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1 Introduction

Electricity generation from conventional fossil fuels like coal and gas causes pollution
of air, water and land. Compared with conventional energy sources, solar energy is
safe and clean, as it produces no carbon emissions. Thus, it is beneficial to use solar
power to generate electricity to restrict climate change. Besides that, solar power has
many benefits, as solar thermal energy can be stored quite inexpensively. To meet
the future goal that solar power can replace conventional fossil fuels, solar thermal
power plants have to generate enough electricity as least as beneficial as fossil-fired
plants. Based on different ways of concentrating solar energy, there are solar thermal
technologies like solar parabolic trough plants, solar tower power plants, and solar dish
power plants. This thesis will focus on parabolic trough plants, which consist of a
network of absorber tubes. The tubes heat the contained heat transfer fluid by direct
solar irradiation, concentrated via parabolic mirrors. A heat exchanger generates steam
with the fluid, and electricity is being generated through a turbine, which is similar to
conventional power plants.

The temperature of fluid depends on two factors: direct solar irradiation and mass flow.
The more slowly the mass flow passes through the tube, the longer time it is heated up
by sunbeams, and therefore it reaches a higher temperature. It is crucial to control the
fluid in a specific temperature interval, especially never exceed a specifically defined
desired temperature. Otherwise, the fluid will be lead to an irreversible decomposition.

1.1 State of the art

With the increasing popularity of solar energy, there has already been much research
on the topic of solar thermal power plants. Researches concerning used materials in
power plants, such as mirrors and tubes, has been done [9]. The used materials have
been analyzed and evaluated by observation on heat loss [20] and the heat transfer
fluid [15, 16]. Design criteria to decrease the construction costs, as well as the best
location to construct a solar thermal power plant, have been analyzed [18, 2]|. Several
kinds of research of controlling the temperature in solar thermal power plants have
been made [3]. Approaches as Lyapunov estimator [14, 21], instantaneous control
[6, 11] or model predictive control [8, 22] are applied to solar thermal power plants.
Most of these control strategies focus on control the temperature of the fluid in a
single tube by changing the volume flow of the pump. Hence, the current technology
used in controlling parabolic trough solar thermal power plants is mainly used to avoid
variations in the temperature. The desired outlet temperature is reached more reliably,
and therefore the efficiency of the power plant system is increased. Additionally, to
minimize the time and number of defocused mirrors by controlling the valves at each
inlet of an absorber tube [5, 23] can maximize the plants’ efficiency as well.

This thesis follows the approach by modelling the flow of the fluid through the tubes,
considering the pressures in the tubes. The temperature of the fluid will be simulated
as a partial differential equation (short: PDE), thereby its value to be regulated at the



end of absorber tubes using valves. With regard to this model, the film temperatures
[19], featuring the boundary layer between the fluid and pipe, is also considered. After
the description of the flow through the network of tubes, the system will be decoupled
such that each tube can be controlled independently.

1.2 Outline

This thesis is structured as follows: Section 2 deals with the modelling of a solar power
plant, considering the optics of the solar field, the thermodynamics in the tubes, and
the flow in a network of tubes. Section 3 reviews mirror control and valve control, which
control the temperature in a network of tubes using proportional-integral-differential
(short: PID) controller. The mathematical modelling and optimal control are set up
as a Matlab code. At the end of the thesis, the optimal model is tested. The results
and evaluation of this feasibility study are presented in Section 4 before the conclusion
and outlook are given in Section 5.



2 Network flow model

A parabolic trough solar thermal power plant works as follows: The parabolic mirrors
concentrate sun beams onto an absorber tube so that the fluid in the tube is heated
up and transports the heat to a heat exchanger. The heat exchanger heated a massive
basin of water, the resulting steam powers the turbine, and the generator generates
electricity.

The solar thermal power plant consists of two parts, the solar collector field, and the
power block, see Figure 1. The solar collector field consists of a network of tubes.
The absorber tubes are surrounded by large parabolic mirrors that track the sun and
thereby heat the fluid inside them. The well-insulated tubes leading to and from
the network are called the inflow and outflow header tubes. They can maintain the
temperature of the fluid inside the tube. A pump at the entry of the inflow header
tube regulates the volume of the fluid and distributes the heat transfer fluid into the
absorber tubes. A fixed valve aperture at the entry of each absorber tube distributes
the mass flow uniformly.

