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This report describes an analysis of a new kind of receiver for solar central
receiver systems. The DAR concept represents a radically new way of
collecting concentrated solar energy. The energy is absorbed directly in a
flowing film of blackened molten salt instead of in metal tubes. The
elimination of the tubes results in a receiver that will be more efficient,
lighter in weight, and considerably less expensive than conventional tube
receivers, The potential reduction in the cost of energy from central
receiver systems with DAR is as much as 20%. It 1is a concept that has
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focus of the DOE Solar Thermal Technology Program.
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PREFACE

The research and development described in this document was conducted within the U.S.
Department of Energy's Solar Thermal Technology Program. The goal of this program is
to advance the engineering and scientific understanding of solar thermal technology and
to establish the technology base from which private industry can develop solar thermal
power production options for introduction into the competitive energy market.

Solar thermal technology concentrates the solar flux using tracking mirrors or lenses
onto a receiver where the solar energy is absorbed as heat and converted into electricity
or incorporated into products as process heat. The two primary solar thermal
technologies, central receivers and distributed receivers, employ various point and line-
focus optics to concentrate sunlight. Current central receiver systems use fields of
heliostats (two-axis tracking mirrors) to focus the sun's radiant energy onto a single,
tower-mounted receiver. Point-focus concentrators up to 17 meters in diameter track
the sun in two axes and use parabolic dish mirrors or Fresnel lenses to focus radiant
energy onto a receiver. Troughs and bowls are line-focus tracking reflectors that
concentrate sunlight onto receiver tubes along their focal lines. Concentrating collector
modules can be used alone or in a multimodule system. The concentrated radiant energy
absorbed by the solar thermal receiver is transported to the conversion process by a
circulating working fluid. Receiver temperatures range from 100°C in low-temperature
troughs to over 1500°C in dish and central receiver systems.

The Solar Thermal Technology Program is directing efforts to advance and improve each
system concept through solar thermal materials, components, and subsystems research
and development and by testing and evaluation. These efforts are carried out with the
technical direction of DOE and its network of field laboratories that works with private
industry. Together they have established a comprehensive, goal-directed program to
improve performance and provide technically proven options for eventual incorporation
into the nation's energy supply. To successfully contribute to an adequate energy supply
at reasonable cost, solar thermal energy must be economically competitive with a
variety of other energy sources. The Solar Thermal Program has developed components
- and system-level performance targets as quantitative program goals. These targets are
used in planning research and development activities, measuring progress, assessing
alternative technology options, and developing optimal components. These targets are
being pursued vigorously to ensure a successful program.

This report describes an analysis of the potential of the direct absorption receiver (DAR);
an innovative concept for central receiver systems. This concept is important to the
Solar Thermal Program because it offers potential improvement in both cost and
performance when compared to current receiver technology. The analysis considers the
effect of these improvements on the cost and performance of the entire central receiver
system. The results of this analysis show that the DAR has the potential to move the
program significantly closer to attainment of the program goals for both the receiver
cost and the cost of delivered energy.
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In this report, the DAR concept is compared to a conventional salt-in-tube receiver as
represented by the Saguaro central receiver system conceptual design (see Reference 1
of text). Although the Saguaro design is the most recent documented system design, it is
expected that it will soon be supplanted by a new salt-in-tube receiver system design
under development as a part of the on-going Utility Central Receiver Study (see
Reference 21 of text). The new salt-in-tube receiver system is expected to show
considerable improvement over the Saguaro design. Thus, the DAR advantages, relative

to a conventional salt-in-tube receiver, should be reassessed when this more advanced
tube design is complete.

This document was prepared under the guidance of the Division of Solar Thermal
Technology of the U.S. Department of Energy.

Approved for

SOLAR ENERGY RESEARCH INSTITUTE

/Zayérel)eé M. Murphy, Manager
” Thermal Systepr§ Research Branch

Solar Heat Research Division
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EXECUTIVE SUMMARY

The direct absorption receiver (DAR) represents a significant departure from conven-
tional salt-in-tube receiver technology and offers substantial promise for performance
improvement and cost reduction in future generations of receivers. The DAR concept
involves the absorption of concentrated solar flux directly into a film of darkened molten
salt that flows over a nearly vertical plate. Since the film absorbs most or all of the flux
directly, the flux limits that are associated with tubular receivers can be relaxed sub-
stantially. This high flux density allows for smaller and lighter receivers, which results
in better thermal performance and lower capital costs.

This report describes the results of a detailed analysis of the effects of these factors on
system performance and energy cost. In this analysis using 1984 weather data (15-minute
increments) for Barstow, California, a direct comparison is made between a central
receiver system with a DAR receiver and the same central receiver system with a con-
ventional salt-in-tube receiver. The Saguaro receiver design [1] is used for the conven-
tional receiver configuration;* the principal DAR configuration examined is a cavity.
Two external DAR configurations are examined in order to assess the potential benefits
of using an external design.

The base case cavity DAR configuration was developed as a part of this study by the
Solar Power Engineering Company (SPECO) [2] under subcontract to SERI. The cavity
configuration features a shallow, open-aperture cavity with a single, parabolic-shaped
absorber plate. The working fluid, a molten draw salt doped with an optical darkener, is
delivered from the receiver at 550°C for steam generation to drive a conventional
Rankine-cycle turbine and electric generation system. The parabolic-shaped absorber,
together with a multi-point aiming strategy, }imits the peak flux on the cavity DAR to
0.9 MW/m“ with an average flux of 0.4 MW/m¥. '

In order to compare a central receiver system with a cavity DAR to a system with the
conventional Saguaro receiver, the heliostat fields, towers, and all ground-based com-
ponents were assumed to be identical. Hence, the only difference between the two sys-
tems was in the receiver itself. The annual energy delivered by each of the two systems
was calculated by the computer model SOLERGY [3] which simulated operation of the
system on the 1984 weather data for Barstow, California. All of the data input to
SOLERGY was the same for each of the two systems, except for the receiver-related
parameters. The thermal performance of the cavity DAR was estimated using the com-
puter codes SHAPEFACTOR [4] and RADSOLVER [5] to predict the radiative losses, and
a correlation proposed by Siebers and Kraabel [6] to predict the convective losses. The
performance characteristics of the Saguaro receiver were drawn from the data published
by Arizona Public Service [1].

*Although the Saguaro design is the most recent documented system design, it is expected
that it will soon be supplanted by a new salt-in-tube receiver system design under
development as a part of the on-going Utility Central Receiver Study (see
Reference 21). The new salt-in-tube receiver system is expected to show considerable
improvement over the Saguaro design. Thus, the DAR advantages, relative to a
conventional salt-in-tube receiver, should be reassessed once this more advanced tube
design is complete.
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The annual energy delivered by the central receiver system with a DAR is predicted to
be 16% greater than that of a system with a conventional salt-in-tube receiver, as shown
in Figure S-1. This relative performance increase results from reduced DAR thermal
losses (9.6%), increased absorptance of the DAR absorber (2.9%), and decreased DAR
pumping power parasitics (3.7%).

The cost of a cavity DAR should be less than half (44%) that of a salt-in-tube receiver of
the same size (190 MW,). This DAR cost was obtained through a detailed category-by-
category comparison with the cost of the Saguaro receiver as recently reevaluated by
Raymond Kaiser Engineers [2]. When the reduction in capital costs are combined with
the performance improvements of a cavity DAR, the resulting levelized energy cost
(LEC) is estimated to be approximately 18% less than that of Saguaro (see Figure S-2).

Sensitivity analyses conducted using DELSOL2 [7] and other computer models show that
the LEC of the cavity DAR is not very sensitive to the flux levels on the absorber for
average flux levels above 0.4 MW/m#, nor to the aiming strategy employed. However,
analysis shows that annual performance is approximately directly proportional to the
absorptance of the salt/plate combination. In other words, a one percent change in
absorptance produces a one percent change in system performance.

Following the same procedures employed in the analysis of the cavity DAR configuration,
two external DAR configurations were developed and costed (billboard receiver/north
field and cylindrical receiver/surround field) for comparison with the cavity DAR and
Saguaro. The annual performance of each external DAR configuration was estimated
using both DELSOL and SOLERGY. As with the cavity DAR, the external DARs show
both cost and performance improvement relative to Saguaro. For the billboard external
DAR, the performance is expected to be 18% more per unit of heliostat area, the
receiver cost 61% less, and the LEC 21% less than that of Saguaro. For the cylindrical
external receiver, the values are 10%, 59%, and 18%, respectively.
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Figure S-1. DAR Performance Comparison
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Figure S-2. DAR LEC Comparison

The small differences between the LECs of the three DAR configurations examined is
well within the uncertainties of current analysis capabilities. In essence, all three appear
to show equal promise for reducing the LEC of a central receiver system. The ultimate
deciding criteria between the DAR configurations may not be the performance/cost
issues addressed in this systems analysis study, but rather the engineering and technical
issues that we were not able to fully include in our analysis, such as manifold design and
startup time requirements for a cavity versus external DAR. Another possible deciding
criteria may be the value of the energy produced; i.e., a utility with peak usage in the
summer time will probably prefer a surround field, while a utility with peak usage in the
winter time will prefer a north field of heliostats.

The DAR concept should offer other advantages relative to a salt-in-tube receiver that
cannot be quantified now because of a lack of experimental data but that can be quali-
tatively stated. For example, fewer valves and the absence of receiver tubes in DAR
should reduce operating and maintenance costs and increase availability. Also, the lower
thermal mass and reduced vulnerability of DAR to the effects of thermal shock should
make it less sensitive to transients and startup losses.

The cost and performance sensitivities of this study reinforced the current Solar Thermal
Program emphasis on the resolution of several issues related to material properties, fluid
dynamics, and design considerations. For example, the sensitivity of the results to the
absorptance of the absorber suggest that we need to know more about the absorptance of
doped draw salts, degradation of the salt and dopant upon exposure to air, dopant
agglomeration, and fluid film stability under high flux and ambient conditions.

Of course, there exist other technical feasibility issues currently under examination by
the Program that might impact the DAR cost and performance such as the control of the
heat-transfer salt flow over the absorber plate. However, since these all appear to be
resolvable, DAR continues to show strong promise for the advancement of receiver tech-
nology and reduction in the cost of delivered energy from a central receiver system,.
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ABSTRACT

The direct absorption receiver (DAR) represents a fairly significant departure from con-
ventional salt-in-tube receiver technology and appears to offer substantial promise for
future generations of receivers. The DAR concept involves absorbing the solar flux
directly into a film of molten salt that flows in a thin film over a plate. Since the film
absorbs most or all of the flux directly, the flux limits associated with tubular receivers
can be relaxed substantially. This allows smaller and lighter receivers, which results in
better thermal performance and lower capital costs. This report describes the results of
an effort to analyze the effects of these factors on system performance and energy cost
for both cavity and external DAR configurations. The approach taken is to directly com-
pare a central receiver system with a DAR receiver and the same system with a salt-in-
tube receiver. The resuits show about a 16% improvement in the thermal performance
(annual energy delivered) of a cavity DAR system, while the cost estimate for the DAR
indicates a reduction of over 50% in the cost of the receiver. These two effects combine
to produce about an 18% reduction in the levelized cost of delivered energy when com-
pared to a system with a conventional salt-in-tube receiver.
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1.0 INTRODUCTION

1.1 Background

Historically, designs for solar flux absorbers have relied to a great extent on conven-
tional boiler and heat exchanger technology. The typical design involves pumping a
working fluid through a series of tubes arranged side-by-side to form a panel. Because
the solar flux impinges on only half the tube circumference, the heating of the tubes is
non-uniform, and the thermal stress tends to be high. When this is combined with the
high temperatures and the cyclic nature of the solar environment, the creep and,
especially the fatigue properties of the tubes, become major design criteria. In addition,
the friction losses in the absorber tubes create a significant parasitic load requiring
roughly half the pumping power consumed in this type of receiver.

