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1 Introduction

Solar Advisor Model (SAM) [1] is a free software package made available' by the National Renewable
Energy Laboratory (NREL)?, Sandia National Laboratory, and the US Department of Energy. SAM
contains hourly system performance and economic models for concentrating solar power (CSP) systems,
photovoltaic, solar hot-water, and generic fuel-use technologies. Versions of SAM prior to 2010 included
only the parabolic trough model based on Excelergy [2]. This model uses top-level empirical performance
curves to characterize plant behavior, and thus is limited in predictive capability for new technologies
or component configurations. To address this and other functionality challenges, a new trough model
derived from physical first principles was commissioned to supplement the Excelergy-based empirical
model. This new “physical model” approaches the task of characterizing the performance of the whole
parabolic trough plant by replacing empirical curve-fit relationships with more detailed calculations where
practical. The resulting model matches the annual performance of the SAM empirical model (which
has been previously verified with plant data) while maintaining run-times compatible with parametric
analysis, adding additional flexibility in modeled system configurations, and providing more detailed
performance calculations in the solar field, power block, piping, and storage subsystems.

2 Model formulation

This work introduces several new parabolic trough modeling capabilities into SAM. These include (1)
a power block model that is responsive to variations in ambient temperature, inlet HTF mass flow rate
and temperature, boiler pressure, and cooling technology, (2) a solar field model that allows variation
in receiver geometry, absorber surface properties, and loop configuration, (3) a water-use model that
accounts for steam cycle blow-down, mirror washing, and evaporative cooling loss, and (4) a two-tank
storage model that tracks volume and temperature, adjusts for thermal losses, and accounts for heat
exchanger temperature degradation. The discussion in this paper considers model capabilities and for-
mulations in greater detail.

2.1 Solar Field

The solar field is the heat-collecting portion of the plant. It consists of one or more loops of solar collector
assemblies (SCA’s), with each loop laid out in parallel. A common header pipe provides each loop with
an equal flow rate of heat transfer fluid (HTF), and a second header collects the hot HTF to return it to
the power block directly for power generation or to thermal storage for use at a later time. The model’s
configuration allows the user to provide unique collector and receiver properties for each SCA in the
loop. The solar field model is conceptually segregated into a top-level energy formulation and lower-level

! Available via download at www.nrel.gov/analysis/sam

2The Alliance for Sustainable Energy, LLC (Alliance), is the manager and operator of the National Renewable Energy
Laboratory (NREL). Employees of the Alliance, under Contract No. DE-AC36-08G028308 with the U.S. Dept. of Energy,
have authored this work. The United States Government retains and the publisher, by accepting the article for publication,
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, worldwide license to publish
or reproduce the published form of this work, or allow others to do so, for United States Government purposes.


www.nrel.gov/analysis/sam
mailto:michael.wagner@nrel.gov

subsystem models for the collector, receiver, and non-absorbing piping.

2.1.1 Energy equations

Each SCA is composed of a number of parabolic collectors and associated receivers in series that share a
single common tracking drive. The SCA is treated as an independent calculation node within the loop,
so the absorbed energy, losses, temperature, pressure drop, and other performance values are calculated
independently for each SCA. This allows each SCA to contain different receiver and /or collector attributes
and have a user-assigned defocusing order. The nodal approach is illustrated in Figure 1.
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Figure 1: The nodal structure of the loop is shown (left) where each SCA in the loop is an autonomous node. This
framework allows multiple receiver/collector types - shown as A and B (center) - and user-specified defocusing
schemes (right).