This thesis is based on a model by Cherek, that described in this section. An optical
model is derived, which represents the energy input from the sun. This model is then
used to describe the thermodynamic flow through the network of tubes mathematically.

i

Generator

Steam
turbine

Heat

Exch
changer Cooling
tower

Conden-

I I I I sator
Deasfiator
( ;3 l —

Parabolic trough collector Pump Pump

Figure 1: Conceptual drawing of a parabolic trough solar thermal power plant.

2.1 Optical model

The optical model represents the energy input from solar irradiation, which is sim-
ulated by a function Ipni(z,t), dependent on space and time. The environmental
characteristics, the geometrical parameters of the collector field, and the parameters
describing the parabolic mirrors are considered in the optical model. The incidence
angle 6 represents the angle between the solar beam and the normal on the surface
of the parabolic mirrors. The zenith angle w represents the angle between the solar
beam and the normal on the horizontal surface.The parabolic mirrors with an aperture



width of G reflect the direct solar irradiation Ipni(x,t). The defocus boolean factor
o(z,t) € {0,1} states whether the mirror at position x is defocused or broken in time
step t. The optical power is concentrated on a cross-sectional area of the absorber
tubes, denoted as A.psorber- 1hus, the volumetric power density into the absorber tube
is given by [4],

1
A : [DNI<x> t) : G . ¢($7 t) : 771“eﬁectivity T H<9) . fshd(x) . fend(aj)-
absorber N ~~
‘=Topt

Pabsorber (377 t) =

(1)

where k is the incidence angle # modifier, which is used to account for all geometric
and optical losses because of an incident angle § > 0°. Formulas of the incidence angle
modifer is given by [17],

#(0) = cos(f) — 5.25027 - 1040 — 2.859621 - 10762, (2)

Nopt 18 the optical efficiency of the collector, which is the product of the optical effi-
ciency of the collector reflectivity Miefiectivity, the transmittance of the tube metal 7, the
absorbance of the absorber tube «, and the intercept factor 7. fenq and faq are two
factors due to end loss and row shadowing and can be calculated by [10],

fona() = {O e 3)

1 else,
fsna(z) = min (max (0; %); 1) (4)

where w represents the zenith angle, which is the angle between the solar beam and
the normal on the horizontal surface, and # represents the incidence angle, which is the
angle between the solar beam and the normal on the surface of the parabolic mirrors.
diocal, Lrow are the focal distance and row spacing, see Figure 2.

2.2 Thermal model

A model that describes the thermal phenomena of the flow can be constructed based
on the conservation law. The energy equation of the absorber tube can be given by

[4],

%Tabsorber (l‘ ) t) = Pabsorber ($’ t) _ zlm%sssorber - Tabsorber (J:a t)

Pabsorber * Cabsorber Pabsorber * Aabsorber * Cabsorber
2 * hﬂuid : (Tabsorber(xv t) - Tﬂuid(‘xa t))

Pabsorber * Tabsorber * Cabsorber

(5)

where pabsorbers Cabsorbers Tabsorber @Nd Aapsorber TEPrEsent the temperature, density, spe-
cific heat capacity, radius, and cross-sectional area of the absorber tube. ©apsorber
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Figure 2: Conceptual drawing of end loss and row shadowing.

represents the volumetric power density into the absorber tube. The heat loss per
meter £9% . is the heat loss of the absorber tube per meter, which is caused by the
temperature difference between the absorber tube and the exterior glass envelope, and
can be simplified as a polynomial in T,psorber- Pawia 1S the convective heat transfer

coefficient of the fluid and can be approximated as [7]

(6)

- (ffricstion) + ( Reabsorber —1000) - Prayiq ( Prauiq )0'11 Afluid
fluid = ' '

1 + 12.7 - (m) 1/2 . (P 121{1?d 1) Prabsorber 2- T"absorber

with the friction factor for the inner surface of the absorber tube

—2
ffriction - (182 : 1Oglo(l%eabsorber) - 164)

where Reapsorber i the Reynolds number of absorber tube based on its inner surface
temperature. Prg,q and Propsormer are the Prantl number evaluated at the fluid tem-
perature and the absorber inner surface temperature. Aguq represents the thermal
conductivity of the fluid.

The energy equation of the volumetric flow can be given by [4],

2- hﬁuid : (Tabsorber(x> t) - Tﬂuid(xa t))

Ptluid * Cfluid * Tabsorber

0 0

aTﬂuid(iU, t) + Vauid - %Tﬂuid(xa t) = (7)
where 7, psorber 1S the radius of the absorber tube. Thuiq, Pauid, Yfuid, Cuid, PAuid Tepresent
the temperature, density, velocity, specific heat capacity and convective heat transfer
coeflicient of the heat transfer fluid.



