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1. Introduction

Practically all industrial processes consume natural resources and emit greenhouse gases. 
There has been a continuous endeavour for improving the existing processes and creating new 
designs for better energy and resource efficiency. Economic incentives and prevention of air 
and water pollution have traditionally been the main drivers, while today the global warming 
has raised a contemporary urge to find innovative solutions for all areas of modern life, includ-
ing the industry. 

All industrial processes are dynamic by their nature. Complexity and dynamics tend to chal-
lenge plant design methods, which are traditionally based on characterising the system in nom-
inal conditions and in steady state. Besides, the existing industrial production plants challenge 
the engineers and the operating staff to solve daily production problems and make decisions 
to upgrade the system. A computational simulation model that is built up according to the tar-
get system characteristics and capable of properly reflecting the system’s dynamic behaviour 
provides a systematic method to help in the analysis and decision-making. System-wide mod-
elling and dynamic simulation promotes the engineering work towards more sustainable pro-
cess and control concepts.  

This dissertation deals with computational modelling and dynamic simulation of industrial 
process systems including their instrumentation and control (I&C) solutions. In other words, 
process phenomena, equipment and controlling logic are represented by mathematical models 
incorporating their time varying characteristics. Most of the model components are continuous 
and deterministic by their nature.  

Computational models can be classified as physics-based and data-driven models, albeit nu-
merous other terms are used for this division too. In practice, the models rarely manage with 
hard laws of physics only, but are complemented with well-established knowledge, such as heat 
transfer correlations or physical properties of fluids and structures.  

Computer software to conduct process simulation is commonly called a process simulator. 
Most process simulators address the process in steady state conditions only. When time-de-
pendency is incorporated in the models and solvers, the tool is called dynamic simulator. Some 
process simulators support these both modes; this allows a workflow where initial system stud-
ies are conducted in steady state, and then the model is converted into the dynamic mode. The 
number of different process simulators is large. For instance, Wikipedia lists over 80 process 
simulators (Wikipedia, n.d.). A commonly used classification divides process simulators by 
their solution approach into sequential-modular and equation-oriented simulators (Foo et al., 
2017). In the sequential-modular approach, a process unit model is solved to convergence, giv-
ing the results for its outlet streams to the following unit, which is then solved, and the same is 
repeated for the whole system. Instead, an equation-oriented simulator solves the set of equa-
tions, which describes the process system, in a simultaneous manner. 
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A process takes place within a process system, consisting of process equipment. Their type, 

characteristics and topology are inherently important for the system behaviour. Relying the 
computational modelling on the structure of the target system, the prevailing physical and 
chemical laws and proven empirical relations constitutes the major paradigm used in this dis-
sertation. This paradigm is called mechanistic modelling, as illustrated in Figure 1. 

 

 

Figure 1. Building blocks of mechanistic modelling.

The challenge of understanding the behaviour of technical systems in industry most often rises 
from the complexity that the system parts and their interrelations, such as recirculated process 
streams or feedback control loops, together develop. The process systems discussed in this dis-
sertation consist of spatially distributed operations that are together processing the raw mate-
rials or energy from one form to another to produce the desired product. The focus is not in 
individual unit operations, although their modelling always remains important. The focus is in 
the systems that the unit operations together comprise, and equally importantly, in the related 
I&C systems.  

The unit operations have physical interconnections such as transport of material and ex-
change of heat. The operations are typically, but not always, performed in a predetermined 
order. The order of operations may change due to a change of the operational mode. The order 
also is subject to disturbances; such an occurrence may be harmless, but may as well introduce 
significant economic or safety risks.  

The process system can be thought as a structured graph, which consists of nodes and 
branches (Juslin, 2005). This abstract level can be further linked with characteristic system 
properties and phenomena, such as volumes, state of the volumes, and material and energy 
transition between them. The system volumes can be divided into sub-volumes, or they can be 
combined into larger volumes with homogeneous properties. A unit operation model may also 
take use of an internal structured graph for describing its material and energy paths. The con-
sequent hierarchical layers can be automatically flattened by the simulation environment to 
facilitate the numerical solving of the related equations. Graphs will not be further discussed 
in this work, but they help to understand the general characteristics that many process systems 
share. An especially interesting type of graphs is linear graphs, which can cope with causality 
changes such as the change of fluid or heat flow direction (Juslin, 2005). This leads to another 
important paradigm in this thesis: acausal modelling (Fritzson, 2004; Juslin, 2005; Kofránek 
et al., 2008). Acausal modelling means that the direction of the physical transition, such as 
fluid flow, heat or electric current, is not pre-defined by the modeller, when the model is con-
figured. In causal modelling, one defines the information flow by connecting the calculation 
blocks; this determines the causal relationships within the system. In acausal modelling, the 
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prevailing causality is found when the equations related to the individual components are 
solved. The models, data structures and solvers can be designed and implemented to support 
this in the modelling environment, as in Modelica (Fritzson, 2004) or Apros (Silvennoinen et 
al., 1989; Juslin, 2005). The latter one is the modelling and simulation environment used in 
this dissertation. While the model is executed, the direction of a transition depends on the sys-
tem conditions, e.g. pressure, temperature, composition or voltage. In other words, the simu-
lation itself strictly complies with causality. The acausal modelling is said to be very well suited 
for representing the physical structure of the modelled systems (Fritzson, 2004).  

Regarding the above classifications, the simulator used in this work is dynamic and applies 
the mechanistic modelling and equation-oriented solution approaches. To summarise, the dis-
sertation relies on mechanistic acausal modelling of thermal-hydraulic process systems, here-
after, referred briefly as the methodology. The methodology is used for dynamic simulation of 
a variety of novel industrial applications and shown to provide significant benefits in different 
phases of a process plant life cycle. 

1.1 Background and research environment

The modelling methodology used in this dissertation originates from the nuclear power indus-
try, where the regulatory bodies demand deterministic safety analyses for the nuclear power 
plant in operational and accident conditions. These methods have been developed in several 
countries that have designed nuclear reactors. Well-known thermal-hydraulic system codes 
are ATHLET, CATHARE, RELAP5 and TRACE. An excellent overview of the progress in dy-
namic simulation of thermal systems is given by (Alobaid et al., 2017).  

Also for Apros, nuclear safety analysis has always been an important use case. In a nuclear 
power plant, the central process is the reactor itself. Meaningful for this work is that the reactor 
cooling systems are crucially important too, which made developing rigorous water-steam flow 
calculation and heat transfer models essential. Furthermore, the I&C systems play a key role 
in the nuclear power plant safety, and thus the related modelling capabilities have been simul-
taneously developed.  

The mechanistic modelling approach has a long tradition within other industries as well. In 
the 1960s, applying dynamic analysis and control theory started in the field of chemical engi-
neering, the techniques being mostly adapted from the aerospace and electrical engineering 
fields (Luyben 1990). The energy crisis in the 1970s was a new driver for effective control sys-
tems. The needs to reduce energy consumption resulted in more complex and integrated 
plants, which raised new control issues, all this calling for capability to develop the system 
design by theoretical means (Luyben 1990). 

Typical applications for mechanistic modelling and dynamic simulation include process and 
control design evaluation, system analysis, development and testing of I&C functions, optimi-
sation of operations, and operator training. The potential applications encompass the whole 
life cycle of the plant. An added value lies in such modelling and simulation methods that are 
able of continuously supporting the various engineering tasks throughout the plant life cycle. 
The methodology discussed in this dissertation is claimed to be capable in this respect. 

This work has been conducted within the Apros simulation environment (Apros, 2019), 
which history goes back into the 1980s (Silvennoinen et al., 1989; Juslin, 2005). Accordingly, 
the work builds on the algorithmic framework, whose development has been dealt with in a 
number of publications over the years, including (Siikonen, 1987; Hänninen, 1989, 2009; 
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Silvennoinen et al., 1989; Silvennoinen, 1996; Karhela, 2002; Juslin, 2005). The author joined 
the Apros development group in 1995, working mostly with papermaking processes and auto-
mation library development until 2004, and after re-joining VTT in 2009, focusing on different 
thermal applications and the development of fluid property calculation.  

1.2 Objectives, scope and hypotheses

Mechanistic modelling and dynamic system-wide simulation with rigorous thermal-hydraulic 
calculation have been widely used in power industry. This dissertation uses this well-known 
approach, but introduces a number of applications, each of which extends the use by i) intro-
ducing a novel application area for the methodology or ii) extending the methodology with new 
modelling features.  

This work explores and facilitates the use of a one-dimensional (1D) simultaneous mass, mo-
mentum and energy solver in applications where this approach has not been used before or 
has not been typically used. In other words, possibilities to explore the methodology beyond 
its traditional application domain are researched. 

The main hypotheses in the work are:  
 

Hypothesis 1: The methodology brings up benefits that are meaningful and valuable in indus-
trial engineering also when employed beyond its traditional application domain. 

 
Hypothesis 2: The methodology has particular characteristics to supporting simulation-aided 
engineering during the plant life cycle.  

 
The hypotheses will be evaluated in Chapter 4.  

1.3 Research approach

The author wants to emphasise that this research builds on the extensive Apros legacy in the 
domain of modelling and dynamic simulation. On the other hand, all the simulation cases re-
ported in the dissertation — a board machine, a CCS capable power plant, ship energy systems, 
a desalination plant, and a system for storing solar thermal energy — include novelty aspects 
that differentiate them among the dynamic process simulation literature. Table 1 presents the 
leading themes of the dissertation and the corresponding weighting in each application case. 

Table 1. Leading themes in the dissertation with relation to the cases/Publications.

Case 
/Publica-

tion

Process unit 
model develop-

ment

Model 
validation

Fluid property 
calculation

I&C consid-
erations

Energy & resource effi-
ciency, carbon neutrality

System 
analysis

1 ++ ++ +++ + +++

2 ++ + +++ ++ +++

3 + + + + +++ ++

4 + +++ + ++ ++

5 ++ +++ +++ + ++ ++

 
The nature of the research for testing the two hypotheses given in Subchapter 1.2 is qualitative. 
The work includes five simulation applications, which are treated as separate cases, as given in 
Table 1. The numbering of Publications and cases corresponds to each other. Inherently, the 
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qualitative research approach used in this work is case study. The number of cases is appropri-
ate, as four to ten cases is proposed by Eisenhardt (Eisenhardt, 1989). She also argues that the 
case study approach is especially suitable for research areas, where existing theories are inad-
equate. Given that the existing research body on the above hypotheses is scarce, using the ap-
proach seems favourable.  