A steady-state trough receiver model determines the temperature rise across the node with an energy
balance between the absorbed energy, the mass flow rate of HTF through the receiver, and the specific
heat of the HTF. However, a steady-state model is insufficient once the thermal inertia associated with
the energy state becomes significant. This is the case for parabolic troughs so transient terms must be
included. The most significant transient effect in the solar field is the thermal mass of the HTF in the
headers and in the receiver piping, so the analytical formulation must account for the change in energy
of the HTF. The general solution to the energy balance equation for a single node is shown in Eq.[1],
where iy is the HTF mass flow rate, ¢qps is the absorbed thermal energy, cpyy is the HTF specific heat,
m is the HTF mass in the node, Tj,, is the incoming HTF temperature, T is the temperature of the node
at time ¢, and At is the timestep duration.
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This equation has an unknown constant C that can be determined by enforcing a boundary condition.
In this situation, we know that the temperature T' = Tj at the beginning of the timestep when t = 0,
and we define T to be the temperature at the end of the previous timestep. Solving for the unknown
constant C7 and substituting back into the general solution:
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This equation is applied to each node ¢ in the loop, where Tj, ; is equal to the outlet temperature
of the previous node in the loop, T;_;. Since the calculated temperature for each node depends on
both the inlet temperature of the previous node and the node temperature from the previous timestep,



these values must be established as boundary conditions. The temperature of the node at the previous
timestep is simply tracked and stored from timestep to timestep to satisfy this requirement, and the inlet
temperature can be set equal to the outlet temperature of the previous node for each but the first node
in the loop.

The inlet and outlet field temperatures incorporate the thermal inertia of the header HTF in calculating
the respective temperatures. Under steady-state conditions, the loop inlet HTF temperature equals
either the power block outlet temperature, the storage loop outlet temperature, or the solar field outlet
temperature, depending on the control situation. However, using any of these outlet temperatures as the
loop inlet value is inaccurate because it fails to account for the thermal inertia of the header. Including
thermal inertia as a transient effect, the derived equation for loop inlet temperature (denoted Tiys ) is
shown in Eq.[3].
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Here, the cold header temperature from the last timestep is Tiys 0, the volume in the cold header
and the runner pipe is given by V., and cold fluid density is p.. Analogously, the hot system outlet
temperature combines loop outlet flow, the header and runner pipe volumes, and the state of the system
at the last timestep, but one additional parameter is included: mcpq;. This term adds flexibility for the
user to account for non-HTF thermal inertia in the specification of the system. This term may include
pipe walls, insulation, the expansion vessel, heat exchanger mass, and other sources of thermal inertia.

2.1.2  Collectors and field optics

The collector model and optical calculations used in the physical trough model are largely borrowed from
the SAM empirical collector model. The collector is the portion of the solar field that reflects incoming
irradiation onto the receiver. This equipment is distinct from the receiver component that consists of an
evacuated glass envelope and tube receiver. The optical calculations for the collector model extend to
the point of determining the magnitude of solar flux that is incident on the receiver.

Both fixed derate-type losses and variable losses that change with solar position are considered to de-
termine the flux incident on the receiver. When the solar irradiation is not normal to the plane of the
collector aperture, losses are incurred that scale with the severity of incidence angle. The incidence
angle 0 is equal to the angular difference between the normal to the aperture plane and the incoming
solar irradiation. SAM calculates this value based on the collector tracking angle (w..;) at a given solar
azimuth (v;) and elevation angle (6. ), where the collector orientation with an azimuth angle (y.0;) and
a tilt angle (0.,;) that is positive when the portion of the field closet to the equator is tilted up [3]. The
incidence angle € is determined using the tracking angle and orientation information.
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The solar position-dependent optical losses accounted for in this model are the cosine loss in Eq.[6], end
spillage in Eq.[7], stow and deploy angle limitations, incidence angle modifier in Eq.[8], and row-to-row
shadowing in Eq.[9]. These equations make use of the average focal length (L qye), the number of solar
collector assemblies per loop (Ns.q), the axis-to-axis distance between collector rows (Lspacing), aperture
width (w), and the collector length (Leor).

