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1. Introduction
Presently, process heat applications for medium temperature (150 ºC to 400 ºC) are suited by a
growing range of solar thermal concentrating technologies, all of them presenting products
already in pre-commercial or commercial stage. Yet, the adoption of such technologies in
industrial production still poses technical questions either at integration (supply or process level
integration) or system design levels (in both existing and new industrial plants).
Integrating solar heat is possible at several points in the heat supply and distribution network of an
industrial production site. Nevertheless, the effort for identification of suitable integration points for
solar heat as well as the complexity of possible solutions can vary significantly between industrial
sectors and individual factories. The integration of Solar Concentrating Technologies in process
heat systems must take into account the specificities of end-user´s framework and in general: the
development of standardized and modular Balance of Plant (BoP) concepts; the development of
technical solutions in restricted installation areas; the study of collector degradation conditions in
industrial environment or the integration of solar process heat in the design of New Industrial
Capacity.
Considering the frequent use of steam as heat carrier in industrial processes, the focus of the
activities foreseen in this Task lies on the development of integration layouts and components. This
enables a swift and reliable integration of Direct (DSG) or Indirect (ISG) Solar Process Steam in
steam networks. The already existing background on solar heat integration into industrial processes
in specific sectors (e.g. breweries, dairies, textiles), together with pinch analysis tools, set the
backbone of an optimized design of SHIP applications, maximizing solar integration results and SHIP
investment revenues.
This report summarizes the conditions of the solar steam generation for industrial use. For the study
of the best integration of the solar steam generation and the industrial process, different
technological areas are considered in this report: system layouts, operation modes, solar field
control strategies, safety procedures and BoP components and cost. In this way, this document
intends to provide a guideline for solar steam integration in industrial processes based on steam
networks.
The subject of this document can be the starting point for further development in Task 3.2: ’Balance
of plant concepts’, concerning both standardized control functions for solar field control and
standardization of BoP modules. Also, the contents in this report are deeply related with Task 5.1
(‘Development of process integration model’) and Task 5.3 (‘Optimized hybrid supply integration’),
both of them in ‘WP5: Hybrid energy systems and emerging process technologies’.
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2. System Layouts
This section involves two main topics: a description of solar field layouts, which intends to provide
brief guidelines to design and size a solar field aimed to produce steam at the required conditions,
and the integration point in the industrial process, which deals with the integration between the
solar steam and the specific requirements of the heat consumer, including different integration
concepts and configurations.

2.1.

Solar field layouts

In order to design a solar field layout aimed at steam generation for a specific industrial process,
some characteristic parameters should be determined. These parameters can be divided into
three different groups depending on the particular subject they are related to: solar technology,
location or industrial process. According to this classification, this section describes the main
parameters and their effect on a proper design of the solar field layout focusing on medium
temperature SHIP applications (150 to 400 oC) based on steam.
Some important parameters that can be enclosed within the solar technology are:


Steam generation process: depending on whether the steam is generated directly in the
solar field or not, Direct (DSG) or Indirect (ISG) Steam Generation is considered. In both
cases, either saturated or superheated steam may be produced according to the
conditions required by the industrial process. In the case of DSG, the heat transfer medium
circulating through the solar field will be water, involving the use of a two-phase fluid inside
the solar collectors to provide the required steam for the process. On the other hand, the
heat transfer medium in a solar field for ISG will be a liquid, typically thermal oil or pressurized
water. The solar heat is then transferred to a secondary circuit by means of a heat
exchanger (HX), an evaporator or a flash tank to generate the steam required by the
industrial process. Heat exchangers are used for steam superheating or water preheating,
while evaporators are normally kettle-type boilers that produce saturated steam. Besides,
flash tanks are employed to store pressurized water at saturation conditions, in such a way
that saturated steam can be easily generated by inducing a pressure drop by means of a
discharge valve at the outlet of the tank.
In the case of DSG, three basic concepts can be considered depending on the specific
configuration of the steam generation process in a solar collectors’ loop (see Figure 1):

Once-through

Recirculation

Injection

Figure 1: Basic configurations of the DSG process in a solar collector loop
o

D 3.1

Once-through: the whole amount of feed water is introduced at the inlet of the solar
collectors loop, being converted into steam by means of a process without
interruption. The steam mass flow rate at the end of the loop is the same as the mass
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flow rate of water at the inlet of the first collector. Since this configuration does not
require auxiliary elements, this is the simplest and cheapest option, and, in theory, it
will be able to provide the highest efficiency. However, this configuration poses
some challenges in terms of stability and controllability of the two-phase flow and it
needs an accurate control system to maintain the required steam conditions at the
outlet of the collectors’ loop.
o

Recirculation: a water-steam separator or steam drum is installed at the end of the
evaporation zone of the collectors loop, in such a way that the condensate water
obtained from the separation of the mixture of water-steam coming from the
evaporation zone is recirculated again to the loop by means of an additional pump.
Only a fraction of the feed water is converted into steam and hence the mass flow
rate of water at the inlet of the first collector is higher than the steam mass flow rate
at the loop’s outlet. Additional collectors can be included after the water-steam
separator to superheat the steam in case the process conditions require it. This is the
most conservative option in terms of robustness and controllability of the DSG
process, since the additional amount of water in the evaporation zone guarantees a
proper cooling of receiver tubes. However, the necessity of a recirculation pump,
together with its higher parasitic loads, implies a lower overall performance for this
configuration compared to other options.

o

Injection: a part of the feed water is introduced at the beginning of the collectors’
loop, whereas the rest is injected in small amounts of water along the collectors’ row
by means of injection valves. The steam mass flow rate at the outlet of the loop is
then higher than the mass flow rate of water at the inlet of the first collector. This
configuration enables an accurate regulation of the steam conditions, but it
increases investment costs and system complexity due to the necessity of a water
injection system.

In real installations, a combination of two or three of the basic DSG concepts can be
considered to take advantage of the specific features of each one. For instance, an
interesting option may be the combination of recirculation with a water injection in the
superheating section before the last collector in a row. Also in the once-through mode [1]
the use of one or two injectors along the loop is advisable, before the last collector and at
the end of the evaporation region, in order to improve the controllability of the process.


D 3.1

Type of solar collectors: for steam generation at medium temperature levels (150°C to
400°C), line-focus concentrating collectors are usually employed, most of them with sun
tracking systems. Several collector types can be considered within this classification (see
Figure 2 and references [2]&[3]):
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Parabolic-Trough Collector (PTC)

Compound Parabolic Concentrator (CPC)

Linear Fresnel Reflector (LFR)

Fixed-Mirror Solar Collector (FMSC)

Figure 2: Types of solar collectors employed for steam generation in SHIP applications at medium temperature

D 3.1

o

Parabolic-Trough Collectors (PTC) are line-focus collectors that concentrate direct
solar irradiance by means of a cylindrical reflective surface of parabolic section,
tracking the sun by rotation around an axis. The reflected energy is concentrated
onto a receiver tube located at the focal line of the parabola, thus heating the heat
transfer medium that circulates inside the tube.

o

Linear Fresnel Reflectors (LFR) are solar collectors that use flat or slightly curved
reflectors composed of longitudinal segments of parallel axes moving
independently from each other. All these segments simulate in this way a parabolic
surface with its focal line at the receiver, a single tube or multiple tubes where the
solar radiation is concentrated to heat up the working fluid.

o

Compound Parabolic Concentrators (CPC) follow the principles of non-imaging
optics in the reflector shape design to achieve the highest possible geometrical
concentration for incoming radiation, within a given acceptance angle, into the
receiver. For low concentration ratios the acceptance angle is high, and no
tracking is needed, making possible the use of stationary or quasi-stationary systems.
However, due to their low concentrating ratio, they cannot reach high steam
temperatures (usually below 200 oC) compared to solar tracking collectors.

o

Fixed-Mirror Solar Concentrators (FMSC): this type of solar collector uses a static
reflector and a moving receiver. Direct solar irradiance incident on the collector
aperture is concentrated on a linear receiver by reflection from fixed, linear mirror
facets. The mirror facets produce a line of concentrated light that moves along a
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circular path as the sun moves. Since reflectors are fixed, it is only required to move
the receiver tube to follow the focus.
o

In the case of low-temperature requirements (below 180°C), standard/evacuated
flat-plate collectors or evacuated-tube technologies may also be considered.