The direct absorption receiver is a concept that has the potential to eliminate many of
the problems associated with the tubes in a conventional receiver. The DAR concept
involves the absorption of concentrated solar flux directly into a layer of darkened
molten salt that flows in a thin film over a plate. Since the film absorbs most or all of
the flux directly, the flux limits associated with tubular receivers can be relaxed sub-
stantially. This high flux density allows smaller and lighter receivers for the same power
output, and results in better thermal performance and lower capital costs.

The DAR concept was considered in the early 1970s at Sandia National Laboratories,
Livermore. It was not included in the early system experiments because tube receivers
were perceived as requiring less development effort. SERI researchers refined the idea
in the early 1980s and have revived and improved the concept [8].

Several previous system studies have been conducted to assess the overall impact of DAR
in a central receiver system. In particular, Lewandowski et al. conducted an early two-
phase effort in 1984 [9,10]. The two studies considered high temperature systems
(900°C), and focused on electricity generation and the production of high temperature
industrial process heat, respectively. The focus of work on DAR changed from high tem-
perature applications (>900°C) to a more intermediate temperature range (550°C) in
1985. This lower temperature emphasis was created to take advantage of the potential
of DAR in early electric power generation applications using existing conversion cycles
[11] and the use of nitrate salts which have an extensive data base.

Several other studies in the past year have reaffirmed confidence in the direct absorption
concept. Analytical studies conducted at SERI by K. Y. Wang [12] have developed
improved models of the fluid dynamics and heat transfer of the working fluid film, and
better predictions of the temperature distributions within both the film and the plate.
Although it used carbonate salts and was designed primarily around high temperature sys-
tems, an experimental test, directed by Mark Bohn from SERI and conducted at the
Advanced Components Test Facility (ACTF), demonstrated the technical feasibility of
the concept [8]. Recent analysis by Craig Tyner [13] of Sandia National Laboratories,
Albuquerque (SNLA), indicates that, in the long term, an external cylindrical configura-
tion DAR ina surround field may potentially reduce the electric LEC by 26% relative to
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an external conventional salt-in-tube receiver in a surround field.* This reduction is
attained primarily through improvements in both receiver efficiency (efficiency
improvement = 14%) and capital cost (system cost reduction = 18%).

1.2 Study Approach

This report describes the results of a cost/performance comparative analysis of three
DAR configurations: (1) cavity, (2) billboard external with north field, and (3) cylindrical
external with surround field. The approach taken is to make a direct comparison
between a central receiver system with each of the DAR configurations and the same
central receiver system with a conventional cavity salt-in-tube receiver. The Saguaro
receiver design is used for the conventional receiver design.

A receiver configuration was developed for the cavity DAR and several technical issues
were examined, including, for example, the absorber plate stresses induced by non-
uniform temperature/flux distributions. Performance-related issues, such as the
optimum flux levels on the absorber, were also addressed in the development of the con-
figuration. Detailed cost estimates based on the conceptual configuration were gen-
erated by comparison with the most recent cost estimates developed by Raymond Kaiser
Engineers, Inc. for the Saguaro salt-in-tube receiver [14]. The performance and cost
estimates have been combined into an estimate of the levelized cost of energy (LEC) for
comparison to a similar estimate made for a conventional salt-in-tube receiver as repre-
sented by the Saguaro system.

Using the methodology developed for the cavity DAR, similar analyses were conducted
for the two external DAR configurations: billboard/north field and cylindrical/surround

field. The external DAR results are compared to both the cavity DAR and the Saguaro
results.

In addition to defining the cost/performance benefits of the DAR concept, the system
analysis activities have also identified technical issues and uncertainties that may impact
system performance or cost significantly. Although each of these issues is important
enough to require examination, they all appear to be resolvable. Appendix A contains a
list of these issues, along with a preliminary analysis of their importance.

*Tyner predicts that the LEC improvements due to DAR will be slightly larger than that -
presented in the base case for this report. The discrepancy is due primarily to four
factors: (1) Tyner's analysis compares an external DAR with an external tube receiver
(our base case compares two cavity receivers); (2) Tyner includes greater system avail-
ability for the DAR (we include this only in our optimistic case, see Section 5.1);
(3) Tyner's analysis used a reasonable approximation approach, whereas we conducted a
more detailed analysis using a quarter-hour-time step simulation model; (4) Tyner
compared %gainst a conventional tube receiver operating at peak flux levels up tg
0.82 MW/m#, whereas the peak flux level of the Saguaro receiver is only 0.53 MW/m
(higher tube receiver flux levels tend to decrease the difference between the perfor-
mances of the two systems).
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2.0 CAVITY DAR CONFIGURATION

The cavity DAR configuration was developed under contract to SERI by the Solar Power
Engineering Company (SPECO). Working with SERI, SPECO developed a conceptual con-
figuration for a north-facing cavity DAR using molten draw salts (60% sodium nitrate,
40% potassium nitrate) in a 190-MW_ central receiver system to deliver energy at 550°C
[2]. The configuration contains the following features.

1. Shallow cavity geometry. In the cavity configuration shown in Figure 2-1, the ratio
of absorber area to aperture area is only 1.46, compared to a value of 2.28 for the
Saguaro design.

2. Single-plate parabolic absorber surface. Previous DAR concepts have incorporated
narrow vertical flow channels that have the potential for overheating at the channel
edges. The single-plate absorber of the cavity configuration was selected because it
avoids this potential problem. However, it introduces uncertainties in the ability to

"

Top view

" §

Side view

4,

Cavity DAR Side view

Saguaro Tube Receiver
(tube sizes not to scale)

Figure 2-1. Cavity DAR and Saguaro Receiver Configurations
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control vertical flow rates and in the impact that flux maldistributions will have on
stress and deformation in the absorber plate. The required resolution of these uncer-
tainties was outside the scope of the configuration effort. The parabolic shape of the
absorber plate was chosen to achieve a more uniform flux spread in order to minimize
stress and deformation of the plate.

3. Recirculation system. A recirculating flow circuit over the absorber plate will
reduce the nonlinear temperature gradients (and, consequently, the stress and defor-
mation) over the absorber. Furthermore, the high flow rates in a recirculation system
should reduce potential flow stability problems that could occur at large turn-down
ratios and the sensitivity of the receiver performance to flux transients, and should
increase the salt-to-plate heat-transfer coefficient. These design improvements are
acquired at the expense of a small increase in capital cost, additional numping power,
an increase in control complexity, recirculation pump reliability concerns, and an
increase in the average cavity temperature of about 50°C, which leads to an increase
in thermal loss. (The significance of these losses is examined in Chapter 5). Although
further investigation is required, these cost and performance disadvantages should be
more than balanced by the system reliability advantages.

4. Multi-point aiming strategy. Using a multi-point aiming strategy, the absorber in the
cavity configuration receives an average flux of 0.4 MW/m“ and a peak flux of only
0.9 MW/m*“. This low peak flux attained through a multi-point aiming strategy will
reduce stress in the absorber plate and minimize the possibility of thermo-capillary
dryout. Analysis of the sensitivity of the cavity DAR to the flux levels on the
absorber indicates that neiguer the performance nor the LEC is sensitive to average
flux levels above 0.4 MW/m* (see Chapter 5).

5. Optical darkener dopant. There are two primary sources of optical losses of the inci-
dent radiation at the absorber. First, some portion of the radiation incident on the
salt fluid surface is reflected. Second, radiation may be transmitted through the salt
to the absorber plate and reflected back through the salt. Snell's law, together with a
refractive index of 1.38 for a binary nitrate salt at 550°C [15], suggests that the ini-
tial reflective loss at the air/salt interface will be approximately 2%.*

The second source of loss corresponding to two passes through the salt film and
reflection off the absorber plate may be negligible if the proper optical darkener
dopant is used. Experimental results developed by Drotning [16] show that absorp-
tance in a single pass through a cobalt-oxide-doped (0.5% by weight) salt film of 0.004
m thickness can be as large as 98%. A second pass through the film, together with
reflection off the absorber plate and internal reflection within the salt film at the
air/film interface, should increase the absorptance within the salt/plate system to
nearly 100%. Therefore, the total optical losses at the absorber are only 2-3%. For
this study, an optimistic absorptance of 98% for the base case is assumed.f The
sensitivity to this parameter is investigated in Chapter 5.

*Abrams [17] has shown that, at incidence angles greater than 60 degrees, reflective loss
can be substantially greater than 2%. The incidence angles on a smooth surface of salt
flowing over a DAR absorber plate will, in general, be significantly less than this.
However, if the flowing salt is wavy or irregular, then the reflective loss may be greater.

tSimilarly, the absorptance of the Saguaro tube receiver is optimistically assumed to
remain at its initial value of 0.95.
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As part of the DAR configuration study, SPECO also suggested two ideas that could be
applied to both DAR and conventional receivers. In the event of a power failure and sub-
sequent loss of fluid flow, a curtain made from ceramic fibers could be lowered to shield
the absorber from the direct flux. Secondly, SPECO suggested (but did not include in
their configuration) a heat exchanger located at the base of the tower to separate the
working fluid from the rest of the system. The advantages and disadvantages of these
two concepts are discussed in Appendix A along with other technical issues.

The relatively high flux levels experienced by a cavity DAR configuration may produce
significant temperature gradients in the absorber plate. A consultant to SERI employed
NASTRAN, a finite element structural analysis program, to investigate whether the tem-
perature gradients might produce unacceptable levels of stress and deformation in the
single-plate absorber [18]. This analysis, which is discussed in more detail in Appendix A,
indicates that it should be possible to design an absorber plate support system that will
reduce stress and deformation in the absorber to an acceptable level.
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3.0 COST ASSESSMENT

3.1 Non-Receiver Capital Costs

To be consistent with other systems analyses in the Solar Thermal Program, a!l of the
capital costs for the components of the Saguaro central receiver system have been taken
from the long-term goals of the Solar Thermal Program Five Year Plan [19] with the
exception of the cost of the receiver/tower. These non-receiver costs are presented in
Table 3-1 in terms of the original units used in the program plan and in terms of the total
cost for the 190-MW, Saguaro plant.

As will be shown in Chapter 4, the design point power provided by the base case cavity
DAR system is approximately 6% higher than that of Saguaro because of the more effi-
cient receiver (and the fact that the heliostat fields of the two systems were assumed to
be identical). To account for this increase in design point power in a systematic way, the
cost of transport, storage, and conversion for the cavity DAR is assumed to be 6% above
those of Saguaro as also shown in Table 3-1.%

The only non-receiver cost that has been adjusted from the Saguaro values for the
external DAR systems is the cost of the heliostat field. The heliostat fields of the
external receiver systems have been optimized to yield a system design point perfor-
mance comparable to that of Saguaro; i.e., 190 MWt.