Neos = €os(0) (6)
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The trough collector model captures optical efficiency with losses that are a function of solar position and
with fixed losses that are applied as constant multipliers. Fixed losses include tracking error, geometry
defects, mirror reflectance, mirror soiling, and general error not captured by the other items. Total
optical efficiency is thus equal to the product of all efficiency terms as shown in Eq.[10], and the total
radiative energy incident on the solar field is calculated in Eq.[11] by multiplying the efficiency by the
beam normal irradiation (I,,) and the total solar field aperture area (Aqp tor)-

Topt (97 Wcol) = MNendLoss (0) TNshadow (Wcal) NrAMm (9) Mtrack 77geo Pm Nsoil ngen (10)
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2.1.3 Receivers

The receiver model in the physical trough uses a 1-dimensional heat transfer model presented by For-
ristall in detail in [4]. Receiver heat loss is highly dependent on surface temperature, while the surface
temperature is influenced by the absorbed thermal energy and the subsequent heat loss. The receiver
model contains numerous implicit relationships between temperature, heat loss, and substance prop-
erties. SAM solves these implicit equations iteratively using successive substitution until the surface
temperatures converge.

The receiver is modeled as a 1-dimensional energy flow where only the temperature gradient in the radial
direction is assumed to be significant - axial and circumferential temperature gradients are neglected.
Figure 2 presents a diagram of one quarter of the receiver in cross-section. Each temperature T7_5
is calculated by the model using an energy balance and temperature-dependent loss coefficients. The
receiver geometry is specified by the user with radii Ry_4.

Collector
flux

Figure 2: A heat balance for the modeled receiver. Heat transfer in the radial direction (left to right) is considered,
while circumferential and axial transfer is not.

Concentrated irradiative flux from the collector passes through the transparent glass envelope (R3_4)
where a small fraction is absorbed. This absorption fraction is specified by the user as envelope ab-
sorptance (Qeny) on the Receivers page, and influences the calculated temperature of the glass. The
unabsorbed irradiation strikes the absorber tube at Ry. Note that the fraction of energy passing through
the glass envelope is specified by the envelope transmittance value on the Receivers page, and need not
equal the complement of the absorptance value.



During operation, the heated surface at Ry drives thermal energy through the absorber wall (R;_2) and
into the HTF. Thermal losses from the absorber surface occur via convection and radiation exchange
with the glass envelope, and the glass envelope is in turn exposed to ambient air. Figure 3 shows the heat
transfer network, conceptualized as a set of thermal resistances in series and parallel. This is analogous
to an electrical resistance network where thermal energy represents current, thermal resistance represents
electrical resistance, and temperature drop is equivalent to voltage drop. Incidentally, the same resistance
formulae apply to thermal and electrical networks.

Qabs Qabs
Qeonv Qconv

Figure 3: The thermal resistance network for the receiver model shown in 2. Energy is absorbed at 73 and T4_s.

The total heat loss from the tube is expressed in terms of thermal resistances by applying resistance

network rules to the section of Figure 3 between T3 and the ambient temperatures. Each R value
physically represents thermal resistance to heat transfer via conduction, convection, or radiation, and

has units of W/k.

q. (TB - Tamb) RS?,rad + (TS - Tsky) R56,conv - (jabs,env Q[g (12)
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where :

QR = R56,conv R57,rad + R45,cond R57,rad + R45,cond R56,conv

This equation is somewhat simplified as the envelope resistances drop out in the case that the receiver
glass is removed/broken and the absorber surface is in direct thermal communication with the ambient.

th = (TB - TG) R34,co7w + (T3 - TY) R34,rad (13)

2.1.4 Piping model

The largest parasitic loss for a trough plant is the electricity consumed by the solar field HTF pumps.
Since pumping power scales proportionally with the HTF pressure drop across the solar field and with
the HTF mass flow rate, accurately capturing both of these values is important in characterizing the total
plant performance. The piping performance model in SAM is derived directly from work presented in [5].
Diameter selection for runner and header piping applies an HTF velocity limitation for the design-point
HTF mass flow rate to ensure that the selected pipe diameter falls within a user-supplied maximum and
minimum velocity.