The specific optical, geometrical and thermal parameters will be determined by the solar
collector, together with the specific receiver characteristics. Some parameters useful for the
definition of the solar field layout can be remarked:
o

Geometrical parameters: net collection area of reflectors (Ac), focal length of the
concentrator, aperture width, acceptance angle, length of the receiver (Lrec),
inner/outer diameters of the receiver and roughness of its inner surface.

o

Optical parameters: reflectors reflectance (ρ), receiver glass transmittance (),
receiver tube absorptance (α), intercept factor (). These parameters may be
summarized within an overall value of peak optical efficiency, measured at normal
incidence:

𝜂𝑜𝑝𝑡,0𝑜 = 𝜌 ∙ 𝜏 ∙ 𝛼 ∙ 𝛾

(1)

In addition, the incidence angle modifier (IAM) involves all the optical effects related
to the inclination of solar rays and relates the optical efficiency for any given
incidence angle to that at normal incidence. In general, for line-focus solar
collectors the IAM depends on longitudinal (θl) and transversal incidence (θt) angles.
Nevertheless, for some collectors with 1-axis tracking, such as most PTCs, it can be
simplified by using only the incidence angle (θ = θl) on the collector’s aperture plane.
o

Thermal parameters: emittance of the receiver tube surface, thermal losses
coefficients, dependence of thermal losses coefficients with temperature and
collector efficiency factor1 (F’). The thermal behaviour of the collector can also be
described by a polynomial expression that allows obtaining thermal losses per unit
length of receiver as function of the temperature difference ΔT between fluid or
absorber and ambient:
𝑛

𝑄̇𝐿 (𝑊 ⁄𝑚) = ∑ 𝑐𝑖 ∙ ∆𝑇 𝑖

(2)

𝑖=0



Orientation and inclination of solar collectors within the solar field and distance between
collectors: the specific orientation and inclination of the solar collectors, together with the
type of tracking system (one or two axes), will determine the incidence angle of solar rays
onto the collector’s aperture and hence the amount of solar heat supply throughout the

This factor is introduced since collector models are expressed in terms of fluid temperature while heat losses
are physically related to absorber temperature.
1
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year. For instance, in the case of PTCs North-South orientation is expected to provide higher
values of annual cumulative energy, whereas East-West orientation enables a more stable
steam production throughout the year. On the other hand, a specific inclination of the
collectors’ structure may be suggested by the manufacturer of certain designs in order to
obtain an optimum performance. In addition, the distance between adjacent collectors or
between rows of them will involve shadowing and/or blocking effects for specific solar
positions and hence affect the useful solar energy.


Piping arrangement on the solar field: regarding the arrangement of distribution pipes that
drive the heat transfer fluid through the solar field, three overall configurations can be
expected (see Figure 3):

Direct return

Reverse return

Central supply

Figure 3: Typical configurations of distribution pipes in a solar field for SHIP applications
o

Direct return: the heat transfer fluid firstly enters through the row of collectors that is
nearest to the distribution pipe and is returned to it in the same way. This is the
simplest configuration but involves a misbalance between collector loops in terms of
pressure drop because each row has a different pipe length. This effect may require
the use of regulation valves at the inlet of each row, hence increasing the overall
pressure loss through the solar field.

o

Reverse return: the heat transfer fluid enters and leaves the solar field through
opposite collector loops, achieving a certain balance in pressure drop between
rows. Even though this configuration may need some regulation valves, the
additional pressure loss is expected to be lower than with direct return. However, an
extra length of pipe should be required at the inlet of the solar field, thus increasing
thermal losses and costs of piping and insulation.

o

Central supply: the heat transfer fluid is distributed to collector loops by means of a
central line including hot and cold pipes, thus minimizing piping lengths and thermal
losses. In addition, this configuration allows a free space without piping between
alternative rows of collectors that may be useful for maintenance purposes. This
layout allows, in turn, either direct or reverse return. In the case of direct return, it
may also require regulation valves to balance pressure losses and mass flow rates
between rows.

Regardless of the selected configuration, the solar field should be designed in such a way
that the outlet pipe of the solar field, which corresponds to the hot fluid, has a lower length
than the inlet pipe (cold pipe), thus minimizing thermal losses in the circuit.

D 3.1
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In the case of DSG, taking into account the aforementioned basic configurations and
combinations, several options can be considered. For instance, in the case of recirculation
configuration, the superheating loops may be independent from the rest of loops and
locate them in the centre of the solar field [4]. Moreover, the recirculation process enables
several possibilities concerning the use of one common water-steam separator for the
whole solar field, one for each subfield or compact separators for each collectors loop.


Storage systems or hybridization: the use of thermal energy storage systems or fossil
fuel/biomass boilers will enable the solar field to delay the solar steam supply or hybridize it
with conventional sources of energy. Given the lack of thermal storage systems for steam
which are expected to be commercially viable in the near future, storage systems are
usually considered only for cases with ISG. The use of steam accumulators has the
disadvantage of having limited thermal storage capacity due to constructive limitations. In
commercial systems, they are only considered for covering short transients in the operation
of the solar fields (from 20 min to 1 h in existing DSG commercial systems). The features and
working conditions of either storage systems or fossil fuel/biomass boilers will determine the
amount of solar support and the specific moment required to feed the industrial process.

Regarding parameters related to the location, we can distinguish:


Geographic coordinates: latitude and longitude of the location. The incidence angle of
solar rays on the aperture plane of the solar collectors is highly affected by the latitude.



Meteorological conditions: mainly direct solar radiation and ambient temperature are
considered, although wind speed is also useful for certain locations. Depending on the
intended scope of the design, direct normal solar irradiance (DNI) and dry-bulb ambient
temperature may be required for a specific design point, for a reference day or throughout
a typical year. For annual analyses, a useful data format can be a Typical Meteorological
Year (TMY) for the selected location.



Availability of free space for the solar field: sometimes the availability of free space is limited
by the location and features of the industrial process. This matter must be considered in
order to arrange the required solar field layout.

Finally, concerning the industrial process we can point out the following parameters:


Steam and water conditions: mainly pressure, temperature and quality of the steam
required by the industrial process. These conditions will determine the use of saturated or
superheated steam and hence a suitable solar technology and system layout. In addition,
the nominal conditions of the return water from the process should be also known in order
to define the design operation point.



Energy demand: it can be measured in terms of mass/volumetric steam flow rate or thermal
power needed by the process.



Time profile of the demand: the daily, weekly or yearly distribution of the demand.