3.2 Receiver Capital Costs

The receiver costing methodology is based on that employed by Raymond Kaiser
Engineers, Inc. in their recent reevaluation of the cost of the Saguaro salt-in-tube
receiver [14]. As shown in Table 3-2, the cavity DAR costs and Saguaro costs are broken
down in this method into 16 different categories and incrementally compared on a cate-

ory-by-category basis. For the cavity DARY this resulted in a receiver cost of only
%6.5M, which is 56% less than that of the Saguaro receiver ($14.8M). The lighter DAR
receiver may also result in lower tower costs, but since we had no valid way of esti-
mating the reduction, we conservatively assumed a DAR tower cost of $3.3M as esti-
mated in Reference | for the Saguaro tower. The combined cost of the receiver and
tower is only approximately 6% more than the long-term cost goal ($9.3M) [19] as shown
in Figure 3-1. Although this is a substantial reduction, it has a more modest impact on
the overall system capital cost (10%), because, with the non-receiver costs from the
long-term cost goals [19], the Saguaro receiver accounts for only approximately 15% of
the total system cost of $101M.

*At this level of analytical detail, these small cost differences are more an artifact of the
necessity of making a consistent comparison than a representation of reality. For
example, the DAR transport costs might be higher than those of Saguaro as a result of
the increased flow rate, but might also be reduced by the lower pressure in the receiver
loop. Similarly, since the EPGS unit is buffered from the fluctuations in the receiver
output by the availability of storage (roughly three hours of capacity), it could be argued
that neither the DAR storage nor EPGS units would need to be increased in size.

1The DAR costs were developed by SPECO under contract to SERI. Appendix B contains
the original costing breakdown as developed by SPECO.

10
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Table 3-1 System Capital Costs

Long-Term Cost Goals

Heliostats voeevnnnnnnn $40/m?
Transport «eeeeeeenss. $25/m?
Storage vevevesnnnn. $20/kWh;
Conversion «eeseev.. $350/ kW,
BOP tvvvrrrrnnnnnnnns $30/m?

Costs (1000s of dollars)

DAR DAR
DAR External External
Saguaro Cavity Billboard Cylindrical

Heliostats $12,351 $12,351 $12,073 $12,884
Transport 7,719 , 8,182 7,719 7,719
Storage 13,760 14,585 13,760 13,760
Conversion - 23,100 24,486 23,100 23,100
BOP 9,263 9,263 9,263 9,263
Tower 3,317 3,317 3,317 2,737
Receiver 14,812 6,545 5,810 6,057
Total* $101,186 $94,475 $90,051 $90,626

*The total capital cost includes an additional 20% for indirect and
contingency costs.

Table 3-1 shows that when the 10% reduction in system cost due to the lower cavity DAR
cost is combined with the increase in the cost of the DAR transport, storage and EPGS
subsystems (due to the larger capacities required for the higher DAR design point power),
the total DAR system cost is only 6.4% less than that of the Saguaro plant costed at the
long-term cost goals of the Program [19]. As will be shown in Chapter 5, the capital cost
reduction impact on the LEC is even less than 6.4% since LEC also includes operating
and maintenance costs. ‘

As can be seen from the 16 cost categories presented in Table 3-2, three
subcomponents--structure, absorber panels, and emergency curtain--have a strong cost
correlation with the area of the DAR absorber. Thus, a change in absorber area to effect
a change in the peak and average flux level on the absorber will have a significant cost
impact on only these three subcomponents and the manifolds whose cost varies with the
width of the absorber. Based on this, the actual formula used in this study to compute
the DAR cost as a function of absorber size is

Cost = $3.84M + $4,722/m2 x absorber area + $18,700/m x absorber width. (1)

11
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Table 3-2. Receiver Cost Breakdown
(1000s of dollars)

Billboard Cylindrical

Cavity  External External
Subsystem Saguaro DAR DAR DAR
Structure* $3,394  $1,278 3916 $983
Absorber* 4,247 840 601 646
Sump tanks 571 165 165 165
Manifoldst 1,946 490 383 514
Auxiliary systems 273 273 273 273
Monorail 114 114 114 114
Fire protection 27 27 27 27
Lightening protection 230 230 230 230
Riser and downcomer 2,618 1,702 {,702 1,702
Cold salt pumps 678 422 422 422
Electrical 244 196 196 196
Instrumentation 99 50 50 50
Power and control wiring 359 215 215 215
Recirculation system 0 432 432 432
Emergency curtain* 0 98 70 75
Communications 15 15 15 15
Totals $14,812  $6,545 $5,810 $6,057

Source: Buna, T. "DAR Component Assessment and Design Studies."
- Prepared for SERI by Solar Power Engineering Co., Inc. under
contract XK-505115. April 1986.

*Cost varies with absorber area.

tCost varies with absorber width.

Thus, the cost impact of reductions in the DAR absorber size at higher flux levels is less
than directly proportional to the receiver area.* As will be seen in Chapter 5, the more
important effect of the higher flux levels that may be possible with a DAR receiver is
that the thermal loss from the smaller receiver is reduced.

The 16 cost categories are also presented in Table 3-2 for the external billboard DAR
with a north field and the external cylindrical DAR with a surround field. As in the
analysis of the cost variations with absorber size, the principal cost changes relative

*Equation | contrasts with the relationship assumed by DELSOL2 and prior analyses [7,20]
in which receiver cost is assumed to vary almost directly with receiver area. Each
formula is designed for a different purpose. The above formula captures the change in
receiver cost as the absorber area and flux levels are modified. The DELSOL2 cost
relationship appears to be designed to capture the cost/absorber size relationship when
the absorber size is changing with plant rated capacity; i.e., not only when the absorber
size is changing, but also the fluid capacities, etc. are changing.

12
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Figure 3-1. Receiver Tower Costs Relative to Goal

changes relative to the cost of the cavity DAR are in structure, absorber panels, and
manifolds. For the billboard external receiver, the total receiver cost reduces to $5.8M
because of the reduction in absorber area. For the cylindrical external DAR, the
receiver cost ($6.1M) is also slightly lower than that of the cavity DAR because of its
smaller absorber area, and the tower cost is lower ($2.7M versus $3.3M) because of the
reduction in tower height that is possible with a surround field. The costs of the external
receivers may be slightly exaggerated since our cost algorithm ignores the fact that
external receivers will not require the inactive (non-absorber) surfaces that form the
cavity of the Saguaro receiver and cavity DAR.

3.3 Operating and Maintenance Costs

In addition to the reduction in the initial system cost of a DAR receiver, it is expected
that significant reductions will also occur in the operating and maintenance costs. Since
DAR has no exposed receiver tubes and many fewer valves as shown in Table 3-3, SPECO
has estimated that it may be 5% more reliable than the Saguaro receiver. Until more
empirical data are available from system experiments, this estimate must be considered
highly uncertain. Consequently, this advantage is not included in our base case
assessments of DAR, although in the optimistic upper limit case for the cavity DAR, the
estimated increase in reliability is assumed to improve both the performance
(availability) and operating cost of DAR.

13
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Table 3-3. Receiver Circulation System Complexity

Tubular Receiver Cavity DAR
2000 tubes with No tubes or welds

10,000 welds and
14,000 attachments

48 high-pressure manifolds 10 atmospheric manifolds
24 receiver drain-and-purge valves No drain-and-purge valves
4 control valves 8 flow controllers

14
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4.0 PERFORMANCE ASSESSMENTS

To complete the comparisons between the cavity and external DARs and the conven-
tional salt-in-tube cavity receiver, estimates of the annual energy delivered by each of
the receiver types have been developed using SOLERGY, which is an annual simulation
model of the system from the heliostat field through the electric power generator.
SOLERGY requires four principal inputs: (1) the heliostat field area, (2) the rate of loss
of thermal energy from the receiver because of convection and reradiation, (3) the effec-
tive absorptance of the salt/plate absorber, and (4) an "Az-El" table specifying the effi-
ciency of the heliostat field as a function of the azimuth and elevation of the sun. The
code combines these inputs with the weather data over the course of the year (1984 in
Barstow, California in this case) to estimate the annual energy delivered by the system.

4.1 Saguaro System Performance

The inputs for the evaluation of the Saguaro receiver were derived primarily from the
the Arizona Public Service report [1]. The values of the first three inputs are shown in
Table 4-1. The "Az-EI" table was derived using DELSOL2 and the Saguaro heliostat
characteristics listed in Table 4-2. The net annual energy delivered for Saguaro, as cal-
culated by SOLERGY, is 96.7 x 10® kWh per year, or 313 kWh per square meter of helio-
stat area as shown in Table 4-3 and Figure 4-1.

4.2 Cavity DAR System Performance
The cavity DAR configuration was evaluated using the same approach and data as the

Saguaro receiver with the exception that the receiver thermal loss and effective
absorptance were computed as shown in Table 4-1. The thermal performance of the

Table 4-1. SOLERGY Inputs

Receiver Type

DAR DAR
DAR External External
Parameter Saguaro  Cavity Billboard Cylindrical
Heliostat area (1000 m?) 309 309 302 322
Receiver thermal losses (MWt) 20.35 8.60 8.22 8.67
Absorptance
material 0.95 0.98 0.98 0.98
effective 0.99 0.99 0.98 0.98
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Table 4-2. Heliostat Characteristics*

Area = 58.523 m?

Panels 6 x 2

Canted at slant range

Focused based on farthest heliostat

Reflectivity = 0.92

Tracking error o= 1.5 mrad

Surface error o, = 2.0 mrad

Tower sway error og = 1.7 mrad

Total optical error} oy, = 4.6 mrad

*Based on Saguaro heliostat characteristics.

Io%ot = (crt)2 + (ZcIn)2 + (05)2

Table 4-3. Annual Energy
(1000's of MWh)
DAR DAR
DAR External External
Saguaro = Cavity Billboard Cylindrical

Gross energy 129 141 141 140
Parasitics 32.4 28.8 28.6 28.6
Net energy 2 97 113 112 111
Heliostat area (1000 m*) 2 309 309 302 322
Energy/heliostat area (kWh/m<) 313 364 369 345

cavity DAR was estimated using the computer codes SHAPEFACTOR (4] and
RADSOLVER [5] to predict the radiative loss, and a correlation proposed by Siebers and
Kraabel [6] to predict the convective loss.*

For the cavity DAR c%nfiguration, the net_annual energy delivered as calculated by
SOLERGY is 112.5 x 10° kWh, or 364 kWh/mZ, As shown by Figure 4-1 and Table 4-3,
this is 16% more than that delivered by the conventional salt-in-tube receiver of

*RADSOLVER and SHAPEFACTOR underestimate the radiative losses from the Saguaro
tube receiver since they do not account for the increase in tube temperature at those
points along the tubes that are normal to the incoming flux. Since the original Saguaro
receiver loss estimates did account for this effect, they were used in this analysis.

16
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Saguaro. This relative performance increase results from increased absorptance (2.9%),
reduced thermal losses from the smaller DAR (9.6%), and decreased pumping power
parasitics (3.7%).

The reduction in parasitics is due to the elimination of absorber tubes in DAR. About
half of the cold salt pumping power requirement in the Saguaro receiver was associated
with the head loss in the absorber tubes. On this basis the required parasitic pumping
power may be reduced from 2700 kW to 1300 kW.

