time for three selected days
From the reference weatner file. As can be observed in December (JD 365) demand is high and
therefore no solar power excess is registered. In addition the limited number of solar hours makes
necessary more than five hours with only-fossil operation of the turbine in the afternoon. In the
equinox the power demand decreases and therefore a significant solar excess is produced (JD 81).
On the other hand the number of only-fossil hours in the afternoon is reduced to three. Finally the
period between June and October (JD 161) registers a mixed performance with a high demand like
in December and therefore practically no solar excess (only some excess is noticed early in the
morning) and like in the equinox only three hours of only fossii operation are registered in the
afternoon.
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Electricity demand increases between June and October (peak in July) due basically to

higher cooling loads and lower demand between November and May with a minimum

in February. (See solid line in Fig. 17-left). A second peak is caused by Christmas.

The proposed operating scheme for the shopping center is night-time electricity

consumption from the grid and solar hybrid operation of the 1.36 MW gas turbine

during 14 h between 6:00 and 20:00 in a power island mode. A detailed analysis of

annual performance with 15-minute steps confirms that the 345-heliostat tower plant

can supply a significant part of the power demand. As can be seen in Figs. 17 and 18,

the best performance corresponds to the summer, where solar power represents a

significant part of power consumption and no significant solar power excess is

estimated. In December and January no excess is registered but again solar excess is

negligible. A third situation is noticed in equinox where solar power is relevant (more in

Spring than in Autumn) compared to demand but this time solar excess is not negligible.

This performance is a result of the design point selected. The annual figures in Fig. 17-

right yield the final result:

Solar electricity production = 8,842 GJ (2,456 MWh)

Fossil electricity production = 6,811 GJ (1,892 MWh)

Solar electricity excess = 1,541 GJ (428 MWh)
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Figure 19. Daily plot ( all days of the year) of power demand and solar power production (56%
power demand supplied by solar, equivalent to 683 toe)
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The net solar electncity usable by the end-user is 8,842 GJ (equivalent to an energy

saving of 683 toe which is 56% of the solar share in terms of consumption (Fig. 19), and

85% of the electricity to be produced as represented in Fig. 14 in ideal hybrid sunrise-

to-sunset full-load turbine operation (10,440 GJ). Net production is not only affected by

mismatch between production and demand in some periods of the year but also by

partial turbine loads demanded which in fact has been oversized to absorb July peaks. In

the part-load profile shown in Fig. 20 for the shopping-hours consumption profile

depicted in Fig. 16, there are very few hours with low loads (20%), which correspond to

opening and closing hours and the rest of the time the turbine is running at high loads

(75% mean).
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Figure 20. Turbine operating mode (number of hours at partial load given by end-use demand).
Turbine operating mode (Number of hours at partial load) obtained after analyzing performance of
the small solar tower field and the solarized 1.36 MW H-l Heron gas turbine applied to the power
demand curve of a shopping center in South Spain. Low loads (approx. 20%) correspond basically
to opening and closing hours. Most of the working hours, the turbine is running at high loads
(approx. 75%).

The usable waste heat supplied by the turbine, calculated as the enthalpy decrement of

the exhaust gases between 223°C and 95°C is represented in Fig. 21. The annual heat
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demand during shopping hours is 8,827 GJ (2,452 MWh), basically for space heating in

winter and domestic hot water all year long. This demand is at present covered by a

fossil boiler and waste heat from the air conditioning system.
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Figure 21. Distribution of heat demand and usable waste heat produced by the turbine.

Waste heat produced by the turbine is 7,711 GJ (2,142 MWh, equivalent to 8 toe) with a

production excess of 25% as shown in Fig. 21. As can be observed all the heat produced

is lower than the demand except in months 5 to 9 where there is an excess of 542 MWh

not used by the shopping center. Solar is contributing to the waste heat produced with

4,374 GJ (1,215 MWh) and 4 toe that represents 49.5% of the heat demand. Estimated

LEC, assuming annuity of 10% and O&M of $55 kW"1 a year (plus $4.2 kW"1 a year for

gas consumption from $0.34 m"3) would be $15.8 GJ"1 ($0.057 kWh"').

It should be noted that in Spain, under the new electricity law, the projected plant can

also be used to produce electricity in stand-alone mode and selling to the grid at the

subsidized price of $63.9 GJ"1 ($0.23 kWh"1), obtaining in this situation 13% IRR after

taxes and 5-year payback time (Equity fraction 20% at 9.6%, 20 years and 80% debt at

5%, 10 years). Cash-flow revenues would be $548,000 a year.
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PROJECT FINANCE - 1.4 MW MIUS POWER TOWER IN SPAIN
ASSIMPTTONS:
Capacity(MW)
C ap acity F actor
InstalledCapitalCost ($/kW)
O&M Expense ($/kW-yr)
Land Expense ($000s)
Insurance (% of installed cost)
Prop erty T ax (% b o ok valué)
Admin. andMngmtFee C$000s)
Total First Year Operating Cost ($/kWh)
Effective Ineome Tax Rate
Pro duction T ax Cre dit ($/kWh)
Renewable Energy Tax Cre dit
Inflation Rate (%/yr)
5 Year Solar Equipment
15 Year Property
Discount Rate (nominal)
Re al Dis c ount Rate
Energy Price Escalation Rate
Altérnate escalation rate
íTNANCING AS SUMPIONS:
Equity Fraction
DebtFraction