D 3.1
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2.1.1. Dimensioning method
The dimensioning method intends to define a solar field layout that is capable of fulfilling the
requirements of the industrial process, taking into account the above mentioned parameters.
Mainly, the solar field arrangement will depend on the industrial process demand and the available
space in the foreseen plot. The solar field must provide sufficient steam to satisfy a specific fraction
of the demand, which should be defined according to certain criteria, in a typical sunny day. In this
way, the solar fraction (Fsolar) represents the proportion of thermal power in steam required by the
industrial process that is expected to be supplied by the solar field at the design point.
Regarding the sizing of the solar field, either in DSG or ISG, two different methodologies will be
considered depending on the inclusion or not of a thermal storage system (Table 1). The
calculation of the number of collector rows in a solar field without storage is a function of the
thermal power demanded by the industrial process at design condition. On the other hand, when
the solar installation includes a thermal storage system, the number of collector rows is determined
by using the value of daily thermal energy demanded by the industrial process along a reference
design day.
Table 1: Variables involved in the calculation of basic solar field (SF) parameters depending on the existence of thermal
storage (TES) and considering either DSG or ISG

SF

DSG

ISG

#collectors/row=f(Δhind, Δhcol)

#collectors/row=f(Δhind, Δhcol)

#rows=f(𝑄̇ )

#rows=f(𝑄̇ )

-

#collectors/row=f(Δhind, Δhcol)

SF + TES

#rows=f(E)

The useful thermal power for each solar collector, considering a typical design value of direct solar
irradiance Gb (W/m2) on the collector’s aperture plane (including cosine effect of incidence
angles), will be given by the following equation, whose parameters have been defined above:

𝑄̇𝑐𝑜𝑙 (𝑊) = 𝜂𝑜𝑝𝑡,0° ∙ 𝐼𝐴𝑀 ∙ 𝐴𝑐 ∙ 𝐺𝑏 − 𝐹′ ∙ 𝑄̇𝐿 ∙ 𝐿𝑟𝑒𝑐

(3)

The first step in the design/sizing of a solar field is the calculation of the number of collectors per row
(N). This method is the same for a solar installation with or without thermal storage. N is calculated
considering the enthalpy difference between outlet and inlet required by the industrial process at
design conditions (Δhind) and reasonable mass flow rates in the collectors´ row (𝑚̇).

𝑁=

∆ℎ𝑖𝑛𝑑
∆ℎ𝑖𝑛𝑑
= 𝑚̇
∆ℎ𝑐𝑜𝑙
𝑄̇𝑐𝑜𝑙

(4)

The value of mass flow rate should be established considering that it must be high enough to
guarantee a good heat transfer coefficient between the heat transfer fluid and the receiver in any
operating condition, which may be translated into a Reynolds number that guarantees turbulent
flow in the receiver pipes at the design point.

D 3.1
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The methodology for the determination of the number of parallel loops of collectors (M) in the solar
field depends on the existence of a storage system. Without a storage system, M is the quotient
between the thermal power demanded by the industrial process that is to be provided by the solar
field (𝑄̇𝑑𝑒𝑚_𝑆𝐹 = 𝐹𝑠𝑜𝑙𝑎𝑟 · 𝑄̇𝑖𝑛𝑑 ), considering the solar fraction, and the thermal power supplied by the
collector loop (𝑄̇𝑙𝑜𝑜𝑝 ) at design conditions:

𝑀=

𝑄̇𝑑𝑒𝑚_𝑆𝐹 𝐹𝑠𝑜𝑙𝑎𝑟 · 𝑄̇𝑖𝑛𝑑
=
𝑄̇𝑙𝑜𝑜𝑝
𝑁 · 𝑄̇𝑐𝑜𝑙

(5)

When the solar installation comprises a thermal storage system, the number of collector loops is
calculated as the ratio of thermal energy demanded by the industrial process for a typical day
(Edem_SF), considering also the solar fraction, to thermal energy generated in the designed collector
loop (Eloop), in real conditions of solar irradiance and ambient temperature for a design day (a clear
day close to the summer solstice in the North hemisphere):

𝑀=

𝐸𝑑𝑒𝑚_𝑆𝐹 𝐹𝑠𝑜𝑙𝑎𝑟 · ∫ 𝑄̇𝑖𝑛𝑑
=
𝐸𝑙𝑜𝑜𝑝
𝑁 · ∫ 𝑄̇𝑐𝑜𝑙

(6)

The layout of the solar field mainly depends on the size of the solar collector field and the available
space for the arrangement. When the calculated number of rows and collectors per row do not fit
the designated area for the solar field, some system parameters or features, such as the solar
fraction or the collector size, should be reconsidered. For instance, according to equations (5) or (6)
the reduction of the solar fraction will result in a lower number of collector rows, and therefore a
smaller area required for the solar field.
An example of the system layout for a solar ISG application including a storage system is shown in
the diagram of Figure 4. The solar field (with reverse return) heats up the working fluid, which can
be sent to the storage system or delivered to the industrial process via three-way valves. The heat
transfer fluid at high temperature, obtained either from the solar field or the storage system, is used
to generate saturated steam by means of a kettle-type evaporator. The steam is then injected into
the conventional steam network via a valve, which represents the integration point to the industrial
process.
SOLAR FIELD

STORAGE
SYSTEM

EVAPORATION
& INTEGRATION

CONVENTIONAL
PROCESS HEAT

Boiler

Process

Figure 4: Example of system layout for a solar ISG application with a storage system
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Figure 5 shows an example of DSG in a solar field that feeds an industrial process working with
superheated steam conditions. It is based on the recirculation scheme by means of a common
water-steam separator for the evaporation solar field (with 4 rows of solar collectors) and a
separate field for steam superheating with 2 rows of solar collectors, including injection valves
before the last collector in each row. A set of valves represents the integration point to the
conventional steam network. A bypass is also foreseen to enable the stand-alone operation of the
solar field for preheating purposes.
EVAPORATION SOLAR FIELD
& RECIRCULATION

SUPERHEATING SOLAR
FIELD & INTEGRATION

CONVENTIONAL
PROCESS HEAT

Boiler

Process

Figure 5: Example of system layout for a solar DSG application with superheating

2.2.

Integration point to the industrial process

As thermally driven industrial processes have different requirements regarding their energy supply,
different integration points and concepts for solar thermal energy are needed. [5] [6]
To identify suitable integration points and concepts industrial heat consumers can be classified. A
possible way for a classification is the distinction between supply and process level. [5] [6]
The difference between the integration on supply level and on process level is shown in Figure 6.

D 3.1
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Figure 6: Possibilities to integrate solar heat on supply level and on process level [7]



Integration on supply level: the advantages of integrating solar thermal heat on supply level
is the easier integration compared to integration on process level in many cases and the
low influence on the production process. Possible disadvantages are the high temperatures
and therefore a lower efficiency ratio of the solar thermal plant [7].
On supply level possible integration concepts are determined by the heat transfer medium
and the application.



Integration on process level: the advantages of integrating solar heat on process level are
the higher systems efficiency as well as possible lower temperatures. A disadvantage is the
higher complexity of integration compared to the integration on supply level.
On process level the definition of the integration concepts is done in two steps. The first step
is the assignment of categories of heat consumers. The categories are:
o (Pre)heating of fluid streams.
o Heating and maintaining temperature of baths, machineries or tanks.
o Thermal separation processes.
In a second step the conventional way of heating is considered. [5] [6]

2.2.1. Integration concepts
Figure 7 shows an overview of possible integration concepts for industrial applications on supply
level and on process level for different heating media. Integration concepts dealing with steam will
be explained in more detail in the following paragraphs. The symbols used in the following
paragraphs are explained in Figure 8.

D 3.1
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Figure 7: Overview of integration concepts on supply level and process level [5] [6]

Figure 8: symbols for concepts [5] [6]
Further details are provided in the integration Guideline of IEA SHC Task 49 [6].

2.2.2. Steam - supply level
By using steam as heat transfer medium three different applications and their possible integration
concepts are regarded [5] [6]:


D 3.1

Steam generation
o SL_S_PD Direct solar steam generation
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o SL_S_PI Indirect solar steam generation
Heating of boiler feed water
o SL_S_FW Solar heating of boiler feed water
Heating of make-up water
o SL_S_MW Solar heating of make-up water

Direct solar steam generation
For direct solar steam generation, a steam drum is fed by (concentrating) collectors. The solar
heating system partially evaporates the boiler feed water. The mixture of water and steam is
separated in the steam drum and the accumulated water is fed back to the collector loop. If the
pressure in the steam drum is sufficient, the steam is fed into the steam line. The integration concept
is shown in Figure 9. [5] [6]

Figure 9: Integration concept for direct solar steam generation [5] [6]

Indirect solar steam generation
This integration concept is similar to the prior one, regarding the interaction of the solar heating
system with the conventional steam supply system. Within this concept a special heat exchanger
for evaporation operated at the same pressure as the conventional steam system is used. The
integration takes place after the degasification. The integration concept is shown in Figure 10. [5]
[6]

D 3.1
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Figure 10: Integration concept for indirect solar steam generation [5] [6]

Solar heating of boiler feed water
The integration takes place after the degasification. The integration concept is shown in Figure 11.
[5] [6]

Figure 11: Integration concept for solar heating of boiler feed water [5] [6]

D 3.1
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Solar heating of make-up water
Solar heat is used to compensate losses of condensate caused by flash evaporation, blow down
and direct steam consumption. The integration concept is shown in Figure 12. [5] [6]

Figure 12: Integration concept for solar heating of make-up water [5] [6]

2.2.3. Steam - process level
Two different integration concepts for using solar steam on process level with reduced pressure are
regarded.