An examination of the gross (i.e., before accounting for parasitics) annual energy
(Table 4-3) produced by the cavity DAR and Saguaro systems provides additional insights
into the relative performance advantages of the DAR system. The cavity DAR system
produces 9.4% more gross electricity than does the Saguaro system. Of this, 2.3% is due
to the greater material absorptance of the DAR.*¥ The remaining 7.1% is due to the
reduction in convective and radiation losses from the receiver. This 9.4% annual
improvement is greater than the design point improvement in gross power of approxi-
mately 6%, because at off-design conditions, the receiver thermal loss constitutes a
larger fraction of the total system output.

4.3 External DAR System Performance
To compare the DAR concept as an external receiver with Saguaro, DELSOL2 was used
to optimize the field layout (and the number of heliostats) to achieve the same design

point power level (190 MWe) as the Saguaro system. The DELSOL2 simulations also
provided optimum receiver dimensions and flux levels from which the receiver thermal

400
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200 H
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0 T g T T T

Saguaro Cavity DAR Flat Plate DAR Ext. Cylindrical DAR

Net Energy~Unit Hel. Area (kWh. m2)

Figure 4-1. Annual Energy Per Unit Heliostat Area

*The 2.3% performance improvement due to the greater DAR material absorptance was
determined as the performance difference between the base case cavity DAR and a
cavity DAR with the same material absorptance as Saguaro (i.e., 0.95).
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losses shown in Table 4-1 were calculated. Re-radiation losses from the absorber were
calculated with a gray body radiation model assuming an emissivity of 0.98. Convection
losses were based on correlations developed by Siebers [6]. The receiver thermal losses
were input to SOLERGY along with the other input parameters shown in Table 4-1 and
the "Az-EL" tables from DELSOL2 to estimate the annual performance of the external
DAR systems. The net annual energy delivered by the external billboard DAR system as
calculated by SOLERGY is 16% greater than that of Saguaro (18% more than Saguaro per
unit of heliostat area), while that delivered by the external cylindrical DAR system is

15% greater than that of Saguaro (10% more than Saguaro per unit of heliostat area) as
shown by Table 4-3.

Compared to the cavity DAR system, the external billboard DAR system delivers essen-
tially the same net annual energy, but approximately 2% more energy per unit of helio-
stat area. This increase in efficiency will be apparent in the lower levelized energy cost
of the billboard external receiver to be presented in the next section. The external

cylindrical DAR delivers only 1% less net annual energy than the cavity DAR, but 5%
less per unit of heliostat area.

18
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5.0 LEC AND SENSITIVITY RESULTS

This chapter combines the cost and performance results presented in the two previous
sections to calculate an LEC for the Saguaro plant and the DAR configurations. This
section also examines the cost/performance sensitivities of both the cavity and external
DAR configurations to several of the study parameters. To calculate the LEC, the elec-
tric utility economic parameters (Table 5-1) and the LEC methodology of the Solar
Thermal Program Five Year Plan [19] were used.

5.1 Cavity Direct Absorption Receiver

The LEC of the base case cavity DAR configuration with an average flux of 0.4 MW/mz,
an absorber absorptance of 0.98, and recirculating flow circuit is 7.6¢/kWh. This is
approximately 18% less than the 9.3¢/kWh LEC for the Saguaro system as shown in
Table 5-1. This reduction in LEC is attributable to both the reduced cost (4%) and
increased efficiency (14%) of a cavity DAR as shown in Figure 5-1.

The base case results for the cavity DAR have been prepared conservatively based on the
best data available. From a more optimistic viewpoint, there are several improvements
in performance and cost that may be possible, but which were not included in the base
case results because of the difficulty in assessing their magnitude. For example, based
on their survey of the required components and their engineering judgment, SPECO esti-
mated that DAR may be approximately 5% more reliable than a conventional salt-in-tube
receiver.

Table 5-1. Levelized Energy Costs

Financial Parameters*

Real discount rate....... 0.0315
Fixed charge rate ....... 0.0593
Construction time

adjustment factor ..... [.0318

Cost and Energy Data

DAR DAR
DAR External External
Saguaro Cavity Billboard Cylindrical
Heliostat area (lOOOmZ) 309 309 302 322
Capital cost ($1000s) 101,186 94,475 90,051 90,626
Net annual energy (108 kWh) 97 113 112 111
LECt (¢/kWh) 9.3 7.6 7.4 7.6
LEC normalized to Saguaro 1.00 0.82 0.79 0.82

*Source: Solar Thermal Program Five-Year Plan.

TAssumes annual O&M costs of $9/m2. (See Reference 19 of text.)
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Figure 5-1. Cavity DAR vs. Salt-in-Tube

As also shown in Figure 5-1, a more optimistic case has been constructed by assuming
that this increase in reliability/availability can be attained even without the recircula-
tion flow system. For this optimistic case, the LEC of the cavity DAR may be reduced
below that of the conventional salt-in-tube receiver system by as much as 24%, with 19%
due to performance improvements relative to Saguaro and 5% due to cost improve-
ments. The increase in the performance improvements includes both increased avail-
ability (5%) and lower thermal losses in the absence of the recirculation system (1.2%).
The cost improvement increase is due to lower operating and maintenance costs and the
absence of the recirculation system. The sensitivity of the annual performance and LEC

of the cavity DAR to flux levels, aiming strategy, recirculation, salt/plate absorptance,
and response to transients was also examined.

Flux levels. The average flux level for the cavity was varied by changing the distance
from the aperture to the absorber, as shown in Figure 5-2. Because the reflected beams
from the heliostats converge at the aperture and diverge immediately behind the
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Optimum aperture size varies only slightly with the absorber size and peak flux levels.

Figure 5-2. Cavity DAR Absorber Size Adjustments

aperture, the average flux levels are the highest in the aperture plane and decrease as
the radiation proceeds back into the cavity. The maximum average flux levels are
reached in the limiting case where the absorber becomes a flat surface in the aperture
plane.

As noted in Figure 5-2, the cavity aperture size was optimized for each flux level in this
study. This involved trading off the thermal and reflective losses against the spillage
(the flux lost around the edges of the aperture). Because the tower height and field size
were not varied, the aperture size did not vary significantly from case to case.

The performance of the cavity at various flux levels was primarily determined by the
behavior of the losses. The emissive losses from a cavity are primarily a function of the
temperature of the surfaces behind the aperture and the size of the aperture. Because
the absorber temperatures are the same in all cases and the aperture size is nearly con-
stant, the emission losses vary only slightly with increasing flux levels. By contrast, the
convection losses are strongly driven by the amount of hot surface area, and decrease
monotonically with the decreasing receiver size. The reflective losses are strongly
dependent on the depth of the cavity and the probability of a reflected ray striking
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another surface before being lost through
the aperture. Thus, as the flux levels
increase, the cavity gets shallower and the
reflective losses increase.

Figure 5-3 illustrates the performance
sensitivity of a cavity DAR to the average 500 7
flux levels on the absorber surface for two ]
different sets of heliostats. The lower
curve, which corresponds to the heliostats
of the Saguaro system (see Table 4-2),
shows only a slight increase in per-
formance as the averagf flux level js
increased from 0.3 MW/m* to 0.6 MW/m*,
The upper curve of Figure 5-3 assumes
that the heliostats are the same size but
more accurate with a total optical error
of o,..=2.1 wmrad and a mirror
reflectance of 0.89 (compare to the values
in Table 4-2). -As in the case of the
Saguaro heliostats, performance is not ]
very sensitive to the average flux level 100 Trrrrrrrreprrrrmrrr T
over a wide range from the base case 0.00 020 0.40 060 0.80 1.00 1.20 1.40
value of 0.4 MW/%n2 to the highest aver- Ave. Absorber Flux (MW/m?)
age flux level examined for the more

accurate heliostats, corresponding to a Figure 5-3. Cavity DAR Performance
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Figure 5-3 shows that variations in the optical qualities of the heliostats do not impact
the relative sensitivity of system performance to the average flux level on the receiver;
i.e., both curves of Figure 5-3 increase monotonically as thermal losses are reduced with
decreasing absorber area. However, the absorptance of the absorber/salt combination
can impact the shape of these curves. If the receiver absorptance is decreased from the
base case value of 0.98 to 0.90, then reflectance loss may begin to dominate and the per-
formance-versus-flux curve eventually turns over as shown in Figure 5-4 for the more
accurate heliostats. At an absorpt ?nce of 0.90 the optlmum* average flux level appears
to be in the vicinity of 0.6 MW/m* (1.7 MW/m pea flux), although there is little sen-
sitivity to the average flux level between 0.3 MW/m* and 0.7 MW/m*,

Flux level variations achieved by modifying the absorber area impact the system LEC
through both performance and system cost variations. However, as shown in Figure 5-5,
the absorber cost variations (calculated as a function of absorber size using Equation 1)
are not large enough, even when combined with the modest performance sensitivity, to
produce significant sensitivity in the LEC to the average flux level. Although the LEC
continues to d crease slightly as the limiting billboard case is approached (average flu§
of 0.58 MW/m E within a reasonable range of average flux levels between 0.35 MW/m

and 0.58 MW/m?#, the LEC varies by less than 2%.

*The optimum was actually determined by examining the levelized energy cost as a
function of flux level.
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Figure 5-4. Cavity DAR Performance vs. Figure 5-5. Normalized Energy Cost-
Average Flux and Absorptance Cavity DAR

Although the flux sensitivity results presented here are fairly general, the optimum flux
level may be sensitive to other system parameters that were not investigated, such as
the overall system size and the operating temperature.

Aiming strategy. In the most sophisticated DELSOL2 aiming strategy, close-in heliostats
with relatively little beam spread are aimed at peripheral points while distant heliostats
with larger beam spread are aimed at the center of the aperture. On the assumption that
the DAR absorber could withstand an increase in peak flux, a single-point aiming stra-
tegy was examined to determine if it would decrease the absorber and aperture sizes and,
therefore, improve the cavity DAR cost and performance. Analysis of such a strategy
indicates that it will not result in a smaller aperture.* Consequently, the single-point
aiming strategy yields no significant change in the energy delivered by_the receiver or
the LEC. This is illustrated for a single case (average flux = 0.48 MW/mz; absorptance =
0.90) in Figure 5-4.

Absorptance of the salt/plate. Although based on empirical results obtained by Drotning,
the salt/plate absorptance of 0.98 employed in the base case analyses is a fairly opti-
mistic value. Figure 5-6 shows that the annual energy delivered by a cavity DAR is sen-
sitive to this absorptance value. An 8% decrease in the absorptance from 0.98 to 0.90

*The distant heliostats still require the same aperture size to avoid increasing the
spillage. Furthermore, the spillage from the close-in heliostats is not significantly
reduced since their aimpoints are not spread out very much in the DELSOL2 smart aiming
strategy.
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produces a 7% decrease in the annual energy delivered per unit heliostat area. The sen-
sitivity of delivered energy to material absorptance is reduced by the cavity effect and
the resulting effective absorptance. As a result of this performance sensitivity to
absorptance, the LEC is also quite sensitive, as shown in Figure 5-7. Over a reasonable
range of uncertainty in the absorptance (0.90 to 0.98), the LEC also varies by 7%.