Selection of the cases is obviously an important part of case study research. According to 
Eisenhardt (1989), a random selection of the cases is not necessary nor even preferable. In the 
context of this work, random selection would be practically impossible, because these kinds of 
cases require notable resources (typically several person months), demanding appropriate 
funding and active collaboration between the stakeholders. Yin argues that the selection may 
include typical cases, but as well cases that are in some respect unusual, critical or revelatory 
(Yin, 2014). The latter attributes fit well with the hypotheses setting in this study, since the 
applicability in novel areas is tested. Accordingly, the case-selection strategy was to include 
appropriately reported cases from distinct industrial fields. For this reason, Publication 1 was 
included to extend the cases to the paper industry, despite of being significantly older than the 
other Publications.  

Computational simulation essentially deals with analysis and prediction, which are quanti-
tative by their nature. In this respect, this dissertation consists of both qualitative and quanti-
tative research. Accordingly, the overall research presented here can be considered as a mixed-
method approach. This kind of combined use of qualitative and quantitative methods can be 
used to investigate research goals with multiple perspectives (Daly et al., 2013). 

Qualitative research rather seeks to describe the context instead of attempting to control it 
(Patton, 2001). Most of the presented cases include development of the calculation and mod-
elling methods besides applying them. While this development is an important contribution 
and enabling part of the cases, it is appraised to comprise a minor part of the quantitative 
methodological body used, and thus, not to prohibit the use of the case study approach in the 
qualitative research part.  
 





17 

 

2. Theoretical foundation

A computational model of an industrial process system typically combines aspects from differ-
ent disciplines. By definition, one needs to cover the process and the related equipment, and 
as far as the time-variant perspective is considered, also the I&C functions controlling them. 
The disciplines are not limited to these. For example, electrical systems could be accounted for 
as being relevant for the system behaviour in failure scenarios. It depends greatly on the goals 
of the simulation application, which disciplines are required and what features in each of them. 

It is interesting that the process modelling literature often emphasises the process and ig-
nores the role of the I&C functions in system dynamics. The reason for this is probably in the 
nature of the modelling knowledge needed. Namely, the process phenomena are those, where 
the modeller is always forced to weight different modelling assumptions and techniques to 
cope with the objectives and constraints. The I&C functions, instead, can principally be repli-
cated one-to-one for the simulation, or the real I&C system can even be linked with the process 
simulation, see for instance (Lappalainen et al., 1999; Tahvonen et al., 2009). Likewise, this 
chapter introduces the main principles used in the process modelling, addressing fluid me-
chanics, heat transfer, specific unit operations and other topics relevant in the cases shown in 
Publications 1–5. Although not presented in more detail, I&C functions have played an im-
portant role in the simulation cases. 

As this thesis is a case study research, this chapter primarily aims at providing sufficient the-
oretical background for the cases. However, many of the formulations are generic and widely 
used in process simulators, especially in thermal-hydraulic system codes.  

The historical background of the simulation environment used in this thesis goes back to the 
commissioning of the Loviisa nuclear power plant and the contemporary efforts to speed up its 
full-scope training simulator at the turn of the 70s and 80s (Juslin, 2005). The software devel-
opment under the name Apros (Advanced PROcess Simulator) began in a research project dur-
ing 1986–1989 involving persons from two organisations, VTT Technical Research Centre of 
Finland and Fortum Power and Heat Oy (previously IVO), and the work has continued unin-
terrupted ever since. 

2.1 Homogeneous two-phase flow model

Continuous processing and energy-conversion systems commonly involve fluid flows in differ-
ent kind of flow channels. Foundation for mechanistically modelling such a system is the con-
servation of mass, momentum and energy. When system-wide, faster than real-time simula-
tion is the goal, it is necessary to limit the spatial consideration in one dimension whenever 
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possible. Considering a homogeneous fluid or a well-mixed mixture of several fluids makes the 
modelling task significantly easier than addressing the phases separately. It provides proper 
description of the physical reality in majority of processes and simulation applications. The 
homogeneous mixture approximation is applied in most of the cases in this dissertation. Sub-
chapter 2.2 briefly introduces the separate two-phase flow model that is used (besides the ho-
mogeneous flow model) in the cases 2 and 3. 

Accordingly, applying the dynamic conservation equations for mass, momentum and energy 
for homogeneous fluid that flows in a channel, leads to the following partial differential equa-
tions (Ishii, 1975; Siikonen, 1987; Hänninen, 1989). Time is marked with t, and as no radial 
effects are considered, the only spatial co-ordinate is the axial z. As the material moves as con-
tinuum, the terms are represented per-volume basis:  

 

   1 

   2 

   3 

where  is the fluid density, v the fluid flow velocity, p the pressure, and h* the specific enthalpy 
which includes the kinetic energy, i.e. the effect of the fluid velocity . The term  is source 
term for mass transfer. The diffusion term has been ignored in Equation (1), because convec-
tive flows typically dominate in process systems.  

For the momentum equation (2), the terms on the right hand side include gravitational ac-
celeration in the flow channel direction , momentum changes due to wall friction , due to 
valves and form losses , and pump heads .  

The energy equation (3) is expressed using the total energy of the fluid and thus includes the 
kinetic energy (Ishii, 1975). It is worth noting that the potential energy has been ignored as a 
negligible term in this formulation. The pressure derivative with respect to time is included in 
the energy equation, because enthalpy is used in the energy balance instead of internal energy 
(Hänninen 1989). The term Qw represents heat flow between the fluid and the wall. 

Equations (1−3) are the basis for the homogeneous two-phase flow model, accordingly also 
called as three-equation model, to solve the pressure, temperature and flow fields in a 1D flow 
network. For the modeller’s convenience, mass flow is used instead of velocity in the simulator 
user interface per the relation: 

 
   4 

where A is the cross-sectional flow area. The name of the homogeneous two-phase flow model 
comes from the fundamental assumptions that the liquid and gas phases are in thermodynamic 
equilibrium (equal phase temperatures) and the flow is treated as a flow of homogeneous mix-
ture (equal phase velocities). In other words, two phases may be present, but they are approx-
imated as single mixed phase with homogeneous properties. It is worth noting that fluid is 
considered compressible in this method, also in the case of pure liquid.  

The mixture properties are derived from the pure phase properties, which means that the 
system state must be thoroughly solved throughout the modelled volumes each time the prop-
erties are needed. When the properties are calculated, static specific enthalpy is needed as in-
put, so the kinetic energy term is subtracted from the total specific enthalpy. 



19 

Depending on the pressure conditions, the flow direction can change. Nevertheless, if more 
than one phase is present, the phases move as a mixture in the same direction at the same 
velocity. As the fluid with possible substances move along the process paths, the conservation 
of a chemical component i is given by equation: 

  

 5 

where xi is the mass fraction of the substance i, and  the corresponding source term. Trans-
portation delay for the substances in a flow channel — such as wood fibres (Publication 1), 
flue gas components (Publication 2), air and dissolved salt (Publication 4), air and molten 
salt or thermal oil (Publication 5) — comes from the series of ideally mixed control volumes. 
An alternative solution is to use an ideal plug flow scheme, where no mixing in longitudinal 
direction takes place. This requires appropriate delay vectors that take care for transporting 
the compositions within each flow channel component, such as a pipe section. In the work 
related to Publication 1 it was noticed that a combination of ideal mixing and plug flow 
scheme provides the most realistic transportation delay for the papermaking models. However, 
no general guidelines exist for parametrising the needed degree of mixing in different cases. It 
depends on the fluid, physical circumstances in the flow channel, and the prevailing flow con-
ditions. Therefore, reaching the highest accuracy practically demands experimental data, 
which are typically not available without special measurement arrangements.  

The approach used in the modelling of the concentration dynamics also influences the calcu-
lation speed of the simulator, which is generally an important attribute in simulation applica-
tions. On the grounds of this, the modelling approach used with respect to the transportation 
delay must be weighted and selected — if the modelling environment provides such parameters 
and options — case by case. In system-wide simulations, the diffusion term is commonly ne-
glected, as industrial process systems typically feature distinct driving forces for the flows, and 
consequently convective forces dominate the mass transitions.  

Even if the homogeneous pressure-flow model treats the phases as non-separated (homoge-
neous) mixture when solving the mass and energy flows, also separated calculation volumes 
are needed. They are used to represent tanks, condensers and other volumes, where the fluid 
velocity is low and the liquid level information is meaningful. Consider a phase-separated tank, 
which is equipped with a nozzle that connects it with other systems, whether working as an 
inlet or outlet. The configured nozzle elevation and the prevailing liquid level are used to pur-
sue proper behaviour for the connected branch: the liquid level being below the elevation, the 
outlet fluid is liquid (and dissolved gas if present), while clearly above the elevation, it is gase-
ous. Whereas a smoothing rule is used to determine the mixture of the phases in the transition 
region, when the level is around the nozzle elevation. 

Calculation of the pressure loss F due to friction and form losses along the length of the flow 
channel can be presented as follows: 

 
6 

where Dh is the hydraulic diameter. The term fc is a combined coefficient considering both the 
skin friction and the form losses. The length of the channel is incorporated in the skin friction 
term. The skin friction is due to the shear as the fluid moves on the wall surface, and it is cal-
culated based on the surface roughness, channel length and current flow conditions, using the 
same approach as in the RELAP5 code (Allison and Johnson, 1989). The form losses stem from 
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different flow obstacles and changes in cross-section area, such as elbows, contractions and 
expansions. Because these losses depend on the geometry, the form loss coefficients are user 
inputs.  