Equations (5) - (7) construct the thermal model of the parabolic trough solar thermal
power plants. This model is applied to simulate the outlet temperature of the heat
transfer fluid.

2.2.1 Closure equations

Therminol VP1 and molten salt are considered as heat transfer fluids for closure equa-
tions. Their density, specific heat capacity, thermal conductivity are usually given as
polynomials up to degree three, four, two, depending on the temperature 7" as argu-
ment

p(T) = ap,O + ap,lT + CLP72T2 + Clp73T3 (8)
C(T) = Qc,0 + ac,lT + ac,2T2 + ac73T3 + CLC’4T4 (9)
MNT) =aro+ax T + GA,2T2 (10)

see Table 3 for the coefficients of Therminol VP1 [25] and molten salt, and Table 4 for
the temperature limits of Therminol VP1 and molten salt [24].

Coefficients for Density p(7T)

Therminol VP1 molten salt
ap0 1437.78 2293.6
ap1 —1.86453 —0.7497
apa | 2.7208-107 0
a,3 | —2.367-107° 0

Table 1: The density p of Therminol VP1 and molten salt can be expressed as polyno-
mials up to degree three, in dependency of the temperature 1" as argument.

Coefficients for Specific heat capacity ¢(7)

Therminol VP1 molten salt
0 2138.06 5806.0
[ —11.1303 —10.833
aeo | 5.02177-1072 7.2413 - 1073
aes | —7.81413-107° 0
Q.4 441721078 0

Table 2: The specific heat capacity ¢ of Therminol VP1 and molten salt can be ex-
pressed as polynomials up to degree four, in dependency of the temperature
T as argument.

The temperature of the fluid has to be maintained in a certain given range [Tinin, Terit)-
The Ti,1; and desired temperature Tyesireq are defined for safe operation, as well. More-
over, the performance of the pump is limited to a maximum possible volume flow g,
which usually is chosen such that for high direct solar irradiations of the full mirror
focus length can be used.



Coefficients for Thermal Conductivity \(7')

Therminol VP1 molten salt
axo 0.1491 0.443
axa 7.0218 - 1076 1.9-10~*
aye | —1.7246 - 1077 0

Table 3: The thermal conductivity A of Therminol VP1 and molten salt can be ex-
pressed as polynomials up to degree two, in dependency of the temperature
T as argument.

Temperature limits

Therminol VP1 | molten salt
Trin 285 K 495 K
Tinlet 340K 500K
T gesired 668 K 828 K
Terit 673K 833 K

Table 4: The minimal, desired and critical temperature of Therminol VP1 and molten
salt is given.

2.3 Hydraulic model

The thermal model which is introduced in the last subsection specifies the behavior of
the fluid temperature inside the juntions. It has been done by Cherek in his thesis [5].
As an extension of the exsiting model of Cherek, this subsection will present a model
that describes the hydraulic phenomena of the flow in the header tubes, which is also
constructed based on the conservation law. The momentum equation of the fluid in
the tubes can be given by

0 0
En (pavia(z,t) - vawia(z, 1)) + e (pPauia(e, 1) - Va2, ) + puialz, 1))
Wabsorber

B , Piid (2, 1) - Vawia (2, 1) - [Vawa (@, 1) | 4
— — 7 " ‘tabsorber * + 3
Dabsorber 2 3

(11)

where pguia (2, 1), Viwia(z, 1), Pawa(,t), pawa(z,t) represent the density, velocity, pres-
sure, dynamic viscosity of the fluid at position x in time step t, respectively. Wapsorbers
Dapsorber and Lapsorber are the surface roughness, diameter and length of the absorber
tube. The last part of equation (11) has a very small impact on the results and can
be neglected [5], which yields

0 0
a(ﬂﬁuid(xa t) - vawia(z, 1)) + %(Pﬂuid(% t) - Viua(@,t) + pauia(z, 1))

o Wabsorber Pﬂuid(% t) * Vfluid (l’, t) : |Vﬂuid (Ia t)|
- gabsorber :
Dabsorber 2

(12)

o 0
. a(uﬁuid(l‘,t) : %Vﬂuid(l‘at»



2.4 Finite volume solver

The energy equations (5) and (7) can be solved numerically by finite volume method
using Godunov splitting. First, the homogenous part of the partial differential equation
(7) can be solved by