The piping model in SAM accounts for the pressure drop associated with a variety of field components,
including “runner” piping to and from the solar field headers, hot and cold headers, receiver tube piping,
pipe expansions and contractions, elbows (long, medium, standard), valves (gate, globe, check, and
control), and ball joint assemblies. The piping model keeps track of the total fluid volume and surface
area of the piping, excepting the surface area of the receiver absorber tubing. The model does not account
for varying insulation thickness, but instead applies an area/temperature-specific heat loss coefficient to
determine the total thermal energy loss from piping.



2.2 Power block

The ultimate goal of the power block model is to accurately characterize off-design performance while
providing enough flexibility to handle typical steam Rankine cycle designs. Detailed process modeling
software packages often provide this capability but often require extensive setup and long run-times,
presenting practical challenges for implementation in the TRNSYS framework. Instead of incorporating
a detailed model directly into TRNSY'S, process-simulation software is used to construct a representative
detailed cycle, and the output from part-load parametric simulations is converted into an off-design
performance response surface. SAM uses an adaptation of the well-known “design of experiments”
statistical approach [6] to characterize variable dependencies and generate the response surfaces. This
specific approach is originally described in [7] and expanded in [8]. The procedure used for developing a
regression model from more detailed performance calculations is summarized as follows:

e Practical limits on the range of the three independent variables are identified. The variables are
(A) HTF inlet temperature, (B) Condenser pressure, and (C) HTF mass flow rate

Parametric runs evaluate the gross power output (W) and power block heat input (Q) over the full

range of inputs.

The information generated by parametric runs in detailed modeling software is non-dimensionalized.

Non-dimensional information is analyzed to determine the main effects and effect interactions.

These effects are consolidated and applied in the code.

2.2.1 Heat rejection

The two cooling technologies available to nearly all CSP plants are wet cooling and dry cooling. These
technologies lie on opposite ends of the spectrum in terms of both performance and water use [9], and
these are the technologies that SAM models®.

Both wet and dry cooling use ambient air as the ultimate cold thermal reservoir, but differ in the mech-
anism of heat transfer between the cycle and air. Wet cooling systems use a deluge of water to remove
heat through evaporation; thus the temperature of the cold reservoir is driven by the wet-bulb tempera-
ture. Dry cooling systems transfer heat directly from the steam working fluid to air using a sensible-heat
process. This technique is limited by the dry-bulb temperature of air, which can be significantly higher
than the wet bulb temperature, especially in arid regions where CSP is most desirable. The heat rejec-
tion models in SAM account for the performance impact of variation in ambient temperature, parasitic
consumption of associated fans and pumps, and water use in the case of the wet cooling system.

2.3 Thermal storage

CSP is unique among renewable technologies in it’s ability to divert and cost-effectively store energy for
later use in a thermal energy storage (TES) system. Storage allows for uninterrupted power production
during temporary weather transients, shifting the operating hours to match peak demand, generally
increasing the capacity factor of the plant, or supplying low-level heat to plant processes that require
it (like maintaining the power block in a standby mode). Solar Advisor models thermal storage for a
two-tank system; that is, two tanks each are capable of holding the entire HTF volume for thermal
storage. Both the hot and cold tanks use the same tank model to simulate their behavior, though the
inputs and outputs for each are managed separately. The tank model is based on a methodology similar
to what is used for the variable-volume tank (Type 39) in the standard TRNSYS library [10]. SAM also
models a solar-field-to-storage heat exchanger for indirect systems using an effectiveness-NTU approach
[11].

3 A parallel wet/dry hybrid cooling model is forthcoming in SAM in the Fall of 2010.



2.4 Auxiliary heater

A fossil-fired auxiliary heater is included in some systems to supply thermal energy during times of no
solar resource or when storage cannot fully meet the required load. SAM models a simple fossil-fuel
burning auxiliary heater that generates heat for use in power production. It is automatically limited to
a maximum heating rate equal to the power block design thermal input. SAM uses the lower heating
value (LHV) efficiency to estimate fuel energy content and fuel usage.