The user defines the solid construction materials (such as stainless steel or copper) for the 
heat exchanger model components. Besides of this, heat structures may be defined for basic 
pipe sections, valves, pumps, or supporting structures, whenever incorporating their thermal 
inertia and heat losses are considered important. Insulation materials can be defined as well. 
Heat conduction is calculated one-dimensionally using a Cartesian, cylindrical or spherical co-
ordinate system depending on the targeted structure. For instance, heat flow  by conduction 
through a tube wall is calculated as below: 
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where  is the density,  the specific heat capacity,  the temperature, and  the thermal 
conductivity of the wall material.  

Convective heat flow  between the fluid and the equipment wall is calculated with equation: 
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where  is the heat transfer coefficient for convection. For one-phase forced convection, it 
can be calculated with various heat transfer correlations, such as the Dittus-Boelter correla-
tion: 
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where Pr and Re are dimensionless quantities Prandtl and Reynolds numbers, respectively. 
The condensing heat transfer coefficient can be calculated by equations (Collier, 1981; 
Hänninen, 1989): 
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where  and  are respectively the liquid and gas densities,  the acceleration of gravity,  
the liquid thermal conductivity and D the diameter. The latter equation describes the modified 
latent heat of vaporisation  (Collier, 1981).  

The equations above are commonly used in fluid mechanics and thermal engineering. Spe-
cifically they are applied in the Apros homogenous two-phase flow model, which is used in all 
Publications 1–5. 

Non-condensable (NC) gases have a detrimental influence on the condensing heat transfer. 
This can be approximated by multiplying the coefficient obtained from Equation 10 by a factor 

 that depends on the NC gas partial pressure. In Apros, the following correlation has been 
derived from experimental power plant data: 

 

 12 



21 

where p1 is the partial pressure of the condensing gas, such as water in Publication 4. For 
example, if the air partial pressure is five percent of the total pressure, the coefficient gets a 
value 0.77.  

2.1.1 Discretisation and numerical solution 

For the numerical solution, the dynamic balance equations 1–3 have to be discretised with re-
spect to space and time, and accordingly mapped with the various system characteristics given 
in the model configuration. Regarding the discretisation scheme, there are significant benefits 
to arrange the velocity components on grids that differ from the grid used for the other varia-
bles (Patankar, 1980). Accordingly, for the flow paths, a staggered grid approach is used, as 
illustrated in Figure 2. The mass and energy solution deals with the centre points of the mesh 
(nodes), and the momentum solution uses the intermediate positions (branches) between the 
mesh centres. Similarly, for calculating heat conduction in structures, each material is discre-
tised into a desired number of heat nodes, and the staggered grid mesh is applied. The nodes 
and branches are simultaneously created and updated, when the user configures or modifies 
the model. This is an important part of the modelling methodology and is discussed more in 
Subchapter 2.5. 

 

Figure 2. Schematic of the staggered grid approach for the spatial discretisation in a flow channel. Important related 
state variables are shown.

The non-linear terms in the equations are linearised for the solution. For example, the linear-
isation of the density of the fluid mixture with respect to the pressure is a focal part of the 
numerical solution: 
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where the superscript r refers to a new iteration step and the subscript i to a control volume. 
The density derivative with respect to the pressure (at constant enthalpy) is one of the proper-
ties that the fluid property calculation needs to provide. 

Full representation of discretising and linearising the homogeneous flow model equations 
can be found in (Hänninen, 1989).  
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Figure 3. Simplified flow diagram of the thermal-hydraulics solution in the Apros homogeneous two-phase flow 
model. Updated from (Hänninen, 1989).

Figure 3 shows a simplified flow diagram about how the calculation proceeds within one ther-
mal-hydraulic time step. The procedure includes several steps in which a large linear equation 
group is implicitly solved: 
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where  is called the node matrix,  the solution vector, and  the source vector. These matrices 
are built using the node and branch variables and substitution of the already solved quantities 
within the procedure of Figure 3. In system-wide models, the formed matrices are large, but 
they contain many zero elements, because the flow network nodes are typically connected with 
rather a limited number of other nodes. This motivated the use of sparse matrix techniques for 
searching higher computational efficiency. Juslin has argued that beyond a threshold of ten 
calculation nodes, the sparse matrix approach becomes faster than full matrix equation solvers 
(Juslin, 2005). The resulting coefficient matrix is bi-factorised before the solution of the un-
known vector. A detailed method description can be found in the reference (Juslin, 2005).  

The fluid properties are solved as function of pressure and static specific enthalpy and com-
ponent mass fractions. The fluid density obtained is compared with the approximated density 
that was used with the conservation equations, and the whole procedure is iterated until con-
vergence. For simplicity, not all iteration loops are shown in Figure 3. The iteration is generally 
needed due to the nonlinearities in the model equations and appearing discontinuities. The 
procedure in Figure 3 is repeated at every simulation time step. The time integration method 
used is backward Euler, an implicit first order method. The simulation time step is automati-
cally decreased in case of process transients to achieve convergence and to maintain good ac-
curacy of the results.  
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In process modelling, the system of differential equations may become numerically stiff, if 
the system includes both very small and large time constants. For example, pressure transients 
are fast compared to heat transfer phenomena. Additionally, nonlinearities and discontinuities 
of the model are aspects that must be considered in the selection of the numerical solution 
method. Using implicit method with sufficiently small simulation time step (Juslin, 2005), and 
applying under-relaxation factors (Siikonen, 1987) are means to cope with these issues. One 
way to tackle numerical stiffness is to use internal time integration for a demanding process 
unit or phenomenon. This work includes one example as discussed in Subchapter 2.4.2.  

2.2 Separate two-phase flow model 

The separate two-phase flow model applies the above discussed conservation equations of 
mass, momentum and energy to both liquid and gas phases, with one spatial coordinate as 
follows (Ishii, 1975; Siikonen, 1987; Hänninen, 2009): 
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The subscript k refers to the phase, either liquid or gas. Symbol  represents the volume frac-
tion of the phase. Writing the equations separately for liquid and gas phases would lead to six 
equations, and therefore, the model is also called six-equation flow model. The subscript i re-
fers to the interface between the phases and w to the wall. The term Γ describes the mass trans-
fer between the phases, i.e. evaporation or condensation. The F terms describe the different 
forms of friction: Fwk due to channel wall, Fik due to interfacial forces, Ffl due to valve position 
and form losses. The term  is the pressure increase by the pump head. The term Qwk denotes 
the heat flow between the wall and the fluid, and Qik the heat flow between the phases. Again, 
the enthalpy h* is the total specific enthalpy, including the kinetic energy term. The terms Γ, F 
and Q are calculated from empirical correlations, taking into account the phases separately and 
the prevailing process conditions, such as flow regimes and wall temperature.  

This flow model is capable to deal with phases moving with different velocities (even to op-
posite directions), and the phases are not necessarily in chemical and thermal equilibrium. 
Generally, this and other separate two-phase flow model formulations are recommended for 
processes where mass and heat transfer between phases are dominating (Alobaid et al., 2017). 
In Apros, this model is available for water only, including possible NC gas or gases. More de-
tails on its implementation in Apros, for instance supercritical conditions and NC gases, are 
found in the dissertation of its main developer (Hänninen, 2009). This flow model is used in 
Publications 2 and 3, covering part of the system model. 

2.3 Fluid property calculation

Fluid property calculation is an utmost important part of any mechanistic process simulator. 
It is important for accurate predictions, but also needs emphasis because the property calcula-
tions may use a considerable share of the total computation time. This was addressed early in 
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the Apros development too, and a fast method for accessing tabulated water-steam property 
data was developed (Lilja and Juslin, 1987).  

Today, three basic approaches for fluid property calculation are used in Apros: 1) interpola-
tion from tabulated data, 2) equation based property calculation, and 3) use of an external 
calculator. The first approach has been used in all of the cases, not only for water but also for 
oxygen and air. Property tables are commonly used in dynamic simulators, because they pro-
vide fast and deterministic calculation speed (Lilja and Juslin, 1987). They are, however, not 
suitable for such fluid mixtures, where the composition significantly affects the fluid proper-
ties, because it becomes impractical to cover the operation range with data tables. The second 
approach has been applied for two different thermal fluids in Publication 3. The second ap-
proach was used and extended for seawater and air in Publication 4, and for molten salt and 
air, and thermal oil and air in Publication 5. The details of the developments are presented 
in Publications 4 and 5. Like the second approach, the third one is an equation based 
method, but it significantly differs from its implementation. Apros interfaces with the Refprop 
(NIST, 2019) property calculator. It was not applied in this dissertation. 

 

 

Figure 4. Procedure for calculating the fluid properties inside the homogeneous two-phase flow model calculation.
The example in the bottom part represents the seawater and air system in the thermal desalination case (Publica-
tion 4).

At each time step and iteration, for each calculation node, the homogeneous two-phase ther-
mal-hydraulic solver provides values for pressure, mass fractions and specific enthalpy of the 
mixture. The thermodynamic state of the system must be solved in each node to provide node 
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temperature, gas volume fraction or liquid level where relevant, component fractions in each 
phase, and the fluid properties: density, dynamic viscosity, specific heat capacity, and thermal 
conductivity. As mentioned, the state is solved assuming thermodynamic equilibrium. The 
properties are used further to calculate the mixture properties, which are finally used in the 
thermal-hydraulics solution. Additionally, the density derivative with respect to pressure in the 
prevailing enthalpy is calculated for the mixture. The calculated properties should accurately 
reflect the changes in enthalpy and pressure. Figure 4 shows the property calculation proce-
dure, which is conducted inside the thermal-hydraulic calculation. The case of seawater and 
air (Publication 4) is used as an illustrative example. 

2.4 Other calculation methods

Industrial processes are not just processing of fluid in a piping network, driven by pressure 
differences, and exchanging heat with other systems. For example, there are chemical reactions 
included that may substantially change the state of the system. Furthermore, besides dealing 
with liquid and gas phase only, there are operations including solids in a form of separate par-
ticles or inter-connected particles. This subchapter introduces the various methods applied in 
the cases, besides the above presented thermal-hydraulic flow models. 