0 0
aTﬂuid<I, t) + Veuia - a—ITﬂmd(% t)=0 (13)

As the flow velocity v is always positive, the HTF flows in the positive z-direction.
Hence, it is practical to use an upwind scheme with spatial discretization Ax, and
temporal discretization At to solve the equation,

Ci: r 1, 1),
(2—5 z+§)
x=1-Ax, i=0,...,.N,eN, and t,=n-At, n=0,...,N; €N. (14)

The update step of cell C; for the time step from ¢, — ¢, is given by

Thia (%, tn) — Thwa(i — 1,%,)
Ax

Tﬂuid<i7 t;+1> = Tﬂuid(ia tn) — At - (Vﬂuid : (15)

where the indices i represents the cell index and n represents the current time step. In
the same way as above, the energy equation of absorber tube (5) can be solved by

. 1 .
Pabsorber (Z7 tn) . a({fssorber : Tabsorber (7'7 tn)

Tabsorber (Z, tr_LJrl) :Tabsorber (’l, tn) - At : ( A
Pabsorber * Cabsorber Pabsorber * “1absorber * Cabsorber

- 2- hﬂuid . (Tabsorber(ia tn) - Tﬂuid(i7 tn)) >

(16)

Pabsorber * Tabsorber * Cabsorber

Then the source terms can be taken into account by solving the ordinary differential
equation

8 2. hﬂuid : Tabsorber (xa t) — Tﬁuid (33', t)
_Tﬂuid (ZE, t) = ( )
at PAuid * Cfluid * Tabsorber

(17)

which yields

Tabsorber (27 ti-l,-l) - Tﬂuid (27 t;—i-l)) )

. o 2 Nfuid -
Pfluid * Cfluid * Tabsorber

(18)

Analogously as in the thermal model, the momentum equation (12) can be solved
numerically using Godunov splitting. The update step of cell C; for the time step from



t, — tn11 is given by

Pauid (%, Ty 1) - Vauid (4, £ 1) = Pauia (4 tn) - Vauia (7, tn)
At ) ) ) ) ) .
- X (Pﬁuid(% tn) : V{%uid(% tn) - (pﬁuid(Z - 17 tn) : V{%uid(z - 17 tn) + pﬂuid(za tn) - pﬁuid(Z - 17 tn))

Ax
(19)

where the indices ¢ represents the cell index and n represents the current time step.
Then the loss terms can be taken into account by solving the ordinary differential
equation

Privid (T, 1) * Vawia (2, 1) - [Vawia(z, T)]

0 Wabsorber
beorb . gabsorber : 9 (20)

E(Pﬁuid Vaid) (T, 1) = —

D absorber

which can be given by

pﬂuid(ia tn—i—l) : Vﬂuid(ia tn-‘,—l)
= puid (4 L i1) * Vaia(é, 1)
i i,t_ * Vfyi i,t_ * | Vflvi ’i,t_
+ At- (_ W 'gabsorber' pﬁud( n+1) ﬂud( . n+1) | ﬂud( n+1)|) (21)
absorber

Since pauia (i, tn) = p(Tawia(i,tn)), the velocity of the fluid vguq(i,t,) in the cell C; at
time step t,, can be simply computed by

. ,Oﬂuid(ia tn) : Vﬂuid(iv tn)
Vid (2, tn) = - 22
fuia (7 ) Pauid(Tauia (4, tn)) 22




3 PID control

In this section, the current state of the art control with a proportional-integral-derivative
(PID) controller, which changes the pump’s volume flow, will be presented. The stan-
dard PID controller changes the pump’s volume flow and defocuses mirrors from the
collector field, so that the outflow temperature of each absorber tube is as close as
possible to the desired temperature. The desired temperature Tyesireqa and a threshold
around it have to be defined for each specific HTF. Moreover, the temperature in the
absorber tubes has to be prevented decrease too much. The defocussing of mirrors
causes loss of energy input, which means lower efficiency. Hence, an advanced PID
controller, which additionally controls the flow in each tube will be introduced. The
system of tubes is decoupled, to control each absorber tube independently. By setting
the aperture of the valves, the volumetric flow in a single absorber tube can be con-
trolled without influencing the volumetric flow of the other tubes. The valve control
allows us to decrease the defocus time of the mirrors to zero when the outflow tempera-
ture is controlled in the interval of the threshold around the desired temperature. The
efficiency of the solar thermal power plant is increased because of the minimization of
the defocus time of mirrors in the collector field. The PID control, which is described
in this section, is fundamentally based on Cherek’s Thesis [5].