Solar steam generation at vacuum
Solar steam generation at low pressure

Solar steam generation at vacuum
For this concept a conventional heat exchanger and an evacuated storage is needed. The
condensate of the evaporation process is heated by solar energy and fed into the evacuated
storage. The integration concept is shown in Figure 13. [5] [6]
Solar steam generation within a vacuum can be applied for numerous evaporation processes
(food and beverage industry). Typical temperatures are between 40 and 80 °C. [5] [6]
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Figure 13: Integration concept for solar steam generation at vacuum for heating of evaporator [5] [6]

Solar steam generation at low pressure (1.5 – 3 bar)
For this concept a reboiler is needed. Condensate or feed water is evaporated in the boiler and
used to heat the process. The integration concept is shown in Figure 14. [5] [6]

Figure 14: Integration concept for solar steam generation at low pressure [5] [6]
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3. Operation modes
This section is directly related to the system layouts defined in chapter 2. In this way, operation
modes for the solar field will be determined by the specific solar field layout defined for the system.
For instance, in the case of DSG several operation modes have been established for the solar field:
once-through/recirculation/injection. In the case of the coupling point of a solar field to a specific
process, several strategies can be proposed depending, for instance, on whether a storage system
is expected or not. Regarding the solar field operation modes, a basic definition of operation
modes either in DSG or ISG is provided, associated to the solar field layouts described in section 2.1.
Several operation modes can be considered depending on the state of the solar field:


Start-up or preheating: before the regular operation of the solar field, during the first hours of
the day or after deep cloudy transients, the temperature of the heat transfer fluid is usually
low and hence the solar field is not capable of supplying the required steam to feed the
industrial process. Under these circumstances, the solar field operation should be aimed to
achieve the nominal steam conditions as soon as possible, avoiding at the same time a
non-uniform heating of the circuit that may suppose a risk of damage for specific points of
the installation. To this end, a constant mass flow rate is commonly established that is high
enough to ensure an approximately homogeneous heating rate in the solar field.
Some equipment such as heat exchangers or evaporators may require a preheating
process. In some cases this heat has to be provided prior to the availability of solar support,
and therefore it must be carried out by means of auxiliary heating devices (boilers or heat
tracing systems, for instance). The mass flow rate for preheating of these devices should also
be fixed to a specific value.



Regular operation: when the required steam conditions are achieved and the solar field
(including the support of storage systems or conventional boilers) is able to supply the steam
demanded by the industrial process, regular operation can be considered. Then, the steam
conditions should be carefully controlled according to the solar irradiance and the solar
field parameters.
Depending on the steam generation process and whether storage systems or fossil fuel
boilers are included, the conditions enabling a regular operation of the solar field are
different (see Table 2). On the one hand, an industrial process exclusively fed from a solar
field will operate only when the steam conditions are sufficient to fulfil the required demand.
On the other hand, the use of thermal energy storage and/or conventional boilers will allow
a more suitable coupling between the solar field and the industrial process demand.
Moreover, the combination of TES systems and boilers will enable a more flexible operation
of the system, thus optimizing resources and minimizing fossil fuel consumptions. Besides, the
solar fraction considered for the system will determine the specific mass flow rate of steam
from the solar field required for a regular operation.
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Table 2: Conditions for regular operation of the solar field (SF) for steam generation in industrial processes,
including options with thermal energy storage (TES) and hybridization with steam boilers

SF
SF + TES
SF + boiler
SF + TES + boiler

DSG

ISG

Operation when steam conditions are
sufficient

Operation when steam conditions are
sufficient

-

Operation coupled to demand when
steam conditions are sufficient or TES
is charged

Operation coupled to demand

Operation coupled to demand

-

Operation coupled to demand,
minimizing fossil fuel consumption

For ISG solar fields with thermal storage systems, the regular operation can be subdivided
into additional operation modes depending on solar field conditions and TES state:
o

TES charge: when the steam conditions are sufficient and the steam mass flow rate
from the solar field is higher than the required demand of the industrial process, the
excess steam can be driven to the storage system until it is fully charged.

o

TES discharge: when the storage system is charged and the steam from the solar
field is not enough to feed the industrial process, the TES can be discharged at a
specified steam mass flow rate to meet the required demand.

o

Solar-only mode: when the storage system is fully charged or non-operative and the
steam conditions from the solar field are sufficient to feed the industrial process, the
system is operated in solar-only mode.



Operation for stagnation handling: as described in section 5, stagnation occurs when
unwanted steam is generated in solar thermal collectors due to overheating in periods with
high irradiation but low or no heat demand. In order to enable heat dissipation during
stagnation periods, the fluid is usually circulated through a stagnation cooler, separated
from the main circuit by means of check valves. In this operation mode (see chapter
5.3.3.1), the flow of liquid is inverted and check valves are open.



Overheating protection with active cooling devices: as explained in chapter 5.3.3.2, active
cooling devices in the primary collector loop will enable keeping the temperature of the
circuit below the design temperature in times of not heat demand. This operation mode will
activate in the event of impending overheating with no heat demand. In this case, the
foreseen active cooler solutions will be turned on, including the circulation of cooling water
at the required flow rate. In addition, when solar tracking systems are available and the
mass flow rate cannot be increased, it may be interesting to consider the partial defocusing
of solar collectors to avoid excessive overheating.



Circulation for active night cooling: as described in chapter 5.3.3.2, active night cooling
uses the cold temperatures at night to dissipate energy back to the environment using the
collector area as heat exchange surface. In this operation mode, the fluid is circulated
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through the receivers of the solar thermal collectors at a flow rate high enough to dissipate
the daily energy stored in the system.


Circulation for antifreeze protection: the specific freezing point of the heat transfer fluid in
the solar field will determine the minimum temperature of the fluid. When the fluid
temperature is below this limit, the fluid should be circulated with a minimum mass flow rate
to avoid cold points and enable homogenization of temperatures. If fluid circulation is not
enough to recover the minimum temperature, then further measures based on auxiliary
heating systems should be foreseen.



Shutdown: when solar conditions are not sufficient to operate or there is not heat demand
from the industrial process, provided that either overheating or freezing risks of the heat
transfer fluid are not expected, the fluid circulation is stopped and solar collectors are
defocused.
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4. Solar field control strategies
In regular operation, control strategies should be aimed at providing constant conditions of the
outlet steam from the solar field in terms of temperature, pressure and steam quality. In addition,
the regulation of steam properties should be able to deal with transient situations caused by
varying load and solar resource profiles. To this end, several mechanisms are commonly used in the
control system, including feedback and feedforward actions and combinations of them. Before
describing these strategies, some basic concepts must be defined:


(Controlled) process variable: the current measured value of a particular variable of a
process which is being monitored (and controlled). In solar steam applications, examples of
suitable (controlled) process variables are temperature, pressure or steam quality (when it is
possible to measure it). In DSG processes with recirculation, the liquid level in the watersteam separator is commonly used as (controlled) process variable.