2.4.1 Paper web calculation 

Publication 1 deals with paperboard making, which has a lot in common with a thermal 
power plant process. There are piping networks, pumps, valves, tanks, diluting, mixing, frac-
tioning, steam and condensate systems, and so forth. The most significant differences begin 
downstream from the headbox, when the raw material is spread on a wire and the processing 
continues in a form of a paper or board web up to the reel. Evidently, the moving web cannot 
be dealt with the thermal-hydraulic flow models, but a different approach is required. Early 
publications on integrating the thermal-hydraulics and papermaking features in Apros include 
(Laukkanen et al., 1995; Tuuri et al., 1995; Niemenmaa et al., 1996, 1998).   

Paper web moves at a high speed, reaching even 120 km/h. The width of the web may be 
around ten meters and its total length hundreds of meters. The online measured information 
of the wide and fast moving web is rather coarse, but nonetheless, paper quality can be ade-
quately controlled. On the grounds of this, the paper web modelling was based on sample ele-
ments of the web that represent the web state in different positions between the headbox and 
the reel. In many cases, the thickness and cross direction variations can be neglected, which 
further contributes to a light structure and modest memory requirements for the paper web 
model used.  

In the Apros approach, the user configures the paper or board machine by configuring web 
points and dewatering components between them. The user defines a number of moving web 
elements for the whole machine or for separate sections. These elements are referring to a pa-
per machine drive, which accordingly directs their transportation speed. Whilst in reality the 
paper machine speed increases towards the reel, the modeller can attain this by configuring 
the web and drive pairs consecutively. In multi-layer board machines, such as in Publication 
1, the webs are combined and the layer properties averaged.  

Each web element gets its initial state from the fibre suspension that flows out from the head-
box slice opening, see Figure 5. While the web elements are moving, they meet various opera-
tions along their path, for example dewatering by wet pressing and steam drying cylinders. The 
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web element enters a new dewatering operation with the state it received when passed the pre-
vious operation, and launches the new calculation, which again updates the state of the ele-
ment. The state includes for example basis weight, temperature, composition, moisture and 
thickness of the web. The calculation time step is dictated by the thermal-hydraulics.  

 

 

Figure 5. Schematic picture to illustrate how the headbox connects the thermal-hydraulic model and the web model. 
Some dewatering components return water, fibres and other substances into the approach system. Drying cylinders 
have connections with the steam and condensate system. The web elements move with the machine speed carrying 
the web state information.

Using the same example as given in (Lappalainen, 2003), consider a paper machine with 300 
m long web. If 20 web elements are defined and the whole web uses single drive, there will be 
an element per every 15 meters of the web. Consequently, with a speed of 5 m/s, each operation 
along the web path is calculated every third second. In case of a web operation, which circulates 
material back into the approach system or stock preparation, or determines heat flow through 
a cylinder wall, the mass and energy source terms hold the conditions constant during these 
three seconds, until the next calculation is launched and the conditions are updated. Thus, the 
number of web elements is an important nodalisation parameter to choose. 

A comprehensive description of paper and board making modelling and dynamic simulation 
is presented in the licentiate thesis of the author (Lappalainen, 2003) and briefly summarised 
in (Lappalainen et al., 2004). Besides the functionality used in the case presented in Publica-
tion 1, the references also discuss topics of raw materials and additives, rheology of pulp sus-
pension versus pure water, fractioning, web thickness and cross direction, chemical state in 
the approach system, and paper quality variables. The drying section model was originally re-
ported in (Niemenmaa et al., 1996). 

2.4.2 Chemical reactions 

Reaction calculation is based on kinetic equations of the following general form for each chem-
ical component (Levenspiel, 1972; Juslin et al., 1991): 
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where Nj is the quantity of chemical component j, which is consumed or formed in the reaction, 
VR is the reaction volume, rj the component j reaction rate for reaction k, nR the number of 
independent reactions, c1 the concentration of component 1 and nc the number of components 
involved in the reaction, T the temperature, and p the pressure.  

As the chemical reactions may be very rapid compared to the phenomena in the thermal-
hydraulic model, the reaction calculation uses its own simulation time step. It may be, for ex-
ample, a hundredth of the general time step.  The use of this reaction-specific time step can be 
limited for the dominant part where the reactions occur. 

In this dissertation, the chemical reaction calculation is only used in the oxy combustion 
study, Publication 2. The reactions can be summarised as fuel pyrolysis, char burning, vola-
tiles burning, and desulphurisation reactions. 

2.4.3 Circulating fluidised bed  

Conventional power plants, which use pulverised coal, natural gas or oil as fuel, use the homo-
geneous flow model also in the combustion chamber and the related flow paths. However, 
when addressing combustors where solids play a significant role, such as bubbling and circu-
lating fluidised beds, the paradigm must be changed. The oxy combustion case in Publication 
2 was the first one to apply a novel approach for calculating the circulating fluidised bed (CFB) 
combustor.  

 

Figure 6. Simplified nodalisation scheme of the CFB model component and its interfacing with typical inlet and 
outlet streams. 

Figure 6 illustrates the CFB component’s nodalisation scheme and interfacing with the rest of 
the model. The return loops for the circulating solids are configured separately, based on the 
needs of the targeted case. 
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The CFB component simplifies the furnace into a 1D flow channel, where the user defines the 
number and the elevations of the vertical calculation nodes. The solids are considered as 
equally sized particles. The connection terminals are used for input and output flows for the 
solids and gaseous streams, and for heat exchange with the water-steam cycles. The component 
generates the calculation level structure according to the user given nodalisation. The actual 
calculation level is significantly more complex than shown in Figure 6.  

During the simulation, the CFB component manages the solid material distribution, gas 
flows, concentrations and reactions, and the interaction between the solid and gas phases.  Cal-
culation of the solids vertical distribution is based on a reference profile, following the ap-
proach in (Hannes, 1996). At every simulation time step, in each solids node, the difference 
between the prevailing solids mass and the mass according to the reference profile is used to 
determine the solids mass flows in and out of the nodes. This nodalisation scheme cannot in-
herently capture the back-mixing of solids, which is important for realistically simulating the 
vertical temperature profile. More details on the CFB model are given in the Supplementary 
material1 of Publication 2. Since Publication 2, the CFB component has been developed 
further as reported in (Lappalainen et al., 2017), and in (Hiidenkari, 2018). In the latter work, 
the 1D scheme was extended into a 1.5-dimensional scheme, also called as core-annulus model, 
which removed the deficiency regarding the solids back-mixing.  

2.5 Model builder’s perspective

Industrial process modelling is predominantly conducted using various modelling and simu-
lation software that provide a graphical user interface and customised model components for 
different application domains. Typically, the models are configured in a form of flow sheets by 
selecting model components, connecting them and filling in the parameters. The mathematics 
is hidden as much as possible, which obviously has helped the exploitation of simulation in the 
industry. Even if the theoretical background is hidden, it greatly influences the modelling 
workflow and simulation accuracy, and so forth largely dictates the practical applicability in 
industrial engineering.  

Apros provides a set of generic process model components that are sufficient for modelling 
typical thermal processes, and application specific components such as the CFB combustor or 
the paper machine components. Additionally, the users can assemble so-called user compo-
nents from the existing components. A process component model, whether generic or user 
component, generates a flat layer of calculation level components for the underlying mecha-
nisms. At least the minimum level of parameter settings are demanded to generate the calcu-
lation level properly. The calculation level nodalisation and parametrisation is then automati-
cally pre-processed into the coefficients of the linear equation groups, which are factorised and 
solved by using the sparse matrix techniques. Calculated new state values are written into the 
calculation level, and the ones relevant to the user are lifted to the process component level. In 
other words, the solvers directly communicate with the calculation level variables, but the user 
mainly looks the model at a higher level. From the very beginning of the platform development, 
a fundamental principle has been to allow the stop of the simulation run, the modification of 
the model configuration, and the continuation of the simulation directly from the prevailing 
state (Silvennoinen et al., 1989). 

                                                           
1 See Extras in https://www.sciencedirect.com/science/article/pii/S1750583614001728
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Another fundamental feature in this model configuration and solution methodology is its re-
lation to causality. Many physical configurations and mechanisms have alternative causality 
modes, and the methodology inherently supports causality changes during the simulation 
(Juslin, 2005). Typical example is changing the direction of fluid flow or heat flux depending 
on the pressure and temperature conditions. This means that the user does not explicitly de-
termine how the process behaves, but configures the system layout and characteristics and 
controls the conditions. Running the simulation then reveals whether the causality and the 
system behaviour were as expected, or whether changes are needed, for instance for the system 
connections, dimensions or other parameters. 

2.6 Cross-case analysis

Cruzes and coworkers argue that the case study approach is feasible in the research related to 
projects, processes and artefacts in software engineering (Cruzes et al., 2015), which is rather 
closely related to computational simulation. They describe and compare three different syn-
thesis methods: thematic synthesis, cross-case analysis, and narrative synthesis, which they 
argue to be relevant, among other methods, in cases study research. In this work, the cross-
case analysis was judged to suit well to the qualitative research part and it was selected as the 
synthesis method.  

The cross-case analysis facilitates the comparison of commonalities and differences in the 
events, activities, and processes over the cases (Cruzes et al., 2015). While the cross-case anal-
ysis is sometimes used as a general term for discussing two or more cases to produce a synthe-
tized outcome (Cruzes et al., 2015), this work applies the Miles and Huberman’s process illus-
trated in Figure 7. It consists of data collection, data reduction, data display and conclusion 
drawing/verification. The relevant items of evidence are collected from the case studies, re-
duced and displayed in a format that facilitates the comparison of the cases and drawing of 
conclusions (Cruzes et al., 2015). The workflow through these activities is concurrent or itera-
tive in nature.  

 

Figure 7. Interactive model of cross-case analysis, adopted from (Miles and Huberman, 1994).
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3. Results

In this Chapter, the case-specific results are collected, reduced, described and summarised 
with respect to both the quantitative and qualitative research goals. 