2.5 Plant control

The plant controller links the user’s input with the requirements of the power block and the resource
production available from the solar field, thermal storage, and auxiliary heater. The controller also
impacts how and when the solar field is used. SAM uses four main operating modes including (1) total
available solar field energy output is less than the usable minimum, (2) total energy is between the
minimum and the design-point power block load, (3) more energy is produced than can be used in the
power block or storage (if the system has storage), and (4) more energy is available than the power block
needs, but all of the remainder can be diverted to storage.

The controller calculates the solar field inlet temperature based on the performance of the various plant
subsystems, including the solar field using an iterative process. The field inlet temperature is determined
by a weighted average of the power block mass flow and the TES charge mass flow.

mpb pr,out + mchg Ttes,cold

T .. = 14
sf,in mpb+mchg ( )

For cases where the power block is not in operation and thermal storage is not being charged (i.e. 1, +
Meng = 0), the solar field inlet temperature is equal to the solar field outlet temperature. Convergence
is achieved when either the convergence error doesn’t change from iteration to iteration, or when the
convergence error itself falls below the specified tolerance.

2.6 Parasitics

Solar Advisor uses several different approaches to model parasitic losses. These include the detailed
approach for the piping model and the power block parasitics as well as more general coefficient-based
methods. Table 1 lists the parasitic loss items accounted for, their corresponding subsystem, and the
modeling approach.

Loss Subsystem Modeling Approach
1. | SCA drives & electronics Solar field Coefficient-based calculation
2. | Solar field HTF pumps Solar field Detailed performance model
3. | Piping freeze protection Solar field Detailed performance model
4. | Power block HTF pump Controller Coefficient-based calculation
5. | Storage HTF pump Controller Coefficient-based calculation
6. | Fixed parasitic losses Controller Constant fractional loss
7. | Balance of plant parasitics | Controller Polynomial curve with coefficients
8. | Auxiliary heater operation | Controller Polynomial curve with coefficients
9. | Heat rejection equipment Power block Detailed performance model
10. | Storage heat trace heater Thermal storage | Detailed performance model

Table 1: A summary of the parasitic losses accounted for by SAM

3 Model verification

Performance of this model has been compared to the SAM empirical trough for several system configura-
tions. In general, the models compare very well, with differences in annual output for analogous systems
of less than 1.5%. Table 2 shows the annual output metrics for a wet-cooled 100MW-net trough system



with 6 hours of thermal storage as modeled with the two SAM trough models.

Metric Units | Phys. Model | Emp. Model | Difference
Total incident solar radiation GW-hr 2,384.1 2,384.1 0%
Thermal energy from solar field | GW-hr 1,164.6 1,220.8 -4.6%
Thermal energy to power block | GW-hr 1,134.3 1,145.8 -1.0%
Power cycle gross output GW-hr 419.0 429.9 -2.5%
Net electric output GW-hr 379.3 384.3 -1.1%

Table 2: Results of a comparison between this model and the empirical trough model in SAM

4 Summary

The SAM physical parabolic trough plant model fulfills several goals besides deriving system performance
from first principles. Namely, the model includes transient effects related to the thermal capacity of the
HTF in the field piping, headers, and the balance of the plant, it allows for more flexible receiver and
collector specification, it maintains a reasonably short run-time (10-20 seconds/annum) conducive to
parametric and statistical analysis, and it makes use of previously existing subcomponent models where
possible. The models that are adapted and incorporated into the physical model include the receiver heat
loss model by [4], the empirical collector model, a field piping pressure drop model by [5], and the power
block performance model developed by [7] for the power tower system model in SAM. As demonstrated
in Table 2, the system model performance agrees well with the validated empirical model.
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