Manipulated variable: the resulting value of the whole control algorithm that will be
introduced into the system to affect its behaviour. Suitable manipulated variables for solar
steam generation are mass flow rate, aperture of feed or injection valves, speed of pumps,
etc.



Set-point value: the desired value of the process variable that is going to be controlled.

The control strategies most commonly used in solar fields for steam generation [8] in SHIP
applications are described below:


Feedback strategies: these mechanisms take into account the system response to adapt
and adjust the manipulated variables. In this way, the current value of the process variable
that is to be regulated is fed back to the control loop in order to modify the value of the
manipulated variable for the next time step. The most common method to address a
feedback regulation is by means of a proportional-integral-derivative (PID) controller,
whose basic diagram is represented in Figure 15.

P

s(t)

+

e(t)

I

D

Kp
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c(t)

+

Ki

y(t)
System

+

d

Kd d t

Figure 15: Basic diagram of a PID controller
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A PID controller continuously calculates an error value e(t) as the difference between a
desired set-point value s(t) and a measured process variable y(t) and applies a correction
based on proportional, integral, and derivative terms. The following mathematical
expression gives the new value of the manipulated variable c(t) as function of the error
between current and set-point values (e(t) = s(t) – y(t)) including the three PID elements:
𝑡

𝑐(𝑡) = 𝐾𝑝 ∙ 𝑒(𝑡) + 𝐾𝑖 ∙ ∫ 𝑒(𝜏)𝑑𝜏 + 𝐾𝑑 ∙
𝑜

𝑑𝑒(𝑡)
𝑑𝑡

(7)

Kp, Ki and Kd represent the proportional, integral and derivative gains, and their values
should be experimentally adjusted during the commissioning period of the installation.
Sometimes Ki and Kd are respectively replaced by Kp/Ti and Kp∙Td, involving integration and
derivative times, Ti and Td, which have more understandable physical meanings. In
addition, limiting mechanisms should be included to maintain the manipulated variable
within the working boundaries of the installation.
The derivative term is helpful to provide a fast response to sudden variations in process
variables, but it could involve undesired effects since derivative action is highly sensitive to
measurement noise. Hence, in most applications for solar steam generation only
proportional-integral (PI) controllers are considered.


Feedforward strategies: some parameters such as solar radiation or ambient temperature
can be measured or predicted, allowing the estimation of manipulated variables by means
of standard functions, without knowing the system response. Feedforward functions are
commonly based on energy balances, also considering circuit parameters, which are
applied to calculate and establish the required control variable. For instance, a simplified
version of equation (3) can be used to evaluate useful thermal power and hence the mass
flow rate needed to achieve a set-point temperature. Moreover, since solar radiation is one
of the main sources of variability in the solar field, a short-term forecasting system of DNI
could supply the required input for feedforward functions, thus enabling an accurate
regulation of process variables.



Combination of feedback and feedforward actions: the above mentioned feedback and
feedforward strategies can be combined either in series or parallel connection in order to
take advantage of both approaches. For instance, a feedforward mechanism considering
the solar radiation (Gb) can be employed to establish a reference mass flow rate to maintain
a desired steam temperature Tref. That reference flow may be used as set-point value s(t) for
a PI controller, which in turn may set the required speed of the feed water pump or the
aperture of a control valve. The process variable y(t) would be the measured mass flow
rate. This scheme, which implies a series connection, is shown in Figure 16.
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Gb θ

Tref

...

FF

s(t)

e(t)

+
-

c(t)
PI

y(t)
System

Figure 16: Combination in series of feedforward (FF) and PI regulation
On the other hand, combinations in parallel can be useful to correct the output of
feedforward functions by means of feedback mechanisms. For example, a PI controller may
be employed to add an offset to the mass flow rate obtained from the feedforward
function. In this case, the process variable y(t) would be the measured steam temperature.
The following diagram represents this strategy:

Gb θ
Tref
FF

...
cFF(t)
+

s(t)

+
-

e(t)

c(t)

y(t)
System

+
PI

ΔcPI(t)

Figure 17: Combination in parallel of feedforward (FF) and PI regulation
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5. Safety procedures
This section is focused on the procedures that guarantee the safety of the installation. Concerning
the solar field, as explained in section 4, the control system should include limiting mechanisms to
ensure safe values of pressure and temperature, maintaining circuit variables within the working
boundaries of the installation and thus providing the working conditions required to guarantee a
secure operation. In addition to the solar field control, most safety procedures specific for solar
steam generation are related to stagnation handling, overheating prevention and freezing
protection. Besides, some general safety measures, common to solar installations, should be
undertaken and are briefly described first.

5.1.

General safety measures

Solar installations call for many of the same safety measures as other industrial thermal systems.
However, some of them are unique to solar energy systems, and must be recognized and dealt
with in the design phase. The major safety concerns in solar circuits include fire safety, physical
hazards, overtemperature and overpressure protection, handling of hazardous fluids and product
contamination.
Since concentrated sunlight can heat exposed surfaces to very high temperatures, fire protection is
one of the main safety measures to be undertaken in a solar installation. Fire hazards may occur
from exposure of heat transfer fluids or insulation materials to high temperatures, resulting in
degradation or ignition. In addition, heat transfer fluids commonly used for ISG, such as thermal oils,
are often flammable and leaks could pose severe fire risks. The flammability of insulating materials
in a solar circuit, especially fibrous materials where leaks may soak the insulation, should be
considered, particularly when they are used in conjunction with a combustible working fluid [9].
The system design must avoid exposing flammable materials to elevated temperatures and to
concentrated sunlight. It must be considered that solar rays can be focused at locations other than
the absorber tube if the array is not tracking the sun properly. Adding collectors on roof structures
may result in additional fire hazards because access becomes more difficult. Fire safety equipment
can prevent a considerable amount of damage in the event of a fire. One item highly
recommended is a total system "kill switch" that will shut off collector flow and defocus or stow
concentrators in the event of an emergency. Placing appropriate firefighting equipment at various
locations around the system is recommended to enable the extinction of small fires immediately
[9].
Physical hazards associated with solar systems involve high temperatures and concentrated
sunlight. Because the hot absorbing surface on a solar collector must be exposed to sunlight, it
cannot be covered with insulation. Although protecting personnel from accidental burns is difficult,
warning labels and personnel training are the most effective approaches. Scalding from hot fluid
leaks can also occur. This danger is aggravated by the large amount of piping present in most solar
systems, so that there are more joints, flexible hoses, and other materials that can leak. Wind loads
on support structures and collectors must be considered to avoid the possibility of parts blowing
free in strong winds. Static loads should be also considered in design to reduce chances of
breakage, leakage and overstressing of components [9].
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In order to avoid dangerous pressure conditions, it is necessary to install pressure relief valves in
every section of the system that receives heat and that can be isolated from the rest of the system.
An important safety consideration in using pressure-relief valves is to ensure that the discharge from
the valves is piped to a safe location. Otherwise, injuries to personnel or serious damage to roofing
materials or other equipment may result. To avoid stagnation of tracking collectors facing the sun,
the emergency stow operation should be made as fail-safe as possible in such a way that
collectors can be stowed under any circumstances [9]. Stagnation and overheating issues are
explained and analysed in detail in section 5.3.
Safety problems related to hazardous fluids in solar circuits nearly always involve the heat transfer
fluids used in ISG systems. Water is used extensively for low-temperature or DSG applications.
Nevertheless, water is often made toxic when antifreeze agents, rust inhibitors, or biocides are
added. Thus, the problems associated with hazardous working fluids are not restricted to ISG
systems.
In solar steam processes aimed to feed, for instance, food or textile industries, risks of product
contamination may be an important concern. Product contamination from a solar energy system is
particularly dangerous when applying ISG with toxic heat transfer fluids, such as thermal oils, and
may be caused by spillage or leakage of system fluids into the product. In order to avoid product
contamination, a useful approach is to keep toxic fluids always physically separated from the
potable water or industrial products.

5.2.