Valué
1,36
0,2

2120
55,00

0
0,33%
0,0%

0
0,102

35,0%
0

0,0%
2,5%
0,0%
50,0%
5,9%
3,3%
0,0%

0,50%
Fractioji

20,0%
30,0%

Notes:
From Tech Characterisation
Frorn Tech Characterisation
($2001)
($2001) Increases with inflation
($2001) Increases with inflation
According to Spanish market
As sume d
($2001) Increases with inflation
($2001) Calcúlated
Valué forSpain
Not applicable
Not applicable
Assumed
Assumed ;
Assumed
Calcúlated from Below - weighted cost of capital
Calcúlate d
Optimized or input as aparameter

Term
20
10

Rate
9,61%
4,97%

KESULTS;
Min After Tax Equity Tax Flow
A ver age Debt Service Coverage
Mínimum Debt Service Coverage
After-Tax IRR on Equity
Real Levelized Price ($2002/kWh)
Nominal Levelized Price ($2002/kVi
First Year Electricity Price

const=real current=nominal

Valué
0

1,33
1,499

12,85%
0,3460
0,4324
0,2300

Notes : ¡
Mínimum equity retum
Assumed
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PRO-FORMA CASHIIOW:
Ycar

ElocUicOutput(MWh)
HectñcitySales Price (S/ltWh)

Operating Revenues ($000)

Revenues

Operaling Expenses (£ 000)

Generólo & M Expense

Land Expense
Insurance
PropertyTaxes
Administration andManageflientFee

TolalOporaüng Expenses

Operating Income ($000)

(Accumulatod incomes)
F¡nonc¡ng$000)

Debt Funds
Etjuity Funda

Total Capital ínvcsUnent

Depreciation Basis Adjustment(50%)

DeprociationBasis

Cash Avtiilíble Befóte Debt

Debt íntetest Payment
Debt Repayment

Total Debt Payinent

Tox FJfoct onEquity $000)
Operating income

Deprecialion (5 yr MACRS)

Depreciation (15 yrMACRS)

Intereet Payment

Taxablo Income

Income Taxes

Praduction TGX Cre dii
Renewable Energy TaxCredit

TaxSavinga (Liability)

AñetToxNetEquityCaahFloiv($000)

Píe-taxDebtCoverage Ratio

20D1

2307

577

2883

0

2883

-577

2002 2003 2004 2005 2006 2007 2008 2009

Note: Annualeiectricityfor2ieamingyears assumed lo be 50% and 75% of matute
1,00

1191,36
0,230

274

Note: O&M eos

112

0
10
0

0

122

152

152

152
115
134
298

152

0

72
115
-34

42
0
0

12

-134

0,51

1,00

1787,04
0,230

411

1,00
2382,72

0,230

548

¡ts for 2 learning years

94

0
10
0

0

103

308

450

308

106

193
298

308'

0

137

106

65'
23
0

-23

• 13

1,03

73

0

10
0
0

85

463
923

463

96

202
298

463

0

123

96

244
85
0

-85

80

1,55

1,00

2382,72
0,230

548

1,00

2382,72
0,230

548

1,00

2382,72
0,230

548

1,00

2382,72
0,230

548

1,00

2382,72
0,230

548

assumed to 50% and25% higher thanmoture

77

0

10
0

0

87

461

1384

461
86

212
298

461

0

111

86

264

93

0

-93

70

1,55

79

0
11

0

0

89

459

1843

459
75

223
298

459

0

100

75
284
99
0

-99

61

1,54

81

0
11

0

0

91

457

2300

457
64

234

298

457

0

90

64

303

106

0

-106

53

1,53

83
0

11
0
0

94

454
2754

454
53

24á'

298

454

85

53

317
111

0

-111

45

1,52

85

0
11
0
0

96

452

3207

452
40

258

298

452

85

40
327

114
0

-114

40

1,52

2010

1,00

2382,7
0,230

548

87

0
12
0
0

98

450

3656

450

28

271

298

450

85

28

337

118

0

-118

33

1,51

2011

1,00

2382,72
0,230

548

89
0

12
0
0

101

447

4103

447
14

284
298

447

85
14

348

122

0

-122

27

1,50

2012

1,00

2382,72
0,230

548

91
0

12
0
0

103

445

4548

445
0
0

0

445

85
0

360

126

-126

319

2013

1,00

2382,72
0,230

548

93

0

12
0

0
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7. CONCLUS1ONS

A potential niche for the application of solar towers in Modular Integrated Utility

Systems has been identified. The solar field should be small and modular to provide

máximum flexibility for real systems.

The maturity of the heliostat technology, the recent developments in pressurized-air

volumetric receivers and new small gas turbines developed for cogeneration with

intercooling, heat recuperation and relatively low working temperatures open the doors

for small-scale systems of a few MW, maintaining relatively high conversión

efficiencies of between 20 and 23%. A shopping center has been proposed as a design-

case 1.36-MW application at the realistic competitive cost of $2,120 kW"1, which is a

short-term objective even for large solar tower plants.

The solar svstem can cope with 56% annual electricitv demand during shopping hours

and 49.5% of the heat demand contributing to an energy saving of 687 toe.
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