3.1 Network model

’;(N:N-f) V(3,2 V(2,1) V(1,0
N,N-1) T T T
P — >e (3.2 >® (2.1) >o— (L0
\-‘.L/ Aheader \-‘.L/ Aheader \-‘.5‘/ Aheader \-‘.5‘/ Aheader
VN(xend V1(Xend)
T
N(xend) ~— ~— ~1 T1(xend) ~
I MN~——a—1 1 11
absorber tube N absorber tube 71
S~ Aabsorber S~ S~ ~— Aabsorber
N~——1 qN N~——1 N~ 1 N~ 1 q1
~— ~— ~— ~—
N1 N~——"1 N1 N1
V(Xo) V 4(xo)
Talxo) T4(x0)
valve X £y VNN valve X & 2 3 valve X & (1’2) valve X g, Yo
0NN ¢ ‘g T(1.2 < T
Aheader Aheader Aheader Aheader

Figure 3: Conceptual drawing of a network of tubes.
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The overall fluid distributes into the parallel absorber tubes. An absorber tube with
numbering £ = 1, ...N has valve’s aperture . The fluid in the absorber k has velocity
v, volume flow ¢, temperature 7). All absorber tubes have cross sectional area
Aabsorber and they are connected with the header tubes with cross sectional area Apeader-
The edge of the inflow header tube between the two junctions of absorber tube k& and
k + 1 is denoted by (k,k + 1), with flow velocity v 41y, volume flow g k1), and
temperature T(j x11). The edge of the outflow header tube is denoted by (k+1,k), see
Figure 3.

The junctions that connect the inflow header tube and the absorber tubes are denoted
as inlet junctions, whereas the junctions that connect the outflow header tube and the
absorber tubes are denoted as outlet junctions.

At each inlet junction, a valve with aperture & € [0, 1] controls the absorber tube’s
volume flow, where 0 means fully closed and 1 means fully opened. The temperature
changes along the inflow header tube are neglected, thus

Tk(l‘g) = T(k:—l,k) and T(k,k-i-l) = T(k—l,k) (23)

At each outlet juntion, the outflow temperature of the fluid can be computed by using
Richmann’s calorimetric mixing formula [1],

P(k+1,k) * V(k+1,8) * Co(hr1k) * L(k1,k) T Pk Vi - Aabsorber * Cuk = Tk(Tena)

T(k,kfl) - (24)

P(k+1,k) " V(k+1,k) * Cu(k+1,k) T Pk * Vi * Aabsorber * Cuk

3.2 Mirror control

The standard PID control, which only changes the pump’s volume flow and defocuses
mirrors, is called mirror control. The network in a solar thermal power plant is set to
a design point yearly. The idea behind the design point is to calibrate the valves to an
ideal point so that as many as possible mirrors are being used. The valves’ apertures
are kept constant until the next calibration. The design point is calculated on the
condition that the solar irradiation is constant in all absorber tubes. Therefore, the
volumetric flow of the design point gpp in each tube has to be equal. It depends on the
length of the absorber tube lapsorber, the solar irradiation at the design point Ipnipp,
the inflow temperature Tj,, and the desired temperature Tyesirea- The design point is
oT

considered as a steady state, which means - = 0. From the equation (7) we have

0 2- hﬂuid : Tabsorber (l’,t - Tﬁuid(xa t)
Vouid * 71 fuid (T,1) = ( ) ) (25)
ox PAuid * Cfluid * Tabsorber

Since Vuid - Aabsorber = qpp,

2- hﬂuid . Aabsorber : (Tabsorber (QZ', t) - Tﬂuid (J:a t))
Pfluid * CAluid * Tabsorber

0
= Thia(2, 1) = 2
4gop or ﬂud(x ) (6)

11



The temperature derivative can be approximated as the simple central difference be-
tween the temperature at the inflow T}, and the desired temperature at the outflow
Tyesirea Of each absorber tube,

& ol 1) = % (27)
The solar irradiation Ipxi(x,t) is set to
Ipni(,t) = Ipnipp- (28)
The density pguiq and specific heat capacity cguiq are assumed as
Pfuid = PDP;
Cfluid = CDP (29)
and can be computed iteratively.
Combining equations (26) and (27) we get
- 2+ Labsorber * Paiuid * Aabsorber * (Labsorber (T, 1) — Thia (2, ) (30)

PAuid * Cfluid * Tabsorber ° (Tdesired - iT’m)

The volumetric flow for the pump at the design point gpumppp can be represented as
the multiplication of the volumetric flow in a single absorber tube ¢pp with the total
number of absorber tubes N,

Gpump,pP = N - qpp (31)

The valves are set to distribute the volumetric flow of the pump gpump,pp evenly through
all absorber tubes so that gpp can be reached in every single absorber tube.