3.1 Board machine case (Publication 1)

Publication 1 deals with a liquid packaging board making process in Stora Enso Imatra mill 
in Finland. The process produces three-layer board as illustrated in a simplified flow diagram 
in Figure 8. For this kind of product, it is common practice to change the grade frequently to 
meet the diverse customer needs, while keeping the storages at minimum. A simple example 
of a grade change (GC) is that the board grammage is increased or decreased by 20 g/m2. In 
GCs, there is always a web break risk, which increases if the web moisture excessively fluctu-
ates.  

The GCs set a challenge for the machine operation and control. The multiple layers increase 
the system complexity by growing the number of interacting variables and the tuning parame-
ters of the automatic grade change (AGC) control application. Up to 12 manipulated variables 
throughout the process system are simultaneously adjusted in a GC. Proper target values for 
the new grade and timely orchestration of the manipulated variables are needed in order to 
reach the new grade specifications as fast as possible. The AGC application takes care of the set 
value calculation and the coordination of the low-level controllers’ set points. The goal was to 
investigate the system interactions and effects of the numerous AGC tuning parameters, and 
accordingly re-tune it to produce faster GCs.  

The process was modelled from the raw material chests before refining to the end of the base-
board drying. The drying part model consists of 75 steam cylinders and includes the steam and 
condensate system. The calculation code was also developed during the project; the author 
contributed in developing the wet pressing and drying calculation. Altogether 74 control loops 
were modelled, and importantly, the AGC functionality was replicated in the simulator.  
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Figure 8. Schematic diagram of the three-layer board making process addressed in the case.

The model was calibrated with two types of measured data. Time series data were obtained 
from the distributed control system (DCS), covering tens of GCs. Other important reference 
data were performance evaluation reports of the drying section. Importantly, no bump tests 
were needed in the modelling. This is a significant benefit, which the mechanistic modelling 
approach can provide. 

Already the model build-up and calibration phase gave invaluable insights how different sys-
tem factors affect the GC performance. It deepened the understanding of the system also 
among the mill engineers. Moreover, the model calibration phase revealed issues in opera-
tional practices concerning the use of the AGC tool, including: i) the timing of the target calcu-
lation before the GC varied a lot among the operators, ii) slice openings were occasionally af-
fecting the ramping rates even if they were on manual control. The issues could be removed by 
aligned procedures and guidance.  

The focal result in the study was that the integrated simulator of the board machine process, 
control and AGC system, was capable to predict the large system-wide transients that the GCs 
account for, covering the entire operational area. However, regarding the web moisture after 
the drying part, the targeted predicting accuracy was only partly reached. Firstly, when a new 
GC was examined, fine-tuning was typically needed to align the simulated web moisture with 
the prevailing measured one. Closing this gap would probably need significant efforts in the 
raw material characterisation and stock refining models. Secondly, the simulator usually un-
derestimated the amplitude of moisture variations in GCs. This was partly addressed by the 
development work done after Publication 1, but fully resolving the issue would need discre-
tising the web in the thickness direction. This has been presented with steady state results in 
literature, see (Wilhelmsson, 1995) and with transient simulations in (Persson, 1998), yet their 
modelling scope was limited to cylinder drying section only, and without steam and condensate 
system.  

A procedure was developed to take new GCs that were conducted in the production, easily as 
new reference cases for the simulator. This promoted the tuning experiments with the simula-
tor that was done by the mill engineers (Vehviläinen, 2001). The experiences showed that de-
spite of the above-mentioned deficiencies, the simulator provided a systematic way to ap-
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proach the complex task and to evaluate different solution candidates. Consequently, new pa-
rameters were carried out to the real AGC with good results: the GCs were evaluated to speed-
up by 15% (Lappalainen, 2003).  

3.1.1 Related work and results 

The work with the board machine simulator continued after Publication 1. Different methods 
were investigated in order to reach better prediction accuracy for the board moisture: calibrat-
ing wet pressing with a measurement campaign, developing the web drying calculation to con-
sider thickness better, and improving the concentration dynamics in the approach system 
model. This subchapter summarises the main results gained with the board machine simulator 
after Publication 1. 

A measurement campaign was conducted for improving the wet pressing simulation, as de-
scribed in (Lappalainen, 2003). Regarding the development work for the drying calculation, 
Figure 9 presents an example of comparison between measured and simulated drying section 
variables from steady state conditions. The drying part up to the glue press was considered 
here (61 cylinders). Regarding the steam temperature (TEMP STEAM) and temperature of cyl-
inder outer surface (TEMP CYL.OUT.SURF.), the measured (meas) and simulated (sim) re-
sults are directly comparable with each other. The measured board temperatures from top and 
bottom sides (TEMP PAP TOP/BOT) are compared with the simulated average web tempera-
ture right after a cylinder and after a free draw (TEMP PAP 1/2), because the web model is not 
discretised in the thickness direction. Regarding the web moisture, only the simulated value 
(MOI PAP) is shown, as corresponding measurements were not available. The comparison 
demonstrates the high level of details used in the modelling and shows an adequate agreement 
between the results. 

 

 

Figure 9. Measured and simulated drying section performance variables from steady state conditions (Lappalainen 
et al., 2004).

Exceptionally interesting data for the model validation were obtained by the tracer experi-
ments that had been conducted in the target machine. The comparison with simulations re-
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vealed a development need with respect to concentration dynamics. Namely, the results ex-
posed that in a paper- or board-making process, realistic pipe delay is difficult to achieve with 
the approach used in Publication 1, i.e. series of ideally mixed control volumes. There is a 
trade-off between reaching a realistic pipe delay by a dense nodalisation and setting a reason-
able number of control volumes. A dense nodalisation decreases the calculation speed as well 
as the model robustness, especially the latter if the pressure-flow solution uses the same mesh. 
Consequently, a new calculation option for a pure plug flow pattern was implemented, and 
taken into use in the board machine simulator. The results showed that a combination of pure 
plug flow and mixing within the pipe sections produced the best predictions, the dominant 
weight being at the plug flow pattern. Figure 10 presents the experimental tracer data used and 
an example of the corresponding simulation. 
 

 

 

Figure 10. Tracer experiment results (modified from (Indmeas, 1997)) and corresponding simulation results. The 
tracer was injected into the thick stock lines just after the machine chests, and measured in the headboxes. The 
bottom picture (measured) uses the same line colours as the upper one (simulated). The scales are equal. 

The calibrated simulator was an inviting tool for other purposes as well. It was used for study-
ing the drying capacity increase and, as a test bench, in fault diagnostics studies. In the former 
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case, the developed model was used to explore the potential of a new type of drying unit, im-
pingement dryer, to increase the drying capacity and to enhance the moisture control during 
the GC transients.  

Figure 11 illustrates an experiment that is possible only in a virtual test bench. One of the 
drying cylinders is replaced by an air impingement unit (readily hot, control at 50%) in the 
middle of the experiment, at time 200 s. Next, the main manipulated variable in the dryer, the 
air flow velocity, was increased to its maximum (at 400 s). Consequently, the web moisture 
content decreased, and the machine speed could be increased. The endpoint of the experiment 
is when the original moisture level is reached; the capacity increase could be easily calculated.  

Even if the installation of a single new dryer unit was investigated, the question arose whether 
it could be utilised in moisture control during GCs. The main results of the consequent control 
study were reported by Ansaharju in a master’s thesis the author instructed (Ansaharju, 2002).  

 

 

Figure 11. Simulation experiment for studying drying capacity increase by replacing a steam cylinder by an im-
pingement dryer unit (Lappalainen et al., 2005).

As mentioned, the model was further used as a test bench in developing integrated fault detec-
tion system for a board machine (Cheng et al., 2011; Tikkala, 2014). The demonstrated meth-
odology to simulate a paper or board machine has also proved usefulness in other related ap-
plications, such as using a paper machine simulator as a test bench in developing a model pre-
dictive control (MPC) solution for grade changes (Kuusisto, 2008). To briefly update, what 
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happened for the retuned AGC application discussed in Publication 1, it was used for con-
ducting the GCs until replaced by an MPC solution in 2018.  

3.2 CCS capable power plant case (Publication 2) 

This work deals with a power production concept, which was designed for mitigating climate 
change through the reduction of greenhouse gases. The novel concept is applicable to conven-
tional air firing but also to oxy firing.  

 

 

Figure 12. Process flow diagrams of the supercritical CFB power plant that is capable for both air and oxy firing. 
Flow diagrams for the flue gas side (top) and water-steam cycles (bottom). Publication 2. 

Figure 12 shows the flue gas and water-steam flow diagrams. In the oxy mode, pure oxygen 
(O2) is diluted with recirculated flue gas and used as the oxidant instead of air. Thus, flue gases 
are practically nitrogen free, which facilitates carbon dioxide (CO2) capturing and storage. 
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Besides the power cycles, this concept includes process areas for cryogenic distillation of O2 

from air, and CO2 capturing from flue gases, purification and compression. The studied 300 
MWe power plant employs a CFB combustor and a supercritical steam cycle. The main process 
systems in the flue gas side and water-steam side were modelled, including the turbine island. 
Control structures were developed to perform typical transients, such as firing mode switching, 
load changes and turbine trips. The reported firing mode switching is a central operation, be-
cause the CO2 capturing takes place in the oxy mode, but the plant start-up and shutdown are 
done during the air firing mode. The interface between the air separation unit (ASU) and the 
boiler was one of the specific interests in the study. 

The simulations demonstrated that a safe, fast (ramp duration 20 min) and smooth firing 
mode switching is possible with the developed control strategy, which is based on synchronised 
linear ramps for the air, gaseous O2 and recirculated flue gas mass flows. Figure 13 shows the 
simulation results of the mode switching from air to oxy and back. The high CO2 content in the 
oxy mode (approximately between 35 min and 100 min) enables the carbon capturing in the 
CO2 purification unit (CPU). 

 

 

Figure 13. Flue gas composition (mol %) in air-oxy and oxy-air firing mode switches (CO2 = carbon dioxide, H2O 
= water, N2 = nitrogen, O2 = oxygen). Publication 2. 