Recirculation impact. The base case cavity configuration included a recirculation flow
system to reduce temperature gradients (and, thus, stress) in the absorber plate, and to
reduce potential flow stability problems and sensitivity to transients through increased
flow rates. One of the drawbacks to the recirculation flow scheme is that it increases
the average temperature of the salt/absorber plate by about 50°C, thereby producing
increased thermal loss. However, analysis indicates that these additional losses repre-
sent only 1.2% of the net energy delivered by the system, and that the combination of
increased losses, together with the cost of the recirculation system, yields an increase in
the LEC of only 1.4%. This LEC calculation ignores the potential for increased receiver
reliability that might be expected because of the recirculation flow and the reduced
absorber plate temperature gradients that it produces. Conversely, the recirculation sys-
tem may have reliability problems of its own. On the whole, however, it is expected that
recirculation will provide an increase in system reliability, which, if accurately
accounted for, would produce an LEC with the recirculation scheme less than that with-
out recirculation.

Transient and startup losses. Energy and startup time transients for DAR are not well
known at this time. However, the low thermal inertia of DAR and its reduced
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vulnerability to thermal shock suggest that it may be capable of starting up in as little
time as 15 minutes [2]. Ordinarily, the startup time of a conventional salt-in-tube
receiver could be expected to be longer than that of DAR because of the larger thermal
mass and increased vulnerability to thermal shock of a tube receiver. However, the
Saguaro receiver design includes doors on the receiver for retention of heat during non-
operating periods. Thus, it is expected that the two receiver types will experience
approximately the same energy and time requirements for startup. The sensitivity of
performance to the startup requirements is shown in Figures 5-8 and 5-9.

5.2 External Direct Absorption Receiver

The LEC of the external bjllboard DAR with a north field was shown by the last point
(average flux = 0.58 MW/m¥4) in Figure 5-5_to be approximately 97% of that of the base
case cavity DAR (average flux = 0.4 MW/m¥4). Most of this small difference can be attri-
buted to the reduced cost of an external billboard DAR relative to the larger absorber
plate required by the cavity DAR configuration. Relative to the Saguaro system with a
cavity salt-in-tube receiver, the LEC of the billboard external DAR system is reduced by

approximately 21%.

The cost ($91IM) and performance (111.2 x 10% kWh/year) of the 190-MW, central
receiver system with external cylindrical DAR and a surround field yield a levelized
energy cost for this system of 7.6¢/kWh, approximately the same as that of the cavity
DAR and 18% less than that of a conventional salt-in-tube cavity receiver. This reduc-
tion in LEC compared to the Saguaro system is attributable to both the reduced cost (9%)
and increased efficiency (9%) relative to the conventional receiver.
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For the external cylindrical DAR configuration, the sensitivity of the annual energy
delivered per unit heliostat area to the average flux level is presented in Figure 5-10.
The average fluxes for the external/surround receiver were varied by changing the size
of the cylinder. Since the heliostats are aimed at the centerline of the cylinder,
increasing the diameter will decrease the flux level. The cylinder height is influential
because the aiming strategy for external/surround receivers involves aiming the helio-
stats with smaller images above and below the midpoint of the centerline. Thus, as the
cylinder becomes taller, the images can be spread out vertically and the average fluxes
decrease.

Since both the emission and convection losses vary directly with the amount of hot
absorber area, they decrease with increasing average flux. On the other hand, the
reflected losses vary only slightly since the absorptance of the surface was held constant
and the radiation incident on the absorber was nearly constant. However, as the average
flux increases, the cylinder dimensions get smaller. When the size of the cylinder
becomes smaller than the size of the reflected beams from the heliostat field, there is a
marked increase in the spillage. Figure 5-10 demonstrates that the combination of these
factors prgduces a fairly sharp maximum in the annual performance at about
0.60 MW/m*.

The normalized LEC values for the external/surround receivers as a function of the aver-
age absorber flux are given in Figure 5-11. As with the cavities, the LEC results for the
external nicewers track the loss values and form a minimum at an average flux of about
0.6 MW/m* (peak flux = 1.4 MW/m#). Beyond this value, the LEC begins to rise dramat-
ically because of the decrease in performance.
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Since the flux level at which this minimum occurs is dependent on the heliostat image
size, the optimum average flux will depend on the optical quality of the heliostats. In
particular, larger errors would drive the optimum flux level to smaller average flux
values. The results shown in Figures 5-10 and 5-11 were generated for the heliostats
with total optical errors of 4.6 mrad (sigma) listed in Table 4-2.

Explicit analyses of the sensitivity of performance and LEC to recirculation flow, aiming
strategy, and the time required for startup and transients were not conducted for the
external DARs since they are expected to show approximately the same sensitivity to
these factors as the cavity DAR. The sensitivity to absorber material absorptance might
be slightly larger than that of the cavity DAR since the effective absorptance is equal to
the material absorptance.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The direct absorption receiver concept has the potential to significantly improve both
the cost and performance of a central receiver system. In direct comparison with a con-
ventional salt-in-tube receiver, as represented by the Saguaro design, a cavity DAR could
reduce the receiver cost to less than half (44%) and increase the annual energy delivered
by 16%, yielding, by a combined effect, an 18% reduction in LEC. The receiver cost
reduction results from the decrease in absorber area size that is possible at the higher
flux levels that can be tolerated by DAR and by the absence of the expensive tubing and
many of the welds and valves required by a tube receiver. The performance increase is
achieved through reduced thermal losses from the smaller receiver (9.6%), increased
absorptance of the doped salt (2,9%), and a reduction in parasitic pumping power (3.7%).

Similar improvements in system cost, performance, and LEC may be attainable with an
external DAR. A billboard external DAR with a north field may, by virtue of its smaller
absorber area, improve the system cost and performance slightly more, resulting in an
LEC 21% less than that of the Saguaro system. A cylindrical external DAR combined
with a surround field has the potential to produce an LEC 18% less than that of
Saguaro. (Additional advantages might occur to the cylindrical external DAR were one
to consider the value to a summer-peaking utility of the larger amount of energy supplied
in the summer by a surround field.)

The small differences between the predicted LEC's of the three baseline DAR systems
are not by themselves significant enough to indicate a preference for one DAR
configuration over another, especially given the assumptions that were required by the
analysis in the absence of experimental data. Furthermore, sensitivity analyses on the
major performance parameters do not show one configuration to be clearly superior.
Thus, the selection between DAR configurations will probably depend on engineering
issues and the resolution of technical uncertainties such as startup time requirements,
the influence of manifold design on flow patterns, wind shear effects and flow stability.

Several sensitivity issues have been examined as a part of the systems analysis of the
DAR concept. In general, both the cavity and external DAR configurations show approx-
imately the same sensitivities to the parameters/assumptions examined. Both configura-
tions are expected to show the greatest sensitivity to the absorptance of the absorber
plate/salt combination. A decrease in the salt/plate absorptance from the base case
value of 0.98 to 0.90 yields a similar fractional decrease in the performance of both the
cavity and external DAR configurations. Neither is very sensitive to the aiming strategy
employed or the presence of a recirculation system.

In general, the results show that for cavity receivers there is a strong incentive to
increase the average flux levels up to some "threshold" level, generally near 0.4 to
0.6 MW/m4, but little incentive to increase the fluxes beyond that level. Overall, the
value of this "threshold" flux level is largely insensitive to the range of parameters
studied here.

The external receivers show similar sensitivity to the flux for low flux levels. However,
at some flux level the dimensions of the absorber become nearly the same size as the
reflected beam from the heliostat field, and the spillage losses cause an abrupt decrease
in the performance above that point. Average flux levels of about 0.6 MW/m* produced
the best results for the range of parameters tested and for the heliostats used.
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There are two additional characteristics of the DAR concept that have the potential to
reduce the cost of energy even further below the estimates. SPECO estimates that the
substantial reduction in the number and complexity of components, and the absence of
flow tubes in DAR should increase the reliability of the receiver by 5%. Secondly, the
reduced mass of DAR may yield less sensitivity to flux transients and a quicker startup
time. These two potential DAR advantages have not been included in this analysis
because of the uncertainty associated with their estimation; however, a 5% increase in
reliability/availability could, by itself, reduce the delivered energy cost another 5%.
These significant potential DAR advantages warrant further quantification and analysis.

The sensitivity analyses of this study reinforce the current Solar Thermal Program
emphasis on the resolution of several issues related to materials, fluid dynamics/heat
transfer, and design considerations. From a preliminary analysis, all such issues appear
to be resolvable,

The economic importance of improved receiver technology, and DAR in particular, will
increase as improvements in heliostat technology reduce the cost of heliostats. Current
work on the DAR concept should position it to carry an important role in future systems.

6.2 Recommendations

The results of this systems analysis suggest that since the direct absorption receiver con-
cept has significant potential to reduce the delivered energy cost of a central receiver
system, research and development activities on this concept should be given a high
priority. Immediate activities should address the fluid dynamics, materials, and optical
issues of draw salts, dopants, and the absorber plate under high fluxes. More specifically,
since this systems analysis has shown that the absorptance of the salt/dopant/plate com-
bination may be a critical determinant of the DAR system performance, further inves-
tigation of the absorptance and reliability of cobalt oxide darkener in a draw salt is
recommended. This will require measurements of both the absorptivity and falling-film
thickness of the doped salt.

The systems analysis results presented in this report are current best estimates of the
potential of the DAR concept to improve the cost of energy delivered by a central
receiver system. However, these estimates can be improved in the future through three
primary systems analysis activities.

l.  Compare with other advanced salt-in-tube receivers. On-going analyses by Sandia
National Laboratories, Livermore [19] and others [21] suggest that it may be possible
to improve the delivered energy costs from conventional salt-in-tube receivers
through increases in the flux levels on the receiver. Once these results are docu-
mented, the advantages of the DAR concept relative to these advanced tube
receivers should be reassessed.

2. Incorporate new data on the DAR concept. Currently, there are several on-going
and planned experiments to evaluate the optical, thermal, and flow stability prop-
erties of molten nitrate salts and dopants in exposed flow. As the results of these
experiments become available and as more data are acquired on the cost and opera-
tional advantages of DAR such as pumping power requirements, reliability, and
transient response, the systems analysis should be updated.