Mirror control is the control of the pump and the defocussing of mirrors. By decreas-
ing the pump volumetric flow gpump, the HTF has a longer time to heat up so that
its temperature increases. A PID-controller designed with the Ziegler-Nichols tuning
method [13] is used to control the pump volumetric flow gpump Wwith the temperature
derivation ATq,q at the end of the absorber tube. the differential equation for the
controller is

1
Tpump (tnt1) = K - (ATﬂuid + T /ATﬂuiddt +1q- (32)

7

a(ATwﬁuid)
ot '

The parameters K, T; and Ty are chosen by Table 5. The integral and derivative
gains have to be set to zero at first. Then, the proportional gain K, is set to zero and
slowly increased until the output and of the control loop shows stable and consistent
oscillations. K, is set to the obtained proportional gain and T, to the oscillation period
of the output.

12



K, T, 1Ty

06K, T,/2 T,./8

Table 5: Chosen parameters for the Ziegler-Nichols method [5]

The volumetric flow of the pump gpumy, is distributed evenly into each single absorber
tube. Hence, in order to achieve the needed volumetric flow in the ¢-th absorber tube,
the difference between the old and new volumetric flow in the i-tube is added to the
pump volumetric flow multiplied by the total number of absorber tubes in the solar
thermal power plant N,

Gpump(tnt1) = Goump + (¢i(tns1) = qi(tn)) - N. (33)

In order to ensure that the desired temperature Tyesirea Will not be exceeded, mirrors
are being defocused. The number of mirrors that have to be defocused Nyefocus 1S
computed by

(34)

AT esire
Ndefocus - ’V d d—‘

Ajﬂ’mirror

where ATimor 18 the increase in temperature over the length of one mirror in an
absorber tube and ATyesirea 18 the difference between the current temperature and the
desired temperature. The algorithm for defocusing mirrors is shown in Algorithm 1.

Algorithm 1 Mirror Control
1: for tubei=1;i < N;i++ do
if ,Tz < Tdesired then
decrease overall volumetric flow ¢p;

end if

end for

: for tube: =1;1 < N; i+ + do

if ,Tz > Tdesired then
calculate Ngefocus;
defocus mirrors;

10: end if

11: end for

3.3 Valve control

Since every defocused mirror causes a loss of input energy, the defocus time of mirrors
in the collector field must be minimized. The valve control, which uses the valves
dynamically in the control process, is introduced in this subsection. It is designed to
decrease the defocus time of mirrors to zero while keeping the HTF’s temperature in the
threshold’s interval around the desired temperature. The tubes’ system is decoupled
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so that the volumetric flow of each single absorber tube of the network can be changed
independently by setting the aperture of the valves.

The decoupling of the volume flows in the individual pipes is derived by the following
formula

N
Aabsorber ' Zizl,i;«ék &
N
Aabsorber : Zi:l gz

where ¢ is the volume flow in absorber tube k, and & is the aperture of the valve k.

) V nefl,.. N} (35)

dx = dpump * (1 -

In every iterative process, the interdependence between the valves can be constructed
as a matrix equation of Q, Xi, Aabsorber, and @pump, Where Q is a 1-by-N matrix with
elements ¢;, i € {1,..., N}:

Q=( @ -.. av), (36)
Xi is a 1-by-N matrix with elements &;, i € {1, ..., N}:
Xi=(& & ... &) (37)

such that

Aabsorber - Xi- (I - 67;)
Apump <1 Aabsorber -Xi-1 > Q =0 (38)
where e; are the standard unit vectors of dimension RY with one as the i-th element ,
I is a N-by-1 matrix of ones. As the other parameters are given, the matrix equation
(38) can be solved for Xi. Thus, each valve’s aperture can be obtained. According to
the equation (7), the velocity v has to be positive. Hence, a minimum aperture of the
valves has to be defined,

fi > fmin Y n¢€ {1,,N} (39)

Algorithm 2 below computes the valves’ opening state so that the added volumetric
flow only affects the particular absorber tube.