Besides the base case, three studies were carried out to investigate the sensitivity of the system 
for disturbances. Firstly, 5 % points lower O2 purity from the ASU was shown to cause a severe 
O2 shortage in the combustor, which highlights the importance of monitoring and control of 
the O2 content. Secondly, the simulations showed that biased flow measurements worsen the 
switch performance substantially and affect the fluidisation, again emphasising the benefits of 
using feedback from measured O2 content. Thirdly, a square wave disturbance in fuel feeding 
demonstrated that the flue gas recirculation amplifies the disturbances in the O2 content. 

The results reveal important dynamic characteristics of the concept. In the oxy mode, flue 
gases are recirculated and mixed with the pure O2 feed to dilute the oxidant into a suitable level 
of O2 content. The results show that this recirculation introduces a significant change in the 
plant dynamics that must be taken into account in the I&C design and plant operation. The 
mode switching time is longer in the air-oxy switch than in the oxy-air, due to the additional 
volume, heat capacity and process feedback in the oxy mode. It can be concluded that the oxy 
mode is more vulnerable to disturbances. The changing gas densities during the switching 
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cause a substantial disturbance in the volumetric flows of oxidants, which influences also the 
bed fluidising.  

The study points out that design and evaluation of the control strategy require more attention 
in this concept compared to traditional plants. Additional feedback control is suggested, firstly 
for the flue gas O2 content during the mode switching, and secondly, for the oxidants’ O2 con-
tent in the oxy mode. This provides a way to search out reasonable congruence between the air 
and oxy modes that would help in the switching, and to improve robustness in the oxy firing 
mode in case of disturbances. Information on the O2 content in the gas streams is important 
from the plant safety point of view as well.  

Simulation of the gas flow ramps raised an important issue regarding the use of either mass-
based flows or volumetric-based flows. In process simulators, typically mass flows are used. 
However, in practice with gaseous streams, the flow measurement devices rely on the pressure 
difference and prevailing gas density. In real power plants, there are also limitations in control 
actuators, while simulators typically use actuators with ideal operation throughout the range. 
It is worth noting that the volumetric flows are also important for the furnace bed fluidisation. 
It was recognised that the use of ideal sensors and actuators in the simulation might lead to 
too optimistic results in terms of transient management. These aspects were discussed and 
emphasised as worthy of further investigation. 

Regarding the power plant integration with the ASU and CPU plants, the results highlight 
the need for careful coordination and high-level control. The Apros model component for the 
CFB combustor was for the first time used in this project. It was improved based on the expe-
riences and its calculation principles were published as part of this work. After Publication 
2, the CCS capable power plant evaluation studies continued with the 2nd generation plant de-
sign that featured higher O2 content in the oxidants. Cases of firing mode switching and oxidant 
fan failure have been reported (Mikkonen et al., 2015, 2017). The latter of these studies in-
cluded the simulation of the ASU and CPU processes within another dynamic process simula-
tor, Aspen Plus Dynamics. Aspen and Apros models were then co-simulated, which provided a 
full-chain simulator of the ASU, power plant and CPU processes (Sachajdak et al., 2019).  

Five years after Publication 2, we know that using the CCS technology has not escalated. 
However, technical barriers are not the main reason , but rather because there is no business 
case for the operators to invest in the technology (Tsupari, 2018). The situation may change in 
the future. Innovations to utilise the captured CO2 are coming, and the public opinion is chang-
ing fast to promote new mitigation ways and to increase political pressure. The capability of 
CCS technology has been widely researched and demonstrated; the related proven modelling 
and simulation methods are valuable assets in the fight against climate change. 

3.3 Ship energy efficiency case (Publication 3)

Publication 3 reports the modelling and simulation of energy systems in a modern cruising 
ferry. This work is among the first published studies of using system-wide modelling and dy-
namic simulation for ship energy systems in another context than the propulsion system. A 
contemporary rationale for the rising interest towards system simulation originates from the 
tightening international and national requirements regarding maritime exhaust gas emissions. 
There is an urgent demand for capable tools and methods to examine different solutions for 
improving energy efficiency and evaluating their interoperability. This ambition also contrib-
utes to climate change mitigation. 
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As operation environment, the energy systems on board markedly differ from their nearest 
counterparts onshore, thermal power plants. A number of inter-related energy systems, such 
as propulsion, refrigeration and HVAC, compose the system. Load variations are large and they 
can be frequent, largely depending on the type of vessel and cruising route. Customers and 
freight on board set specific constraints and high requirements for reliability and safety. On 
the other hand, in the marine vessels, the potential for improving energy efficiency is high due 
to the waste heat that is available in exhaust gases and engine cooling water. 

The target ship in the study was Viking Grace, which is the world’s first passenger cruising 
ferry running on liquefied natural gas (LNG). Already in the launching, she featured some 
novel, energy efficient solutions such as heat accumulation tanks, Alaska cooler and LNG cold 
recovery. The modelling and simulation study for Publication 3 was conducted around the 
commissioning and beginning of cruising along the Turku-Stockholm-Turku route on the Bal-
tic Sea. The novelty of this ferry was the primary reason for selecting it as the target system. As 
there were neither experiences nor data on the operation of this ship concept, the modelling 
and simulation were of particular interest to potentially giving useful insights and reducing 
latent risks. 

Ships produce surplus of thermal energy. During high engine load in sea operation, the ex-
cess heat cannot reasonably be consumed by the normal uses, such as heating, laundry, galley, 
or fresh water production. Thus in traditional practise, the waste heat recovery system (WHRS) 
produces steam that needs to be dumped in significant extent into the sea. As reasoned above, 
this practise calls for a change. Heat accumulator, or thermal energy storage, is one technical 
solution to better utilise the waste heat.  

The accumulator system was simulated using measured data as inputs (boundary conditions) 
and compared against measurements. The measured and simulated data showed good agree-
ment. The simulator was used to study different variants of the system with respect to the heat 
accumulator volume and pressure. Functioning of the process and control concept was inves-
tigated within the timely and capacity frames of the cruising route. The study helped to under-
stand and quantify the meaning of various design decisions. This is valuable for developing the 
current system’s operation and for the future newbuilding projects. 

The second study in Publication 3 deals with the chilled water system (CWS). In this ferry, 
CWS features a novel solution consisting of three sources for the cooling energy. The tradi-
tional cooling by electric chillers (EC) is accompanied by more economical sources of cold: 
LNG cold recovery and seawater cooling (Alaska cooler). The system model was constructed as 
shown in Figure 14, and used for simulating representative cruising days (24 h) to cover differ-
ent conditions over an operation year in the Baltic Sea. Actual data for the number of running 
engines and engine loads, as well as the cooling demand were used as simulation inputs. The 
annual potential for saving electrical energy was estimated to be 81 MWh/a for the LNG cold 
recovery, and 49 MWh/a for the Alaska cooler. 
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Figure 14. Process model diagram of the chilled water system in the ship energy efficiency case; the related auto-
mation was configured in another diagram. The cooling methods are LNG cooler, Alaska cooler and electric chillers. 
Publication 3. 

A significant outcome of the study came by the investigations around issues observed in the 
LNG cool recovery system. Here it is worth reminding that this was the first realisation of this 
technology. It turned out in the actual system that temperature levels in the cascade heat re-
covery loops raised from the nominal values, and caused poor performance. It was challenging 
to analyse the situation on board with the measurements of the automation system, because of 
the low resolution in the temperature signals: ±0.5 °C. The simulator was used to replicate the 
situation. This virtual experimenting helped to find workable practical solution for the current 
installation, and to propose improved design for the future builds. In this respect, if the simu-
lation study had been conducted already in the design phase, it most probably would have 
changed the system design. 

The study behind Publication 3 included also an investigation of an innovative technology 
for converting energy from hot water into electricity. This application was not known in the 
beginning of the work, but it was realised that the simulator actually provides a competent tool 
for investigating this technology too. The initial study utilised hot water from the heat accu-
mulator, which did not yet lead to an investment. It is worth noting that later on, a feasible 
solution was found, and the Climeon C3 product was commissioned in Viking Grace (Viking 
Line, 2014). 

The modelling work in Publication 3 gave one illustrative example of how a unit operation 
model properly developed by mechanistic means may perform beyond its original purpose. 
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Namely, the heat accumulator tank was modelled with a ‘turned-around’ condenser model 
component. Hot and condensing steam flows inside the tubes, and the cooler fluid (water as 
the heat storage medium in this case) is in the shell side. The tank openness was resolved by 
adding a ventilation path into the atmospheric air. With data-driven or causal modelling ap-
proach, a similar extending of a model’s use scope and change of direction in mass or energy 
transport is not conceivable.  

The study also demonstrated a situation that a modeller occasionally has to confront, a unit 
operation that is not straightforward to model with basic mechanisms available in the usual 
modelling toolbox, or which modelling would take considerable effort regarding the available 
time and resources. In this study, such a unit was electric chiller. Modelling an EC by mecha-
nistic principles should not be a problem, because the refrigeration loop consists of available 
model components like compressor, evaporator and condenser, valves and pipelines, and the 
working fluid is a common refrigerant. On the other hand, an EC is a process of its own within 
the CWS process. It was considered as a reliable servant, whose operation is established and 
predictable, and whose characteristics are well known. Consequently, the ECs were modelled 
based on manufacturer’s information, mainly the COP (coefficient of performance) curves. The 
operating delays and thermal inertia were approximated in a simple way by incorporating first 
order lag dynamics in the calculation, which was implemented as a dynamically linked library 
(DLL). 

This ship energy efficiency case and the related Publication 3 originate from a master’s 
thesis study that the author instructed. One important objective that was originally set for the 
thesis was to evaluate, whether the mechanistic modelling methodology and dynamic simula-
tion can assist decision making in energy systems engineering within the shipyard. The simu-
lator proved to be very beneficial in studying different energy production and conversion tech-
nologies, and concepts. It makes possible to virtually test the operation, quantify the perfor-
mance and search for the best design and control strategy. Consequently, the methodology was 
adopted for daily use in the shipyard. A related notable implication from the study was the 
revealed general insufficient readiness level of instrumentation and data collection on board 
systems for modelling and simulation needs, especially regarding the important task of valida-
tion. Simulation-aided systems engineering is making its way into the marine thermal engi-
neering.  