3. Examine promising alternate DAR configurations. In addition to the three DAR con-
figurations investigated in this analysis, there are other configurations with poten-
tial promise. For example, an internal-film receiver with free flow of the heat-
transfer fluid over the interior or non-illuminated side of an absorber plate may
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enjoy additional advantages such as the absence of potential wind blowoff problems,
elimination of optical dopants, and the use of a selective surface absorber plate to
reduce emissive losses. Such innovative approaches merit continued evaluation in
search of ideas which may further reduce the capital cost of receivers and increase

the performance and operational reliability of solar thermal central receiver
systems.
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APPENDIX A

Technical Issues

Several engineering/design issues arose during the development of a viable cavity DAR
configuration and the subsequent systems analysis of that configuration. Some of the
issues were examined briefly during the course of this effort, while others warrant
further analysis. At this time all appear to be manageable.

l. Stress levels in the absorber. Thermal stress in the single curved thin metal sheet
absorber panel was identified in the SPECO study as a potential problem for the
cavity DAR configuration. Under SERI direction, Sallis* investigated the possibility
that nonlinear temperature distributions on the absorber plate could lead to large
thermal stresses that could warp or buckle the plate unacceptably. Using
NASTRAN, a finite-element structural analysis program, and predicted two-
dimensional temperature distributions in the absorber plate, Sallis examined both
one- and two-dimensional stress distributions in an attempt to bound both the magni-
tude of the stresses and the expected deflections in the plate. The plate support
system proposed by SPECO and one other promising, but more idealized, configura-
tion were evaluated by Sallis. For both configurations the two-dimensional temper-
ature distribution analysis indicates significantly more stress in the absorber plate
than does the simplified analysis of a one-dimensional temperature distribution.
Nevertheless, both analyses indicate that it should be possible to alleviate any
thermal stress problems that might occur in a single plate absorber for a cavity
DAR. The two support systems examined were:

o SPECO support system. In SPECO's configuration the absorber plate is held to a
one-dimensional parabolic shape by an array of flexible supports that allow only
in-plane expansion as shown in Figure A-l.a. Such a support system is predicted
to lead to extremely large in-plane stresses (>15,000 psi). In reality, these
stresses will probably be reduced by low amplitude, local and structural,
non-damaging buckling of the absorber plate between supports; a possibility that
Sallis's original model was not meant to capture. The analysis of this
configuration yields an upper limit on the stresses in a highly constrained
absorber plate.

o Free shape support system. A second support system for the cavity DAR
absorber was considered by Sallis to find an upper limit on the deflection that
will occur in a less constrained, low stress, absorber support system. In this
support system only the ends of the absorber plate are heid fixed along their
vertical edges (see Figure A-1.b), and the shape of the absorber plate deflects
from an ideal parabolic shape to relieve the in-plane stress. [t appears that the
in-plane stress can be reduced by an order of magnitude, while over the entire
absorber height of 13 m, maximum deflections of only 0.12 m or less occur at the
bottom center of the absorber surface. :

Sallis points out that even if the concept of a single absorber plate proves infeasible
due to thermal stress, there exist several other promising alternatives; for example,
side-by-side vertical plates connected by some kind of expansion joint, or horizontal
strips that overlap in the fashion of roofing shingles.

*Personal communication with D.V. Sallis, June 30, 1986, at a presentation made at SERI.
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Figure A-1. Absorber Plate Attachment

2. Fluid dynamics/heat-transfer concerns. There are several concerns about the
fundamentals of film flow and heat transfer that need better resolution.

o The heat-transfer mechanisms within the salt/absorber system require further
investigation. A model is currently being developed at SERI and calibrated with
SERI experimental results that will allow more accurate predictions of absorber
plate temperature distributions and the resulting thermal stresses and deflec-
tions. Tests planned for later this year at SERI will also attempt to establish a
better estimate of the plate-to-salt convection coefficient.*

o We need to understand better the impacts of external factors on the salt film
stability; e.g., local hot spots, deformations of the plate, wind, contamination of
the salt and or the plate.

o We need a better understanding of the effect of tilt angles on salt flow, and of
the transition from film flow to "free fall."

*Tyner, C. E. and Carasso, M. "Direct Absorption Receiver R&D Plan: Task Summary."
Joint SERI/SNLA task plan, Sep. 1986.
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3.

Materials concerns. Although at the intermediate design temperature of 550°C the
materials problems are not severe, there remain several areas in which current
understanding is incomplete.

o We need more data on the salt/dopant/plate absorptance and its potential for
degradation over time.

o We need more data on the potential for agglomeration of dopants. Early tests at
Sandia showed some agglomeration of cobalt oxide, the most promising dopant,
under stagnant conditions (e.g., in storage tanks) on a time scale of hours., This
trend might be controlled by agitation in the storage tanks, or by introduction of
a segregated two-loop design employing a heat exchanger at the base of the
tower as suggested by SPECO (see Chapter 2).

o We need data on the initial cost of the salt dopant and the requirement for
periodic regeneration or replacement.

o We need the rates of NO3 salt degradation in air and estimates of the cost of in-
line regeneration or periodic replacement of the salt.

o We need better estimates of the capacity of the DAR concept to handle large
average fluxes and high peak-to-average flux ratios.

o The capability of existing pumps to recirculate over the molten salt temperature
range needs to be investigated.

Design considerations. In addition to the research-type issues described above, there

are also some areas in which we need a better design approach.

0 A better method of flow introduction onto the absorber plate needs to be
identified. The weir approach, which has been used in all the experimental work
to date, appears to be very sensitive to maladjustments and external influences
(e.g., wind-induced tower sway). Some work will have to be done to define the
relative advantages and disadvantages of other methods for introducing the flow,
such as manifolds along the top edge of the absorber plate. The problem is
complicated by the thermal expansion of the absorber plate.

o If the vertical flow channels are not to be used, then control of flow rates along
vertical sections of the plate becomes an issue. The single plate absorber
configuration allows horizontal movement of the fluid between various control
sections and will probably decrease accuracy of flow rate control. Several
possibilities exist:

o The obvious possibility is some new arrangement for forming flow channels (a
method of horizontal containment) on the absorber plate that does not develop
local hot spots (as the knife-edges used in the ACTF tests appear to have). If the
technique for forming the flow channels also included some allowance for
differential expansion of the plate, then it might relieve some of the concerns
about thermal stresses as well.

o Anocther possibility is a recirculation scheme in which the flow rate is uniform
across the plate, and the temperature of a particular vertical section of the plate
is controlled by the temperature of the inlet fluid to that section. This plan has
the advantage of allowing the single absorber plate, but would require a
somewhat more sophisticated control system and might aggravate the thermal
stress/deformation situation.

As part of the DAR design study, SPECO also suggested two ideas that could be
applied to both DAR and conventional receivers.
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Dual flow loops. A heat exchanger located at the base of the tower can be
used to separate the working fluid from the rest of the system.

Advantages. For DAR this will minimize the amount of dopant required,
ameliorate potential problems associated with agglomeration of dopant in
stagnant flow sections, and reduce the salt fluid replacement requirements
should the salt degrade with exposure to air. For all receivers, the use of a
"U-tube" arrangement for the downcomer and riser will reduce the hydraulic
head and the associated pumping power requirements.

Disadvantages. A decrease in system efficiency will result from the drop in
temperature through the heat exchanger. The total system cost will
increase with the additional cost of the high-temperature, high-pressure
heat exchanger.

This dual-loop configuration was not included in our analysis of DAR.

Ceramic-fiber curtain. A curtain made from ceramic fibers could protect
the absorber in the event of a power failure. Typically, this protection has
been provided by a 2-3 minute supply of salt positioned to flow by gravity
across the absorber.

Advantages. The curtain will eliminate the weight and concomittant
structural requirements associated with supporting a heavy (25,000 lb) salt
tank at the top of the tower. It might also serve to diffuse the energy from
the warm-up heliostats in the morning.

Disadvantages. The technology is undemonstrated in the context of solar
thermal receivers, although the product is available commercially.*

*For example, Nextel 312 is manufactured from a ceramic fiber by 3M Company to
withstand temperatures of 2600°F on a continuous basis as a furnace curtain.
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APPENDIX B

Comparative Cost Analysis Summary

Saguaro DAR (same rating)
Subsystem Description Cost, $ Description Cost, $
Structure Very large and heavy 3,393,700 Much smaller and 1,278,200
(1,208,000 1b) lighter (640,000 1b)
Large and complex door No door
($ 553,300)
Absorber 8190 ft2 projectsd 4,247,200 5700 ft2 wall area 839,800
Panels area; 25,730 ft
tube area
2016 1.5-in, dia. No tubes
tubes, 70 ft long ea.
- approx. 10,000 welds -1/8 in, sheet
- 14,000 attachments -342 supports
- 48 manifolds (drill
2016 holes)
High pressure (235 psi) Vented
Creep/fatigue is a Operates in the
risk to receiver life elastic regime
Sump Tanks Cold surge tank 571,100 Cold surge tank 164,700
pressurized to 600 vented -Stainless,
psig. - Carbon steel 25% of Saguaro volume
Hot surge tank vented, Same as Saguaro,
Stainless steel except 25% volume
Manifolds Lines 1,945,900 No drain and purge 489,700
-44 drain & purge valves
valves

-4 control valves

Residence time 150
secs. at full load,
750 secs. at 20%
load

Manifold at 235 psig.

10 flow controllers
- Much simpler than
valves:

No stem seal
No positive shutoff
No valve body

Residence time 4 secs.
at full load

Manifold at very low
pressure
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Comparative Cost Analysis Summary (continued)

Saguaro DAR (same rating)
Subsystem Description Cost, § Description Cost $
Auxiliary Mainly pneumatics 273,200 Same estimate 273,200
Systems
Monorail Needed to remove 113,900 Not needed 0
panels
Fire Receiver 21,400 Same estimate 21,400
Protection
Lightning 17,000 Same estimate 17,000
Protection
Riser and Riser: 1150 psig. 2,617,600 Riser: 610 psig. 1,702,200
Downcomer - Expansion joints - No expansion joints
(Reduced length by
factor of 2; No
bends or fittings
reduced welds)
Downcomer: Downcomer:
- Expansion joints - No expansion joints
(Reduced length
by a factor of 3)
Cold Salt High head rise, 677,800 Significantly reduced 422,100
Pumps high power head rise and power
- Head = 1505 ft - Head = 700 ft
- 2700 kW - 1300 kW
- Multi-stage with - Cantilever pump
bearings in salt with no bearings or
(reliability seals in salt
problem)
- High pressure - No isolation
isolation valves valves
- 3-50% pumps for - Built-in spares
redundancy
- Cost of power (@ - Cost of power (@
$2000/kWe = $5.4M $2000/kW_, = 2.6M
(Delta = -2,800,000)
Electrical 243,500 About 40 less valves 196,400

to wire
- power
- position indicators
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Saguaro DAR (same rating)
Subsystem Description Cost, S Description Cost $
Fire Circulation & drain 5200 Same estimate 5200
Protection system
Instrumen- Large number of 98,600 49,600
tation temperature measure-
ments needed for
control
About 40 more valve
positions
Power and  Cold pumps: 2700 kW 358,900 Cold Pumps: 1300 KW 215,400
control
wiring
Lightning 212,400 Same estimate 212,400
Protection
Recircu- Not needed 100 kW Stainless pump 431,500
lation 100 ft of 10-in. dia
system Schedule 10 pipe
Wiring and Controls
Installation
Emergency Not required Ceramic Fiber Cloth 98,400
Curtain or equivalent
Installation
Totals: $14,811,900 96,545,400

(56% Saving)

Source: Buna, T. "DAR Component Assessment and Design Studies." Prepared for SERI
by Solar Power Engineering Co., Inc. under contract XK-505115. April 1986.
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The Feasibility and Potential of a
Direct Absorption Receiver in a

Nitrate Salt Solar Power System

Craig E. Tyner
Central Receiver Technology Division
Sandia National Laboratories
Albuquerque, New Mexico 87185

Thomas R. Tracey
Consultant
Denver, Colorado

ABSTRACT

The Direct Absorption Receiver (DAR) concept was
proposed in the mid 1970’s as an alternative advanced
receiver concept to simplify and decrease the cost of
central receiver systems. Rathér than flowing through
tubes exposed to the concentrated solar flux, the
heat-absorbing fluid (a blackened molten nitrate salt)
flows in a thin film down a basically flat, vertical
panel and absorbs the flux directly. Potential
advantages of the DAR include a substantially
simplified design, improved thermal performance,
increased reliability and operating life, and
decreased operating costs. High flux capability also
results in decreased receiver size and capital costs.
The cost savings and improved performance can result
in reductions in levelized energy costs of 17%
(near-term) to 26% (long-term). Perhaps more
importantly in the near-term, lifetime considerations
and the simplicity of design could decrease the
perceived risks associated with construction of a
commercial central receiver system.