Freeze protection

One disadvantage of heat transfer fluids used for solar steam generation, such as water, is that
they freeze under low ambient temperature conditions. Such low temperature conditions can
easily occur in winter and suppose a risk of damage for the solar collectors and piping system.
There are some measures to avoid or reduce freezing risks, including draindown and drainback
systems, the use of antifreeze mixtures as heat transfer fluid, automatic recirculation and auxiliary
heating devices.
Draindown and drainback systems are often used to provide some freeze protection. A draindown
system is an open loop circuit using water as heat transfer fluid in which the solar collectors are
drained at low solar inputs (below a critical irradiance threshold). A draindown valve provides the
freeze protection function, isolating the solar collectors from the tank when the collector inlet
temperature falls below a threshold value. Draindown sensors are often employed to monitor the
system and to ensure complete draining, as pocket water freezing can cause damage. However,
draindown systems are vulnerable to frozen vacuum breakers and air vents, damaged sensors or
wiring, lack of proper pipe drainage, and malfunctions with the draindown valve. Refilling the
system with water on the next morning also is not perfect. Possible air pockets in the collector can
be a problem, blocking water flow and decreasing system efficiency [10].
On the other hand, drainback systems are closed-loop systems that use water as the heat transfer
fluid within the collector loop and a heat exchanger. Water is forced through the solar collectors by
a pump and then is drained by gravity. These systems have no valves to fail and when the pumps
are off, the collectors are empty, thereby assuring freeze-protection. However, the entire solar field
composed of solar collectors and piping system must be above the storage tank and heat
exchanger. Therefore, this solution is only feasible for ISG in specific applications.
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Freezing is most effectively avoided by using antifreeze mixtures as heat transfer fluid in solar
collectors. In this way, the most common antifreeze components are ethylene glycol or propylene
glycol, which are mixed with water to provide the required antifreeze properties. However,
antifreeze mixtures usually require closed loop systems and proper disposal due to toxicity. Nominal
antifreeze service like is about 5 years, after which it needs to be replaced. Moreover, this kind of
mixtures are commonly not suitable to feed industrial processes and therefore may not be
appropriate for DSG, hence requiring ISG and implying the use of heat exchangers.
Automatic recirculation can also be used to warm a nearly frozen solar collector. As mentioned in
section 4, the specific freezing point of the heat transfer fluid in the solar field will determine the
minimum temperature of the fluid. When the fluid temperature is below a certain threshold, the
fluid is circulated with a minimum mass flow rate to avoid cold points and enable homogenization
of temperatures. Under such circumstances, if fluid circulation is not enough to recover the
minimum temperature, further measures based on auxiliary heating devices, such as fossil fuel
boilers or heat tracing systems, should be foreseen and activated.

5.3.

Stagnation and overheating protection

Stagnation represents the temperature condition at which thermal losses equal solar gains when no
heat extraction occurs. In the case of water as heat transfer fluid, stagnation causes unwanted
generation of steam in solar thermal collectors due to overheating. It mainly affects collectors
without tracking system, and usually occurs in periods with high irradiation but low or no heat
demand. As the active system parts are deactivated during periods of no demand, incoming heat
is not removed from the collector anymore. The temperature of collector and heat transfer liquid is
continuously increasing until it reaches the boiling point of the respective liquid. Steam is generated
within the collector and fills parts of the solar thermal system. This condition ends only when heat is
removed from the system or the irradiation power decreases to a point, where complete
condensation can occur. In general, Harrison et al. [11] defines stagnation as “any situation under
which the solar thermal collector cannot adequately reject absorbed solar heat to its primary heat
transfer fluid, thereby causing the solar thermal collector, and/or its components, (including the
heat-transfer fluid contained within its flow passages) to increase in temperature above a desired
maximum level”. For the most part, stagnation is not a desirable operating condition of solar
thermal plants and can lead to amplified aging or even destruction of certain components in the
system. In order to be able to prevent and/or control stagnation behaviour in solar thermal
collectors, it is crucial to investigate this process in detail.
For the discussion of stagnation in solar thermal collectors, the following terms need to be
introduced.


Design temperature: The design temperature is the maximum temperature a solar thermal
system can withstand before sustaining permanent damage. The overall design
temperature of a collector system is defined by the component with the lowest design
temperature.



Operation temperature: The operation temperature is the maximum temperature of a solar
thermal system during normal operation. If there is a storage tank in the collector system,
the maximum storage temperature governs the operation temperature of the whole solar
thermal system.
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Stagnation temperature: The solar thermal system reaches its stagnation temperature when
stagnation persists and the energy input via irradiation equals the energy output via heat
losses. A definition for the standard stagnation temperature is given in the international
standard EN ISO 9806:2013 [12] and is usually used to describe the maximum temperature a
solar thermal collector can reach under specified ambient conditions.



Overheating: Overheating stands for operating conditions where the system temperature
exceeds the operation temperature. Depending on the solar thermal system, two different
measures of system protection need to be applied (see Figure 18 and Figure 19).

Figure 18: Temperature profile for a collector with Tdesign > Tstagnation [13].
In Figure 18, the design temperature is higher than the stagnation temperature. This means that
stagnation can be an accepted operation mode without the risk of destruction for components in
the solar thermal system. Measures to control and guide the stagnation process are called
stagnation handling.

Figure 19: Temperature profile for a collector with Tdesign < Tstagnation [13].
In Figure 19, the design temperature is lower than the stagnation temperature. Stagnation cannot
be an accepted operation mode in this system. Therefore, measures to prevent the temperature
from exceeding the design temperature must be implemented. Those measures are called
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overheating prevention. Measures for overheating prevention and stagnation handling will be
discussed in detail in chapter 5.3.3.

5.3.1. The stagnation process
The stagnation process in solar thermal collectors can be divided in five distinct phases. These
phases are:






Phase 1: Liquid expansion
Phase 2: Extrusion of liquid by steam
Phase 3: Boiling of residual liquid in the collector
Phase 4: Superheating of steam in the collector
Phase 5: Refilling of the collector

In the following section, these five phases are described in detail along with an exemplary sketch of
a simple solar thermal system.

Phase 1: Liquid expansion
After the stop of the primary or secondary system pumps, the temperature in the collector
increases comparably fast. It exceeds the normal operating temperature and then reaches the
initial2 boiling point of the heat transfer liquid. The pressure increase during this phase is comparably
small and is caused by the thermal expansion of the heat transfer liquid (see Figure 20).

Figure 20: Phase 1 of stagnation: Liquid expansion.

The boiling point of the liquid varies during the stagnation process due to pressure changes in the system as
well as concentration changes in liquid mixtures (e.g. glycol – water).
2
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Phase 2: Extrusion of liquid by steam
Phase 2 starts when the first steam bubble is created in the system. This usually occurs in the upper
parts of the collector as this is the point of lowest pressure and highest temperature. The initial
boiling temperature can be determined by calculating it from the respective vapour pressure line
and the pressure at the highest point of the collector. A small amount of liquid is converted into
steam and its volume increase pushes a large amount of liquid out of the collector into the
expansion vessel until the collector is passable for steam. Therefore, the pressure increase during this
phase is significantly higher and happens faster than during phase 1. For collectors with good
emptying behaviour3, most of the liquid inside the absorber is removed. For collectors with poor
emptying behaviour, this process is more complex and often results in residual liquid in the absorber
which cannot be pushed out by steam (liquid pockets). The boiling temperature of the liquid
increases with the pressure as well, causing higher temperatures within the system. If the plumbing
to the heating room has high heat losses, sensitive plant parts in this area are still protected as the
steam cannot reach them before condensing. However, if the heat losses are not sufficient,
damage to components which are sensitive to high temperatures and/or drying out can already
occur. This phase usually lasts only for a few minutes. The amount of liquid remaining in the absorber
greatly influences the stagnation behaviour during phases 3 and 4 (see Figure 21).