3.4 Thermal desalination case (Publication 4)

Multi-stage flash (MSF) distillation is a leading technology for fresh water production from 
seawater and wastewater. It can be combined with sustainable thermal energy sources, such 
as industrial waste heat or solar heat. Integrated solutions always challenge the system design 
and the plant operation. Publication 4 presents a new method for calculating the state and 
properties of seawater and air implemented within the Apros homogeneous two-phase flow 
model. This enables rigorous simulation of thermal desalination processes, which was demon-
strated by modelling and simulating an industrial-size brine recycling MSF distillation plant. 
These two outcomes are discussed in more detail in the following subchapters. 

3.4.1 Seawater and air state and property calculation 

Seawater’s boiling point elevation is a common example of the differences between seawater 
and fresh water properties. Brine recirculation improves energy-efficiency in the desalination 
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processes, and thus the salinity may be significantly higher than in the intake seawater. The 
intake seawater is de-aerated, but non-condensable (NC) gases do appear in the process due 
to accumulation, leakages and chemical reactions. The NC gases are detrimental for heat trans-
fer.  

These aspects were taken into account by developing a new method within the homogeneous 
flow model to solve the thermodynamic state of seawater and air in the control volumes, and 
furthermore, to calculate thermodynamic and transport properties for the fluid mixture.  

The new method is the first one reported to apply the Rachford-Rice equation (Rachford and 
Rice, 1952) with the simultaneous mass, momentum and pressure solution for dynamic simu-
lation of thermal desalination processes. The property calculation uses specific correlations for 
seawater and the Apros legacy calculation for water properties, and for air properties. It covers 
a large operation area, where the control volumes may range from pure air, or pure water, to 
high salinity brine with air as dissolved and cover gas. The approach enables simulation of 
system features that rare dynamic thermal desalination simulation studies have presented. NC 
gas propagation is accounted within the flow network (for example, not given as local fixed 
concentration). Both temperature and salinity affect the NC gas solubility. The seawater prop-
erties are also dependent on pressure besides the typical temperature and salinity. Many ab-
normal situations can be inherently simulated. 

3.4.2 MSF plant model 

A large desalination plant was modelled using the methodology. Figure 15 shows a schematic 
picture of the process. It includes many features that modelling studies have commonly ne-
glected and such features that had not been reported before. The model includes calculation of 
NC gas detrimental effect on the condensing heat transfer, heat losses from the desalination 
plant into environment, vapour blow-through between the stages, distillate tray liquid level 
dynamics, flashing in the distillate trays, and an alternative approach instead of using the so-
called non-equilibrium allowance. In addition, a method for initial tuning of the system was 
introduced by adjusting the orifices between the stages with the help of temporary PI control-
lers. 

 

Figure 15. Schematic of the brine recycling MSF distillation plant that was selected as a target system in the thermal 
desalination case. Publication 4.

The presented simulation cases demonstrate the plant dynamics with five impulse or stepwise 
changes, including cases not reported before in the literature. As an example, a pulse wise step 
(5 °C for 2 min) was imposed to the temperature of the intake seawater (see right side of Figure 



 

43 

15). Figure 16 presents the flash tank and distillate tray liquid levels in the consequent transi-
ent.  

 

Figure 16. Liquid levels of flash tanks and distillate trays when disturbed by a temperature pulse into the intake 
seawater boundary condition at time 0.5 h. The topmost flash tank curve corresponds to Stage 24, the lowest to 
Stage 1. Publication 4. 

The simulation results are openly provided with a set of important system quantities for all 
cases; the simulation data is freely downloadable as the Supplementary material2. The unique 
way of using the pressure-flow solver in modelling the MSF process helps to interpret how 
different changes and disturbances affect and propagate in the system, also proposing reason-
ing that challenge some of the previous interpretations.  

Accompanied by the Apros’ legacy features, the new method allows combining seawater de-
salination models with power production models, whether by conventional, nuclear, or renew-
able technology. This enables the analysis of, and the training for complicated integrated power 
and fresh water production systems. 

3.5 Molten salt TES case (Publication 5) 

Thermal energy storages (TES) allow storing of thermal energy for later use. This helps to 
achieve flexibility and increase efficiency in applications, where the source of thermal power is 
temporally misbalanced with the energy consumption or conversion. In concentrated solar 
power (CSP) plants, TES systems are used to produce electricity during periods without sun-
light (evening/night hours, cloudy conditions). Majority of the recently installed CSP capacity 
has been integrated with TES (Peiró et al., 2016). A typical storage is based on the sensible heat 
of the fluid, for which different molten salt mixtures are commonly used due to their preferred 
properties: high density and specific heat capacity, low chemical reactivity, vapour pressure 
and cost (Vignarooban et al., 2015).  

There is a diverse number of thermal fluids available for the TES use. To model a TES system, 
the thermal fluid in question needs to be characterised. This calls for a generic approach for 
defining and calculating the fluid characteristics and properties. Publication 5 presents such 
a method for calculating the state and properties of a thermal fluid and air, implemented within 
the Apros homogeneous two-phase flow model. This enables, for example, rigorous simulation 
of CSP applications with TES that was demonstrated by modelling and simulating a molten 
                                                           
2 See Extras in https://www.sciencedirect.com/science/article/pii/S009813541630388X  
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salt (MS) using test facility in Spain. To calibrate and validate the calculation, experimental 
measurement campaign was conducted in the test facility, and transient data collected. The 
main results are discussed in the following subchapters. 

3.5.1 Thermal fluid property calculation 

The developed method for defining a thermal fluid consists of a user-definable liquid and air 
as NC gas. This development was especially addressing fluids with negligible vapour pressure, 
such as molten salts, in applications that include phase-separated calculation volumes, such as 
storage tanks.  

In the new fluid model, the user defines parameter values for the liquid: density, specific heat 
capacity, thermal conductivity, dynamic viscosity and compressibility. The values are assigned 
to coefficients (mostly polynomial) in the equations, which describe each property in a refer-
ence pressure as a function of temperature. The pressure effect is included in the density and 
enthalpy formulations as described in Publication 5. When the system involves a gas phase, 
it is assumed as non-condensable gas, calculated using the air properties. 

3.5.2 Thermal energy storage simulation 

The developed fluid system was used for modelling and simulating a TES test facility at Plata-
forma Solar de Almeria in Southern Spain. The facility includes two storage tanks and two heat 
exchangers (HEX). Molten salt (Solar salt: 60% NaNO3 and 40% KNO3) was applied on the 
HEX shell side, and thermal oil (Therminol VP-1) on the tube side.  

An initial version of the simulation model was constructed before the experimental period, 
and used for planning the test campaign. Model input data and measurement data were col-
lected during nine test days and used for model finalisation, calibration and validation. Pub-
lication 5 focused on the main operational mode of the facility, where MS is pumped from the 
cold storage tank (CST) to the hot tank (HST) and the HEXs work in counter-current way. 
Figure 17 presents the simulation model, simplified for this purpose. The reported tests deal 
with the typical operations of a TES plant: charging, discharging and draining the system. The 
experimental data were previously unpublished. 
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Figure 17. Process model diagram including the parts of the test facility relevant to the molten salt TES case in 
Publication 5.

The modelling aimed at adequately capturing the characteristics and predicting phenomena 
related to i) heat transfer between the thermal oil and MS, ii) thermal inertia, iii) hydrodynamic 
losses, and iv) thermal losses in the system. The HEXs play a central role with respect to all of 
these.  

Proper modelling of the HEX revealed to be challenging with the standard heat exchanger 
components, so a new model component was designed and configured using the Apros user 
component and SCL (Simantics Constraint Language) scripting methods. This enabled flexible 
testing of different nodalisation schemes, heat transfer correlations, and configurations to re-
alise heat loss.  

The experimental data were divided into calibration and validation sets of approximately 
equal sizes. For the final calibration of the model, five target quantities were defined and five 
tuning parameters selected. The parameter values were determined by conducting numerous 
simulations using a wide value range and full factorial design. Figure 18 presents the results 
from test run 7a that belongs in the validation data in Publication 5. In this so-called cloud 
experiment, cloudy periods were mimicked firstly by switching off the heat source, and sec-
ondly by switching off the heat source and simultaneously increasing the oil cooling. The ar-
rows in the mass flow and pressure pictures (top row, Figure 18) indicate an anomaly in the 
pressure-flow behaviour that was found to depend on the MS flow rate. Generally, the simula-
tion results show good agreement with the experimental results. 
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Figure 18. Comparison of experimental and simulation results in a cloud cover experiment (Run 7a, validation data 
set). Redrawn from the results in molten salt TES case. Publication 5. 

The analysis of the HEX simulation results revealed: 
 The heat exchange performance was notably declined compared to the design values 
 Heat losses from the HEXs were surprisingly large, and varied a lot from test to test. 

This could be only partially replicated in the simulations. Heat loss by conduction via 
the HEX support structures (cold bridges) was proposed as the dominant mechanism. 

 The calculation overestimates the HEX heat transfer in low MS flow rates and under-
estimates it in high rates. The various heat transfer correlations tested did not signif-
icantly differ in this respect. 

 The hydrodynamic losses in the MS flow path showed sudden changes when the flow 
rate passed a certain level. The change takes place to the direction of lower hydrody-
namic losses, when the flow rate (and pressure) reached approximately 4 kg/s (and 
2.0 barg). The higher losses returned, when the flow and the pressure came down to 
approximately 2 kg/s and 1.5 barg. Based on the simulation analysis, resettling of 
captured NC gas inside the HEX and a consequent change in MS flow pattern were 
proposed as the root reasons. 

 
The results suggest that a root cause for the above observations is NC gas being trapped inside 
the HEX during the start-up of the operation. These findings complemented the previous 
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knowledge on the performance issues that had been reported in (Rodríguez-García et al., 2014; 
Bonilla et al., 2017). 

Most of the test run simulations were within the measurement uncertainty with respect to 
the mean error and/or mean absolute error between the experimental and simulated temper-
atures. Regarding the MS tanks’ liquid levels, the discrepancy was larger than the uncertainty, 
but a maximum deviation only by a few centimetres can be considered as a good result. The 
pressure results are appropriate too, yet to some extent deteriorated by the mentioned anomaly 
in the hydrodynamic losses. Importantly, the comparison metrics showed similar prediction 
capability for both the calibration and validation data sets. The discrepancies between the sim-
ulated and measured variables were analysed and potential reasons were identified, including 
previously unpublished ones per the target facility.  