A number of technological uncertainties affecting
DAR feasibility require resolution before the concept
can be considered a commercial alternative, however.
Among these are the stability of the flowing salt film
in high, non-uniform fluxes and in wind; the stability
and performance of blackening agents; effects of long
term, high temperature exposure of the salt to the
atmosphere; and the optical and thermal efficiency of
the absorbing film. Current research and development
plans to address these issues are discussed.

INTRODUCTION

The challenge to develop economically viable solar
power systems has become greater with the elimination
of tax credits and reduced oil prices. Therefore we
must explore more innovative ways of solving the many
problems ahead. For example, the receiver subsystem

This work was supported by the U.S. Department of
Energy (U.S. DOE) under Contract DE-ACO04-76DP00789.

of a central receiver (CR) system 1is critical to
success of the plant. It is subject to very high flux
levels with complex distributions that change rapidly
due to clouds. A conventional salt-in-tube receiveyr
is limited to a peak flux level of about 0.85 MW/m*,
resulting in a relatively large recelver that
increases both the receiver cost and thermal losses.
High metal temperatures and cyclic thermal stresses
result in combinations of creep and fatigue that make
absorber tube 1life prediction very difficult.
Although molten salt-in-tube receivers have been
successfully tested at the 5 megawatt thermal (MW )
level at the Central Receiver Test Facility (CRTF) in
three U. S. programs and in France, cost and lifetime
issues may affect potential future uses.

In this paper, we describe a promising alternative
to the tube receiver, the Direct Absorption Receiver
(DAR), and discuss its potential design and cost
advantages and its development requirements, including
current status and future plans.

CONCEPT DESCRIPTION

The molten nitrate salt Direct Absorption Receiver
concept is an alternative to other receiver
configurations (such as tube receivers using
water/steam, liquid sodium, or molten salt as the heat
absorbing fluid) for Solar Central Receiver systems.
The DAR concept was originally investigated in the
1970’s by Sandia National Laboratories Livermore
(SNLL) (1,2). In this concept, molten nitrate salt
(commercial "draw salt", 60% sodium nitrate and 40%
potassium nitrate) flows down a vertical (or nearly
vertical) panel, directly absorbing the concentrated
solar flux focused on the plate by the collector
field. Figure 1 shows the original extermal DAR
configuration conceived by Brumleve (2).

Inlet and outlet salt temperatures are the same as
those of tube receivers (about 285°C and 565°C
respectively). The salt flow properties are very much
like those of ambient temperature water, except for
better surface wetting characteristics (a function of
viscosity, surface tension, and contact angle). The
salt film thickness is a few millimeters; typical salt



velocities are on the order of meters per second.
Because the salt is transparent to much of the solar
spectrum, it must be sufficiently blackened (typically
with micron-sized cobalt oxide particles) to enhance
direct absorption of most of the solar energy. Unlike
tube receivers, in which the amount of solar flux that
can be absorbed is limited by heat transfer rates
through the tube walls and by stresses induced in the
tubes by uneven heating and diurnal cycling, the flux
absorption capability of the DAR (demonstrated on a
small scale by Brumleve (2) at levels up to 6 MW/m")
probably far exceeds the flux capabilities of
practical heliostat fields. The same concept could be
used in a cavity receiver as well as in external
receiver configurations.

POTENTIAL ADVANTAGES

Because of its unique design, the DAR offers a
number of significant potential advantages over
fluid-in-tube receivers.

s Simplicity and Reliability. The design and
construction of a DAR are much simpler than for a
tube receiver. The Saguaro 190 MW._ tube

receiver design (3), for example, has over 2000
tubes, 10000 tube welds, 14000 welded attachments,
48 manifolds, 44 drain and purge valves, and 4
control valves. A complex trace heating system is
required for the valves and manifolds. (The
failure of any one of the valves or trace heaters
could prevent the receiver from being operated.)
The DAR, in contrast, has no tubes (or their
associated welds) and no drain and purge valves.
Flow controllers can reside in the flow manifolds
and hence do not require stem seals or valve
bodies. Because riser and downcomer piping are
open to the atmosphere at the receiver,
accommodation of thermal expansion may be
simplified. Finally, because the salt is heated
in a single pass with a residence time of seconds
(as opposed to multiple passes and a residence
time of minutes for a tube design), control during
solar transients is greatly simplified.

Elimination of maximum
results directly in

= Improved Efficiency.

flux constraints

allowable

;
L-MOLTEN SALY

: - SUBSTRATE
LINSULATION
South[}

Fig. 1 External Direct Absorption Receiver (2). (In
this example, the active area of the heat
absorbing surface is reduced on the south-
facing panels due to lower flux levels.)

decreased receiver size (when compared to a tube
receiver), with resulting decreases in capital
cost and thermal losses. Thermal losses are also
lower because surface temperatures of the salt are
lower than the corresponding metal surface
temperatures in a tube receiver. In addition, the
low thermal mass of the receiver can mean lower
losses during start-up and transients. Figure 2
summarizes many of the factors contributing to
improved performance of the DAR. The figure
should be considered illustrative only; it is not
intended to represent any actual day. (Tube
receiver outages, for example, would be expected
infrequently, but would probably be of much longer
duration.)

» Extended Life. Tube receiver life is limited by
stresses induced during thermal cycling of the
tubes. Although receivers are nominally designed
for a 30 year life, no extended-life field testing
has been completed to verify designs. Tubes at
the Solar One pilot plant (4) have already shown
fatigue-related failures. These failures
represent a major risk factor in CR system
designs. The DAR design essentially eliminates
this problem. In addition, because metal
substrate temperatures in a DAR are somewhat lower
than those of a tube receiver, corrosion rates may
be lower.

» Decreased Operations & Maintenance (0 & M) Costs.

Because over half of the cold salt pumping power
requirements for a tube receiver are used to
overcome tube flow resistance, total plant
parasitic power requirements for a DAR system can
be reduced by about 10% compared to a tube
receiver. The decreased pump head also means that
simple constant-speed cantilevered pumps with no
bearings or seals in salt can probably be used for
a DAR. The concern for receiver tube leaks is
also eliminated, and the potential for piping
leaks is reduced due to lower operating pressure.
Periodic repainting of receiver tubes will not be
required to maintain high solar absorptivity (as
has been the case with the Solar One tube
receiver), although some maintenance of the
blackener may be required. The potential for
repair or replacement of tubes and valves will
also be significantly reduced.

1o
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Effects on Delivered Thermal Power. (See
explanatory notes in text.)




Although the DAR concept received considerable
attention in the late 1970's, including several
experimental studies (2), it was eventually shelved
for several reasons. First, compared to more
well-understood technologies such as tube receivers
using water/steam, liquid sodium, or molten salt, the
DAR was perceived to have a higher development risk
because of a number of technological questions.
Uncertainties included the stability of a flowing salt
film under high solar fluxes; long term salt and
blackener stability when exposed to solar flux and
air; and effects of wind and natural convection on
film stability and thermal losses. Secondly, in the
1970's the cost of receivers was considered to be a
minor fraction of total system cost. As a result, the
total system savings, even with major receiver cost
reductions, were not thought to be high enough to
justify DAR development at that stage of the central
receiver program.

Evolution of solar central receiver technology
since that time has caused both of these conditions to
change. Although there are still technological
uncertainties relating to the DAR, recent experimental
work by the Solar Energy Research Institute (SERI)
with a small molten carbonate salt DAR panel (5) has
been encouraging. But more importantly, field
experience with both a water/steam receiver (Solar
One) and salt-in-tube receivers has shown them to be
more complex, less reliable, and more costly than
originally anticipated. With this complexity,
estimates of receiver costs have substantially
increased over the years. This fact, coupled with
major heliostat technology advances and cost declines,
has left the receiver as the solar CR component where
the most significant system cost savings can be
achieved.

COST COMPARISONS

Anticipated DAR cost savings arise from two major
areas: 1) substantially lower costs (capital and 0 & M)
for the receiver and some supporting components, and
2) improved system efficiency. Both near- and
long-term effects of various receiver advances on

Taveliznd arnor oy oana (TTCY = SyyTmavion 3 - A ouirn
ieveiized energy cost (LEC) are summarized in Figurcs

3 and 4. In these figures, direct capital costs are
from SNLL system improvement studies (6,7) (near-term,
"current technology”) and the DOE Solar Thermal
Five-Year Research and Development Plan (8) (long-term
goals). Basic cost categories shown in the figures
include the heliostat field (FIELD), the receiver and
associated components (RECEIVER), the storage system
(STORAGE), the electric power generation system
(EPGS), miscellaneous and balance of plant (MISC), and
operations and maintenance expenses (0 & M). (As
discussed below, non-receiver component costs
generally remain fixed in these figures; because of
differences in efficiency, the levelized energy costs
of the these components do, however, vary.)

The base case used for comparison here is the 100
megawatt electric (Mwe) external molten salt-in-tube
receiver system defined in the SNLL studies (6). "Low
flux" parameters, 0.82 MW/m* peak flux, 0.46 MW/m
average flux, were used for the base case tube and DAR
low-flux examples. (The low-flux DAR is shown only
for comparison purposes. Lack of flux constraints
will in all 1likelihood lead to a high flux DAR
design.) "High flux" parameters for both a generic
high flux tube receiver and the DAR are defined here
as the SNLL sodium receiver parameters (i.e., 1.70
MW/m< peak flux, 0.79 MW/m“ average flux), even though
this is conservative for the DAR (since collector

fields can provide average flux levels over 1 MW/m2
for external or shallow cavity receivers). The high
flux receiver refers to an as-yet-undeveloped and
untested salt-in-tube receiver using, for example,
modified 9Cr-1Mo steel for the tube material. (The
high thermal conductivity and low coefficient of
thermal expansion of this material would permit higher
flux levels than the Alloy 800 or 300-series stainless
steels currently specified for tube receivers.)

DAR capital cost savings assume that the receiver
capital costs can be halved over those of a tube
receiver of the same absorber area (A recent SPECO
study (9) has estimated that the savings may actually
be greater than half.) and that receiver cost savings
can be scaled as the absorber area to the 0.8 power (a
typical relationship for costing conventional heat
exchangers). Receiver material and fabrication costs
per unit area for the high flux tube receiver are
assumed to be the same as those of the base case tube
receiver (although welding and fabrication costs for
an alloy such as modified 9Cr-1Mo steel may ultimately
be higher), but the absorber area effects on cost are
scaled to the 0.8 power as for the DAR. Because the
DAR has significantly decreased pumping requirements,
a fractional cost savings for the cold salt pump is
also taken for that system; that savings is, however,
small. EPGS costs for the DAR have been increased to
account for the increase in plant peak power output
(~6%, as shown on Figure 2). This is a conservative
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estimation of the DAR savings, since that additional
peak power could probably be accommodated with
judicious management of existing storage.