Figure 21: Phase 2 of stagnation: Extrusion of liquid by steam.

3

See chapter 5.3.3.3.
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Phase 3: Boiling of residual liquid in the collector
Depending on whether the collector is well-emptying or not, a certain amount of liquid remains in
the collector. This liquid is almost completely boiled off during phase 3, creating additional steam.
The actual amount of liquid in the absorber at the start of phase 3 significantly influences the
stagnation behaviour. Large amounts of liquid prolong and intensify the stagnation process. The
ongoing increase of system pressure and therefore evaporation/operating temperature then
worsens the efficiency of the solar thermal collector [14]. This efficiency decrease combined with
the increased boiling temperature slows down the evaporation process until there is no liquid left in
the absorber. Pressure, temperature and steam volume reach their respective peaks during this
phase, marking the highest strain for components. The reach of the steam is again determined by
the equilibrium of power transferred from the collector in form of steam and the heat losses
(“cooling power”) of the components that are currently filled with steam. If steam reaches the heat
exchanger to the secondary circuit, three conditions are possible:




The heat is transferred from the heat exchanger to the buffer storage via flow in the
secondary circuit. This stops the steam expansion in the primary circuit as energy is
withdrawn from the system at the same rate as it is fed to it. The steam from the collector
condenses on the primary side of the heat exchanger.
The heat is not transferred from the heat exchanger to the buffer storage via flow in the
secondary circuit.
o The temperature of the primary steam is higher than the evaporation temperature in
the secondary circuit and there is no liquid resupply to the secondary side of the
heat exchanger. As a result, the heat exchanger dries out and cannot transfer the
heat. Solar generated steam can further expand in the primary circuit.
o The temperature of the primary steam is lower than the evaporation temperature in
the secondary circuit. No steam is generated in the secondary circuit and therefore
no flow is established. As a result, the heat exchanger cannot transfer the heat and
steam can further expand in the primary circuit.

Generally, the temperature differences in the system are quite small and it could be compared to
a heat pipe, transporting energy from roof to plumbing via phase change without a significant ΔT.
However, this is only true for systems with a single component heat transfer liquid such as water. For
a two-component system (e.g. glycol-water mixture), a fractured distillation takes place. In most
cases, water evaporates at a higher rate than the additive which can result in concentrated
additive pools with very high boiling points. This can severely age and/or damage the chemical
component as it has to endure comparably high temperatures. The absorber material can also be
damaged by these hot liquid pools.
At the end of phase 3, almost all the liquid in the absorber has evaporated (see Figure 22).
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Figure 22: Phase 3 of stagnation: Boiling of residual liquid in the collector.

Phase 4: Superheating of steam in the collector
During phase 4, almost all liquid in the absorber has evaporated except for liquid pools residing at
the lowest points of the collector or in liquid pockets. However, heat is still fed to the system which
leads to superheating of steam primary in the upper parts of the absorber. Outside of this region,
steam is still saturated as it is in constant contact with its liquid phase. Due to the overheating, the
efficiency of the collector further decreases which reduces the needed cooling area of the
plumbing. This results in decreasing steam volume within the plant. The pressure level decreases
and liquid is pressed back into the absorber. Liquid entering the absorber starts to evaporate and
an equilibrium is reached which can last for several hours 4. During Phase 4, the collector is filled with
superheated steam and the liquid level resides at the in- and outlet connections of the collector.
This phase ends with reducing power supply/irradiation (see Figure 23).

This is only true for collectors with good emptying behaviour as collectors with poor emptying behaviour tend
to show oscillate, see chapter 5.3.3.3.
4
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Figure 23: Phase 4 of stagnation: Superheating of steam in the collector.

Phase 5: Refilling of the collector
With reduced heat flux to the collector, the steam volume decreases continuously. Liquid can enter
the collector again, refilling it from bottom up. For collectors with poor emptying behaviour, this
process can be far more complex and may also take longer. This is due to the fact, that liquid is not
fed to collector bottom up but rather top down. This allows for liquid feed to flow down absorber
parts which are still above boiling temperature. Additional steam volume is then created
comparably fast and pushes the liquid far back again. This can result in an oscillating behaviour of
the plant and produces significant pressure spikes in the system (see Figure 24).

Figure 24: Phase 5 of stagnation: Refilling of the collector.
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5.3.2. Stagnation damage
Stagnation can cause damage to sensitive plant components either by the means of too high
temperatures or pressure spikes. Additionally, steam can damage components that are sensitive to
drying out, such as sealings. The possible damages that can occur due to stagnation are:








Damage to temperature or pressure sensitive plant components (expansion vessels, valves,
pumps, pipes, collectors, etc.).
Leakage at screw or solder connections due to high system temperatures.
Venting of heat transfer fluid via the safety valve, even though the expansion vessel was
commissioned according to the expected liquid volume change (but not according to the
created steam volume).
Acoustic disturbance of the residents due to water hammer in the primary or secondary
loop.
Strain of plant components due to pressure spikes caused by water hammer.
Degradation of the heat transfer liquid due to unusually high temperatures (flocculation
and thermal decomposition).

5.3.3. Measures for stagnation handling and overheating protection
As stated in chapter 5.3.1, depending on the respective design temperature, either stagnation
handling or overheating measures need to be implemented in a solar thermal system. This chapter
introduces the most common concepts for both.

5.3.3.1.

Stagnation handling

Stagnation cooler (passive heat dissipaters in the primary solar circuit)
As stated in chapter 5.3.2, the maximum reach of steam during stagnation phase 3 is determined
by the heat losses of the solar thermal system. By increasing these heat losses, the cooling power of
the system increases as well and the maximum steam range can be reduced. This can be done
with a simple finned-tube heat exchanger which is mounted on the plumbing of the primary
collector circuit. Such an energy dissipater can increase the heat losses of the pipes from 25 – 35
W/m to around 1000 W/m [15]. As the augmented heat losses are disadvantageous for normal
operation, it is suggested to separate the stagnation cooler from the system using check vales.
These only open during stagnation periods where the flow of liquid is inverted. Different designs for
stagnation coolers have already been implemented and tested. For example, more efficient heat
exchangers can be realized using evaporative coolers as shown in [13].
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System design to positively influence the stagnation behaviour
Position of the check valve
It is generally better to position the check valve between collector outlet and expansion vessel (see
Figure 25). This way, the collector can be emptied via in- and outlet which positively influences the
further stagnation behaviour of the system. If the check valve is positioned between expansion
vessel and collector inlet, only half of the plumbing can be used for emptying and only half of the
cooling area is available (given equal lengths of in and outlet plumbing).

Figure 25: Good and poor arrangement of the check valve in the solar thermal primary circuit [16].
System pressure
The system pressure of a solar thermal circuit combined with the vapour pressure curve of its heat
transfer fluid greatly influences its stagnation behaviour. The system pressure determines:
A)
B)
C)
D)

The initial boiling temperature in phase 2 of stagnation and therefore the maximum
temperature strain due to hot liquid during this phase.
Coupled with the dimensions of the other plant parts, the temperature strain via saturated
steam during phases 3 and 4.
The reach and likeliness of occurrence for saturated steam.
The temperature strain on the heat transfer fluid.

A low system pressure is beneficial for points A, B and D because the temperature levels for
evaporation are lowered, resulting in lower temperature strain on the components. For point C, the
opposite is true, as a high system pressure can completely prevent evaporation and/or reduce the
reach of steam. This is due to higher steam temperatures which in return increase the heat losses
via the plumbing (more effective cooling).
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5.3.3.2.

Overheating protection

Active cooler solutions in the primary collector loop
With active cooling devices in the primary collector loop, the temperature of the circuit can be
kept below the design temperature in times of not heat demand. However, as these systems
require power to operate they do not provide safety measures during blackouts (if not equipped
with a UPS). Usually, power blackouts are accounted for at industrial scale which makes them a
very rare event. In the case of impending overheating due to no heat demand, which would be
the far more likely case, active cooler solutions work efficiently and reliably. The required cooling
water has to be considered for the economic and environmental feasibility of this measure.