Algorithm 2 Valves Aperture

qdiff = 9k — Yold,k;
Gpump = Gpump + qdif f
for i=1; i<N; i++ do
update &; by equation (38);
end for
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4 Feasibility study

In this section, the introduced controlling method are examined in a test case with
several EuroTrough 150 tubes in a row [12]. The test case consists of a network of four
absorber tube and will involve shadowing of the collectors, see Table 6.

4.1 Test case of a parabolic trough power plant

The test case of an concentrating solar thermal power plant consists 4 parallel absorber
tube loops with 48 mirror modules, each 12 m long. The parameters of the optical
model for the power plant test case are given in Table 6.

Parameter Description Value
G Aperture width of the mirrors 5.76 m
el ity Optical efficiency of the collector reflectivity 96 %
Tthermal Thermal efficiency of the absorber tube 70 %
Tabsorber Radius of the absorber tubes 35 mm
Absorber Cross sectional area of the absorber tubes 3.85-1072 m?
Theader Radius of the header tubes 20 mm
Apeador Cross sectional area of the header tubes 1.26 - 1073 m?
N, Number of the modules per absorber tube 48
I Length of a module 12 m
labsorber Total length of the absorber tube (N, - 1) 576 m
lheader Distance between inflow valves of the header tube 30 m
N Number of parallel absorber tubes 4
a Absorbance of the absorber tube 95 %
0 Transmittance of the tube metal 95 %
Lrow Row shadowing 0.6059 m

Table 6: Parameters of the optical model for the power plant test case

4.2 Network with single collector row

In this subsection, the control schemes are tested on the test cases for the network
with a single collector row and the results are shown. It starts from the design point
and compares the mirror control and valve control with partial shadowing.

4.2.1 Design point

A design point with constant solar irradiation and constant valves’ opening state is
used, such that the heat transfer fluid reaches exactly the desired outflow temperature
at the end of each absorber tube.
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The full intensity of direct solar irradiation is assumed while not any clouds over-
shadowing the collectors are considered. The heating temperature reaches exactly the
desired outflow temperature of 666.35 K. The volumetric flow through the tube is 27.18
m?h ™!, which is 7 % higher than the measured value at this time point at 25.3 m*h™!.
The behavior of the temperature in the absorber tube results in a straight line since
the temperature rises evenly and strictly monotonously due to the constant solar ir-
radiation and the constant pump flow, see Figure 4. This design point serves as the
start point for the following test case scenarios.
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Figure 4: The behavior of the temperature in the absorber tube with no partial shad-
owing for the design point. The temperature increases over the length of the
tube and reaches exactly the desired temperature.

4.2.2 Mirror control

To testing the control schemes, shadows were simulated over the collector row. The
shadow distribution is from mirror 30 to 35. Once the mirror is overshadowed, the
solar irradiation was set to zero over these parts. In the not overshadowed parts, the
collector row stays constant with the value used to calculate the design point.

The mirror control is tested on the single partially overshadowed absorber tube.
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Figure 5: The behavior of the temperature in a single absorber tube with partial shad-
owing for the mirror control mechanism. In the overshadowed parts the
temperature does not increase because the solar irradiation was set to zero.
The pump volumetric flow was decreased to reach the desired temperature.

Figure 5 shows that in the overshadowed parts of the tube the temperature keeps
constant since the solar irradiation in these parts is zero. In the not overshadowed parts,
the temperature increased slightly steeper to be able to reach the desired temperature.
In comparison to the design point, the volumetric flow of the pump gpump Was decreased
t0 21.69 m*h ™" to slow the flow of the HTF. This is due to the lower energy input caused
by overshadowing. The simulation took 79.6274 seconds.

4.2.3 Valve control

To compare the results of the valve control and mirror control, the same setting of the
overshadowed collector row is used. The expectations of the results are also the same.
In the overshadowed parts the temperature should keep constant. Unfortunately, the
simulation has failed to meet expectations, see Figure 6. There must be a bug in the
implementation. The volumetric flow is 12.32 m*h™! and the outlet temperature is
665.35 K. The volumetric flow is 43 % lower than the volumetric flow achieved by the
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mirror control. The reason for the difference is that the valve control can reach the
desired temperature exactly, while the volumetric flow has to be decreased.
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Figure 6: The behavior of the temperature in a single absorber tube with partial shad-
owing to the valve control mechanism. The pump volumetric flow was de-
creased to reach the desired temperature.

4.3 Network with four collector rows

In this subsection, the control schemes are tested on the test cases for the network with
four absorber tubes and the results are shown. It starts from the design point again
and compares the mirror control and valve control with partial shadowing.