The net effect of near-term system capital cost
savings for the DAR is 4% (low flux) to 6% (high flux)
compared to the base case. The near-term capital cost
savings for the high flux tube receiver (4%) is solely
due to the decrease in receiver area at high flux. In
the long term, these savings are 12 to 18% for the DAR
and 11% for the high flux tube receiver.

In both the near- and long-term, annual operations
and maintenance costs for the DAR have been assumed to
be 5% lower than for tube receiver systems because of
the simplicity of components, lower temperatures and
pressures, and other reasons described previously.
While salt and dopant maintenance requirements (e.g.,
contaminant removal, maintaining dopant suspension,
etc.) will probably be higher for DAR systems, these
increased costs are expected to be small because of
the simple regeneration procedures. The effect of the
assumed DAR O & M cost savings amounts to a 1% decrease
in LEC.

Because the LEC is the ratio of total annualized
cost to net electricity produced, improvements in
system performance and annual efficiency directly
affect LEC's. For the high flux tube receiver, the
efficiency improvement is simply that of decreasing
thermal losses because of smaller size. This was
estimated by using thermal efficiency and spillage
values of the SNLL sodium external receiver design
(6). Because higher spillage and lower thermal losses
nearly offset, this results in a 0.8% annual
efficiency increase for the high flux tube receiver
over the base case receiver.

The DAR at high flux also reaps this benefit, as
well as a number of others, all relating to its unique
design. Some of these are well defined and can be
estimated reasonably accurately. First, the thermal
losses will be less because for a specified salt
outlet temperature, the average temperature driving
both convective and radiative losses will be lower
(since there is no tube wall temperature gradient).
Assuming the average DAR surface temperature is 65°C
lower than that of a tube receiver (10) (a reasonably
conservative estimate), convective losses will be
reduced by 14% and radiative losses by 31%. The net
effect of this and the area reduction for the high
flux DAR is an annual efficiency increase of over 6%
(i.e., a 6% increase in gross electric output, and an
even larger increase in net power since parasitic
power requirements do not change). Improvements
resulting from high absorptivity can also be
estimated. Experimental evidence has shown a salt
film reflectivity of 5% or less for blackened Hitec
salt and undoped carbonate salts. If this holds for
the blackened draw salt (as all evidence currently
suggests), the DAR will have an absorptivity
(relatively constant over time) of 95% or higher.
While the initial absorptivity of a tube receiver will
be about 94%, that absorptivity will decrease with
time until the receiver is repainted. Assuming an
average absorptivity of 91.5% (typical of Solar One),
the DAR offers an efficiency increase of 3.5%.
Finally, parasitic electric pumping power savings
(because of the lack of tube resistance) have been
estimated (9) to be 1400 kW for a Saguaro-sized
receiver. Scaling to 100 Mwe, that amounts to a 10%
savings on total system parasitics, giving a 3.6%
increase in net annual power production.

Several more-difficult-to-estimate potential
savings for the DAR relate to operational features
including lower thermal inertia and higher turndown
ratios (both of which could decrease start-up times

and allow increased operation during periods of
intermittent or low insolation). Using SNLL SOLERGY
code parameter study results (7) with an estimated 50%
decrease in energy loss for both inadequate insolation
periods and receiver start up results in a combined
improvement of 1% in annual energy. Finally, because
of the simplicity of design, it is reasonable to
assume that there will be decreased outages, both
scheduled (e.g., receiver painting) and unscheduled.
Assuming 5 fewer outage days per year results in an
annual net energy improvement of 1.3%. Although the
quantitative measure of these savings cannot be
confirmed without more detailed design and operating
data, these estimates represent an attempt to quantify
some of the unique advantages of the DAR. Since their
contribution to improving LEC is less than 2.5%, they
could have been totally neglected without changing any
of the conclusions drawn below.

The total increase in annual energy for improved
DAR performance amounts to about 14% for both the low
and high flux cases (versus less than 1% for the high
flux tube receiver). Combined with the saving in
capital cost discussed above, the total potential
reduction in "near-term" LEC for the DAR ranges from
16.3% to 17.5%, depending on flux levels. The
corresponding reduction in LEC for the high flux tube
receiver is 4.2%.

For "long-term" technology, the same calculations
have been made assuming the same receiver efficiencies
(and thus improveménts in annual energy), and using
DOE long-term cost goals for all components except the
receiver. Because the lower long-term costs make the
receiver a larger fraction of the total system, the
relative savings are greater. Reductions in LEC for
the DAR range between 22.5 and 26.1%, while the
corresponding high flux tube receiver reductions are
9.5%. A comparison of the receiver fraction of the
LEG for the two receivers shows that only the DAR is
capab]ze of meeting long-term DOE receiver cost goals
($25/m“ of collector surface for a DAR vs. $50/m“ for
the high flux tube receiver vs. the goal of $30/m*).

These calculations show the DAR to have a 14 to
18% potential for cost saving over the high flux tube
receiver. This benefit is due in large part to the
unique advantages in efficiency of the DAR.

DAR DEVELOPMENT ISSUES AND STATUS

A number of technological uncertainties affecting
DAR feasibility require resolution before the concept
can be considered a commercial alternative. These
issues and their current status are summarized in
Table 1. Key among these issues are the demonstration
of thermal/hydraulic stability of the fluid film over
all operating conditions, including substrate
imperfections; the optical, physical, and chemical
effects of doped salt exposure to air; and mechanical
and hydraulic design to provide a controlled mass flow
rate per unit width in order to control the salt
temperature. As the technology develops, we need to
reevaluate the economics to determine the degree to
which the potential of the DAR described in this paper
can be achieved.

A research and development plan to study the DAR
has been initiated jointly by SERI and Sandia. The
plan is intended to assess the technical feasibility
of the DAR over the next three years by addressing the
issues in Table 1 through the following tasks:

m Systems and_conceptual design studies of a
commercial direct absorption receiver. This task
is required to guide experimental work and provide
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TABLE 1.
Issues
Thermal/Hydraulic Stability

Stable flow regimes, turndown ratios.
Surface tension and thermocapillary effects.

Possible recirculation requirements.

Mass flow variation control.
Interaction of film thickness, velocity, flux
gradients, and flux density.
Air/film/plate heat transfer.
Panel surface effects

meshes), roughness,
joints, welds].

[material (including
warpage, tilt angles,
Surface waves.

Wind effects on stability.

Panel Design Considerations
Panel design (thermal stresses, distortions).

Transient effects.

Effects on flow stability.

Panel joints and salt containment.
Structural support.

Insulation.

External vs. cavity configurations.

Salt and Dopant Chemistry and Optical Properties

Salt contamination and degradation in air.

Film absorptivity (as function of temperature
and dopant concentration, surface film
conditions, angle of incidence, and time).

Dopant optical properties and stability
(settling, agglomeration, chemical stability).

Dopant erosion effects.

Commercial Design

Costs.

Integration with tower and other systems.
Annual energy estimates.

DAR DEVELOPMENT ISSUES AND STATUS

Status

Analyses based on data in the literature show the flow will
be stable. Small scale tests by SNLL and SERI have shown
stable flow over limited conditions.

Preliminary design has been done to keep the mass flow nearly
constant down to 20 percent power if required for film
stability.

Upper manifold design is critical.
testing begun.

Conceptual designs and

Testing done by SNLL with very high flux levels and gradients
showed no problems.

Reasonably predictable from literature. Not critical when
dopant is used.

Very little work has been done in this important area. It
has a high priority in future testing.

Very little data available at this time.

An air jet on the salt tests by Brumleve of up to 60 mph did
not show instability. This is particularly important for the
external receiver.

Conceptual design complete. Large non-linear gradients near
edges are a potential problem. Sensitivity of film stability
to distortions is a key factor in the design.

Start up and cloud transients cause complex gradients.
Detailed analysis and solar testing planned.

Stresses must be kept low, either with thin panels or a
segmented surface. The structural support must provide
minimum friction. Imperfections in the resultant surface may
cause instabilities. In the segmented design the salt, which
is very wetting, must be kept out of the insulation.

The choice between external and cavity receivers could depend
on the results of wind effects; more likely it will be
determined by plant economics. Most utilities are summer
peakers, which would favor a surround field (best supported
by an external receiver).

Very slow reactions with C0, and water expected. Treatment
process available. Rates and economic impacts need to be
determined.

Work done by Drotning (11) measured absorptivity as a
function of dopant concentrations and film thickness. More
data needed on surface reflections and effects of angle of
incidence.

Work done by Drotning showed settling problems.
Additional work in progress.

some

Sub-micron particles at low concentrations are not expected
to be a major problem.

The analyses presented in this paper show the potential. We
need to reassess the commercial design as the technology
evolves.
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realistic cost estimates for assessing the
economic potential of the DAR. Once preliminary
experimental work has been concluded, a conceptual
design effort by industry will be initiated.

s Material studies of salt and dopant properties.
This task will address salt and dopant optical

properties, including surface reflectivity, dopant
absorptivity, and emissivity; salt degradation in
air and regeneration; homogeneous dopants; and
dopant agglomeration, erosion, corrosion,
settling, and chemistry.

» Small DAR panel tests in a simulated solar flux.
These tests will use the existing SERI 15cm wide
by 60cm long panel (previously used for carbonate
salt DAR tests (5)), refurbished for nitrate salg
testing. Simulated solar fluxes up to 0.7 MW/m
will be achieved from radiant heat panels. The
tests will address film stability at various flux
levels and flux gradient conditions; panel
surface, material (including advanced concepts
such as metal meshes or screens), and joining
effects; and wind effects. In addition,
continuous salt flow tests (utilizing an existing
direct contact heat exchanger loop ) will provide
realistic, accelerated salt and dopant life
testing in a controlled DAR-like environment.

m Large flow tests using ambient temperature
salt-like fluid. These tests, conducted with
water or water/glycol mixtures, will address flow
stability, wind effects, and flow distribution.
Collection manifold and panel designs will be
evaluated on a scale sufficient to allow
extrapolation to full scale DAR designs.

s 2 MW panel research experiment. This experiment
is designed to test a large 2panel (~1 m by 4 m) at

high flux (up to 3.0 MW/m“ peak flux) and high
flux gradients in an actual solar environment.
This test will also provide data on wind effects,
control, thermal inertia effects, and actual panel
configurations (relevant to cavity and/or external
designs) and flow manifold designs. The test will
use a stand-alone loop on the 49 m level of the
CRTF tower as illustrated in Figure 5.

Water cooled

spillage panelsW

\Heat rejection
system

\—DAR experimental
flow channel

Fig. 5. DAR Panel Research Experiment at the CRTF.

SUMMARY

The DAR offers a number of potentially significant
advantages over conventional tube receivers in solar
central receiver power systems. These include
improved efficiency and reliability and decreased cost
and complexity. Perhaps most importantly, the DAR may
decrease the perceived risks (relating to tube life in
the solar environment) associated with conventional
tube receivers. To achieve this potential,
technological uncertainties associated with the DAR
must be addressed. Most important among these
uncertainties is stability of the flowing salt film in
high, non-uniform fluxes and in wind. A joint
Sandia/SERI research and development program is
underway to establish the technical feasibility of the
direct absorption receiver.
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