Active Night cooling
Active night cooling uses the cold temperatures at night to dissipate energy back to the
environment using the collector area as heat exchange surface. No additional heat sink like
cooling water is required. Also, this process is less vulnerable to short power blackouts, as the
cooled storage tank provides a capacity in the system which can be used until the power supply is
active again. A disadvantage of this process is that it depends on the ambient conditions. Also, it is
common that more energy is stored in the system during daytime than can be dissipated during
the night [13].

5.3.3.3.

Different hydraulic collector design and collector coupling

The emptying behaviour of collectors is crucial for their performance during stagnation. As
described in chapter 5.3.2, liquid is pushed out of the absorber during phase 2. The amount of liquid
that remains in the absorber greatly influences the stagnation behaviour during phases 3 and 4. A
higher liquid content at the end of phase 2 results in a more severe and prolonged stagnation
process. This is due to higher pressures, temperatures and steam volume. As phase 3 and 4 are the
most critical during stagnation, it is important to undertake measures to shorten and mitigate these
phases. Therefore, it is desirable to build collectors that show good emptying behaviour.

Collectors with good emptying behaviour
Good emptying behaviour is dependent on the hydraulic structure of the absorber tubes and the
collector connections. If all liquid can flow freely to the in- and outlet of the absorber, away from
the point of initial evaporation, the residual amount of liquid can be minimized. Figure 26 shows
examples of appropriate collector geometry.

Figure 26: Examples of appropriate collector geometry for good emptying behaviour [13].
Also phase 5 of stagnation (refilling) is improved by appropriate collector geometry. The liquid can
fill the absorber from bottom up and very little new steam is generated as the liquid slowly reaches
the hot absorber areas.
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Collectors with poor emptying behaviour
Collectors with poor emptying behaviour trap liquid inside themselves where it forms pools that boil
down during phase 3 and 4, severely prolonging these steps. This increases the maximum
temperature and pressure of the whole process and therefore the strain on all plant components.
The heat transfer liquid can be damaged by high temperatures as well. This is especially true for
multi-component liquids as their concentration changes during evaporation, leaving concentrated
pools in areas of high temperatures. Furthermore, research [15] has shown that non-volatile
components can encrust the absorber pipes and block them. Figure 27 shows examples of
collector geometry causing poor emptying behaviour.

Figure 27: Examples of collector geometry causing poor emptying behaviour.
Poor emptying behaviour also causes problems during phase 5 of stagnation (refilling). Liquid that
enters the absorber usually flows down to hot areas of the absorber and comparably large steam
volumes are created fast. This steam pushes to liquid out of the collector again, creating an
oscillating refilling behaviour. Therefore, not only phase 3 and 4 are prolonged by poor emptying
behaviour but also phase 5 of stagnation.
It is necessary to mention that systems of single collectors need to be connected in a way that also
guarantees good emptying behaviour. Choosing an inappropriate connection strategy, an array
of collectors with good emptying behaviour can still show poor overall emptying behaviour. In
Figure 28, an example is shown.

Figure 28: Hydraulic connection of two collectors with good emptying behaviour. Unfavourable connection causing poor
emptying behaviour for the system (left) and favourable connection retaining the good emptying behaviour (right) [13].
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Water hammer prevention
Talking about hydraulic geometry of solar thermal collectors and collector systems cannot go
without mentioning water hammer. Water hammer is caused by isolated steam bubbles that
condense, resulting in the surrounding liquid to smash against the pipes or other liquid fronts. This
produces pressure spikes in the system that can damage sensitive plant components while also
creating acoustic noise. Figure 29 shows a schematic of water hammer.

Figure 29: Forming of water hammer in pipes due to enclosed steam condensing [17].
Water hammer can be avoided by appropriate hydraulic design of the collector and the whole
solar thermal loop.
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6. BoP components
6.1.

BoP categorization

The Balance of Plant, known as BoP, consists of all the components of the solar plant, except from
the solar collectors. The main components included in a BoP are the energy devices, such as the
thermal storage and steam boiler, the actuators, such as the pumps, valves and electric
resistances, the hydraulic components, such as the pumps, pipes, valves and steam handling units
and the electrical equipment, such as the boards, the sensors and the controller.
The solar thermal technologies and consequently, the solar thermal systems are characterized by
flexibility and technology pluralism. Several solar collector technologies are available [2] that can
supply heat to the end user, under different ways and configurations [6]. The selection of the
collector technologies as well as of the specific configuration is elaborated during the engineering
study and they affect the BoP equipment significantly.
The categorization of the BoP equipment is of crucial importance not only for reducing the system
cost but also for increasing the system reliability, for providing assistance to the engineering study,
for introducing plug & play concepts and for facilitating the dimensioning process of the BoP.
For the purpose of this report, the IEA SHC Task 49 classification of integration concepts is followed
with the solar system discretization into six subsystems, as shown in Figure 30.

Figure 30: Discrete subsystems of an indicative SHIP system [6]
Additionally to the discrete subsystems, the BoP categorization should follow the logical sequence
of the engineering process, starting from the feasibility study towards the detailed planning (Figure
31).
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Figure 31: Assessment methodology for solar heat integration [6]
In reality, the detailed planning may include studies from several fields (energy, hydraulic, survey,
structural, electrical, automation, economic and environmental). As the solar system is a thermohydraulic system, emphasis is given in the energy and hydraulic studies and their relevant
equipment.
As a result, the BoP equipment can be divided into four groups.
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BoP Group 1: Main system devices
BoP Group 2: Main hydraulic components
BoP Group 3: In line pipeline ancillaries
BoP Group 4: Side pipeline ancillaries
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6.2.

BoP Groups

6.2.1. Main System Devices
The first group of BoP equipment includes the Main System Devices. This equipment plays an
important role to the system operation and may represent a significant share of the overall system
cost. The definition of the Main System Devices requires the provision of information regarding the
system size, technology selection, equipment location, thermal mediums and heat flow path inside
the solar system.
This Main System Devices may be the following:




Thermal storage
Heat exchangers
Heat Transfer Fluids (HTFs)

For the direct steam generation systems there might be additionally required:


Steam drum

6.2.2. Main Hydraulic Components
The second group of BoP components includes the Main Hydraulic Components that are
hydraulically connected to the Main System Devices. These connections form the main flow lines of
the Heat Transfer Fluids. The definition of the Main Hydraulic Components requires the provision of
information regarding the overall system configuration, the solar collector configuration and the
main system operation modes.
The Main Hydraulic Components may be the following:




Pumps
Actuated valves
Main piping and insulation

For the direct steam generation systems there might be additionally required:


Feedtank

6.2.3. In line pipeline ancillaries
The third group of BoP components are the in line pipeline ancillaries that are positioned in the
main flow lines of the Heat Transfer Fluids. This equipment is distributed along the solar system
subsystems. The definition of the in line pipeline ancillaries requires the provision of information
regarding the ancillaries of main flow lines.
The in line pipeline ancillaries may be hydraulic equipment such as:
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Manual valves
Actuated valves
Strainers
Check valves
Flow regulators
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For the direct steam generation systems there might be additionally required:



Steam traps
Steam separators

6.2.4. Side pipeline ancillaries
The last group of BoP components includes the side pipeline ancillaries that are positioned in the
auxiliary lines of the Heat Transfer Fluids. Again, this equipment is distributed along the solar system
subsystems. The definition of the side pipeline ancillaries requires the provision of information
regarding the ancillaries of side pipelines of the system
The side pipeline ancillaries may be hydraulic components, such as:










Expansion vessels
Feed in pumps
Catch up tanks
Manual valves
Actuated valves
Strainers
Check valves
Air vents
Safety valves

For the direct steam generation systems there might be additionally required:
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Cold water tank
Flash vessel
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