4.3.1 Design point

The valves and the volumetric flow of the pump have to be set for the simulation of
the design point for a network of tubes. The volumetric flow through each absorber
tube should be the same. As a result of this, the increase in temperature should also
be the same.

Figure 7 shows the temperature behavior for a solar thermal power plant with four
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collector rows without partial shadowing. The power plant is set to a design point
where all four absorber tubes could reach the desired temperature. The volumetric flow
of 108.18 m®h™" is the maximum flow the plant can reach with the solar irradiation
shown in Table 6.
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Figure 7: The behavior of the temperature in each absorber tube for the design point.
The temperatures behave in the same way in all four rows.

4.3.2 Mirror control

In this test case, the mirror control is used to control the temperature in the network
with four absorber tubes. The shadow distribution of the second tube is from mirror
1 to 3 and 10 to 20. The shadow distribution of the third tube is from mirror 1 to
5 and 15 to 23. The shadow distribution of the third tube is from mirror 1 to 17.
Once the mirror is overshadowed, the solar irradiation was set to zero over these parts.
In the not overshadowed parts, the collector row stays constant with the value used
to calculate the design point. As can be seen in Figure 8 the overshadowed parts of
the collector field represent a horizontal course of the temperature. The fewer the
tube is overshadowed, the more mirrors must be defocused to keep the temperature
inside the desired interval. However, the simulation results have failed to meet the
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expectation, since not all four tubes reach the desired temperature. The volumetric
flow of 70.21 m>h ™" is significantly lower than the volumetric flow of the design point.
This difference is caused by the energy loss of the overshadowed parts of the collector
field and the defocused mirrors. The outlet temperature of the first collector row at the
end of the network is 653.82 K, which is slightly lower than the desired temperature.
This is due to that the temperature is kept in a certain interval to ensure it under the
desired temperature.
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Figure 8: The behavior of the temperature in each absorber tube with partial over-
shadowing and the valve control mechanism. Not all four tubes reach the
desired temperature. In every tube, enough mirrors are defocused so that
they do not exceed the maximum temperature.

4.3.3 Valve control

To testing the control schemes, shadows were simulated over the collector row. In this
test case, the valve control is used to control the temperature in the network with four
absorber tubes. As showed in the previous section, every tube is overshadowed in a
different way and a different length. If no mirror is defocused, this would lead to that
each tube reaches a different temperature. The valve control controls the volumetric
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through each absorber tube separately, so that the temperature distribution along
each absorber tube is expected to be different. This results that the course of the
temperatures in the absorber tubes should not be parallel. The overshadowed parts of
the collector field represent a horizontal course of the temperature. Since no mirrors
were defocused and the volumetric flow through each tube was controlled separately,
the desired temperature should reach in all tubes. To achieve the desired temperature
exactly, the gradients of the temperature distributions in each absorber tube should be
different. Unfortunately, there should be a bug in the implementation, such that the
simulation does not return a useful result. However, it can be expected that both the
temperature and the volumetric flow at the heat exchanger should increase using the
valve control compared to the mirror control. It should be a significant improvement
to the efficiency of the solar thermal power plant, since the energy loss comes only
from the overshadowing parts of the collector field.
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5 Conclusion

Within this thesis, several control strategies are introduced to control the heat transfer
fluid’s temperature at the end of each absorber tube of a parabolic trough solar thermal
power plant. The optics of the solar field, the thermodynamics in the tubes, and the
flow in a network of tubes are modeled. The state of the art control method is extended
by controlling each valve at the inlet of each absorber tube independently. Two test
cases are constructed from a real dataset to verify the implementation and compare
the results. According to the comparison, we can see that the valve control results
in a higher volumetric flow of the heat transfer fluid over the approach of defocussing
mirrors when using a solar thermal power plant. This shows that the valve control is
more efficient than mirror control. Although the result of the simulation has failed to
meet the expectation, the valve control should have higher efficiency than the mirror
control since the whole available solar thermal energy is used by using the valve control.

Since in real practice it is hard to adjust the valves so precisely as mentioned in the
course of simulations, the next step would have to include the so-called sliding shutter
valves. This can be realized by a kind of staircase function that represents the valve
setting. Furthermore, a more accurate thermodynamic model considering the pressure
drop inside the network of tubes would be conceivable. Moreover, the quality of a con-
trol method is highly dependent on the prediction accuracy of the cloud. Therefore, it
is important to investigate its sensitivities regarding uncertainties.
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