The findings contribute to the research with the target facility and other similar test and pro-
duction plants. The simulation study revealed a disturbance that had not been systematically 
observed. Gaps in the measured information were pointed out and new sensors suggested for 
supporting future modelling studies. One important result was that the comparison of the ex-
perimental and simulation results did not indicate any need to modify the friction calculation 
used in the homogeneous two-phase flow model. 

The system analysis with the mechanistic models based simulator helped to assess different 
interpretations for the observed events and phenomena. Measurement accuracy, plausible ex-
planations for anomalous events and alternative heat loss mechanisms could be addressed and 
analysed. Altogether, the results showed the capability of the developed fluid model and mod-
elling method to describe MS, and thermal oil, in typical transients at a TES system. More 
discussion on the simulation and experimental results within this TES facility were reported 
in (Sihvonen et al., 2019). In that study, the model scope was larger, also including the thermal 
oil loop.  

Publication 5 was the first to present a generic fluid system for characterising compressible 
TES working fluid for pressure-flow simulations and to validate the prediction capability in 
transient situations. The results can also be applied to other applications besides the CSP ones. 
MS is used as a coolant in one of the Generation IV reactor concepts and in a fusion power 
plant concept. 

3.6 Results summary

The case-specific results contribute to the research of applying mechanistic thermal-hydraulic 
models and dynamic simulation in the process industry. The novel contributions lie both in the 
system modelling and the method development, as well as in using the methodology for the 
first time for a specific application or employing it from a novel angle. Table 2 summarises the 
results obtained from the cross-case analysis, reflecting the leading themes of the dissertation 
as given in Subchapter 1.3. 
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Table 2. Summary of the results per the leading themes. 

Theme Theme 
type

Case
/Publication

Result/Finding

Process unit 
model develop-
ment 

Enabler
 

1 (+ related 
work), 2, 3, 
4, 5

New model developments were introduced related to paperboard 
wet pressing and cylinder drying, circulating fluidised bed combus-
tion, electric chiller, multi-stage flash distillation in thermal desalina-
tion, and specific type of heat exchanger.
 

Model valida-
tion 

Enabler 1 (+ related 
work), 3, 5

Board machine calibration and validation efforts revealed opera-
tional deficiencies and triggered off needs for modelling methodol-
ogy development with respect to pipe delay and web dewatering 
calculation. 

The ship system results with e.g. heat accumulator justified the 
model usage in the design evaluation studies. 

The validation against experiments in the TES facility proved the 
methodology’s capability to simulate molten salt and TES systems.
 

Fluid property 
calculation 

Enabler (2, 3) 4, 5 New fluid calculation method for seawater and air was developed 
and implemented as part of the modelling methodology. 

Generic method for calculating low-vapour pressure thermal liq-
uids, such as molten salt, with air as cover gas was developed. 
 

I&C considera-
tions 

Benefit 1, 2 (3, 4, 5) Board machine controls and AGC were modelled in detail and the 
AGC tuned. This resulted in 15 % faster GCs in the target machine.

CCS capable power plant controls were developed. Strategy for 
firing mode switching was successfully demonstrated and various 
disturbance scenarios investigated yielding to practical suggestions 
for improved operability and safety.

Detailed control loop modelling in all studies provided insights and 
suggestions for improved instrumentation and/or process modelling.
 

Energy & re-
source effi-
ciency, carbon 
neutrality

Benefit 1–5 All studies contributed in this respect.
The AGC tuning increased board machine productivity. 
Operability evaluation of the CCS capable power plant promotes 

climate change mitigation by advancing CO2 emission free electric-
ity production. 

Novel concepts like heat accumulator and sustainable cooling op-
tions reduce CO2 and other emissions. Simulation helps to guaran-
tee the system reliability and operability despite of the simultane-
ously increasing complexity.

The rigorous modelling capability for thermal desalination pro-
vides a tool for studying integration of waste heat and solar energy 
sources with thermal desalination technology.  

The validated simulation method for MS in TES solutions pro-
motes finding innovative novel designs for dispatchable electricity 
production by CSP. The case-specific findings in the test facility 
helped to interpret and operate the system and enhance the future 
designs. 
 

System analy-
sis

Benefit 1–5 System analysis was inherently included in all studies. The results 
show that even small systems, like the TES facility, may include 
such characteristics that are difficult to point out during the operation 
or by typical data analysis means. Simulation based system analy-
sis is possible on purely theoretical basis, as the power plant and 
desalination plant showed, but it adds significant value also when 
measured data are incorporated. 

System analysis potentially produces important practical implica-
tions, like the cases of board machine, ship cooling system and TES 
system showed.
 

 
As part of the data reduction activity (see Figure 7) in the cross-case analysis, the research 
themes in Table 2 were further classified into Enablers and Benefits. The Enablers extended 
the mechanistic thermal-hydraulic modelling methodology used, and literally enabled to con-
duct the cases. The Benefits extract the advantages achieved in the cases and contribute to the 
hypothesis 1, as illustrated in Figure 19. 
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Figure 19. Graphical overview of the cross-case analysis results. The objects with thick outline represent contribu-
tion and outcomes of this thesis. Benefits and Enablers refer to the research theme types in Table 2.

The synthesis from the cross-case analysis indicates that the modelling and simulation apply-
ing the methodology deepens holistic understanding of the industrial systems. It helps the pro-
cess designer to evaluate the process and the control system design in an integrated way. It 
provides a test bench for virtually testing operational procedures and searching for better tun-
ing for control applications. It provides a tool to conduct what-if studies and to troubleshoot 
the operation. The benefits were achieved in cases, which represent different phases of indus-
trial process plant life cycle, as depicted by the dashed arrows and the lower part in Figure 19. 
This finding supports the hypothesis 2. 

 
The presented cases could have been, and most of them have been modelled previously or after 
Publications 1–5, using other modelling methodologies. Especially the acausal modelling 
and pressure-flow solution are the differentiators between the current and typical other mod-
elling approaches. Accordingly, it is worth deliberating, where the methodology has especially 
been valuable. At least the following examples can be pointed out over the cases:  

Paper or board machine headbox benefits from the implicit pressure-flow solution. For 
example, jet/wire ratio control and instantaneous changes of slice openings in the sys-
tem can be accurately simulated.  
The methodology allows inherent modelling of raw material proportioning and various 
dilution points in paper processes, where the flow direction may change per the oper-
ating conditions. One example is stock flow in the proportioning header (the furthest 
end from the blend chest) where the flow direction may change according to the disc 
filter intake. Another example is the dilution water headers, which share dilution water 
for the consistency control points, but in a special situation, the main line pressure is 
not necessarily capable to serve all the demands.  
Paper machine steam drying cylinders with steam headers, condensate system, pres-
sure and pressure difference controls can be accurately modelled. 
The furnace pressure control in a power plant can be realistically modelled with the 
pressure-flow feature. In start-ups, shutdowns and firing mode switches, the gaseous 
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flow paths’ coordination and consequences in malfunctions can be properly studied us-
ing the pressure-flow feature. Safety aspects can be addressed. 
The Viking Grace heat accumulator was modelled with a condenser model component, 
which was used in an opposite way from the normal use. It worked, because the heat 
exchange causality change is possible in the methodology and the models are generally 
prepared for extraordinary conditions, such as the condenser shell side full of liquid.  
Testing the alternative cooling options reveal whether adequate pressure heads exist in 
all operation modes and different conditions. 
The presented flashing stage model with pressure driven flows is a unique assembly in 
the thermal desalination literature. It is proposed to provide more realistic dynamic 
behaviour than the state-of-the-art modelling approach. 
Finding the anomaly in the hydrodynamic losses in the TES facility can be accredited 
with the implicit pressure-flow solution. Many practical operations, including drainage 
from tank to another, can be inherently predicted with the methodology. Yet not shown 
in these studies, also natural circulation is among these special phenomena, see e.g. 
(Mickus et al., 2015). 
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4. Discussion

Using a familiar modelling and simulation environment opens a wide spectrum of features and 
speeds up simulation studies. Generally, accumulation of solution algorithms, unit operation 
models, interfaces, fluid and material property data and user-friendly features are a necessity 
in order to advance modelling and simulation technology in industrial engineering. In this dis-
sertation, the mechanistic modelling methodology has been used and extended for simulating 
different and new types of complex industrial processes. The work has contributed to the sim-
ulation code development in four of the cases. These developments are minor add-ons when 
looking at the Apros software as a whole, but they have played an important role for conducting 
the cases in this modelling and simulation environment.  

This work contributes to the very important topic of striving for more efficient and environ-
mentally friendly industrial processes. The global challenges call for fast mobilisation of novel 
technologies both in new industrial investments and in revamping the existing processes. As a 
side effect, the complexity of the systems is increasing and traditional methods are becoming 
insufficient for designing such systems. Virtual prototyping and simulation-aided engineering 
can support the revolution to provide solutions that are both novel and mature. The newer and 
more advanced a system is, the more justified it is to apply the methodology addressed in this 
dissertation. Its strength comes from the configuration of real-like systems without pre-setting 
the system causalities, and using the rigorous mechanistic models and efficient solution algo-
rithms. The system can then be operated and the underlying design virtually tested.  

This chapter discusses the findings from the cross-case analysis and delves deeper into the 
question, why adopting the methodology in new industrial applications has been beneficial. 
Furthermore, practical implications, reliability and validity aspects, and modeller’s perspective 
are discussed. Finally, the research hypotheses are evaluated. 

4.1 Common benefits over application domains

The simulator in the board machine case (Publication 1) proved its applicability for different 
types of research and development tasks. It was used for the original purpose of tuning the 
AGC program, resulting in measured economical savings in the board production. The simu-
lator was used for other purposes too. Similarly, the ship energy system simulator in Publica-
tion 3 was more widely utilised than what was originally planned. This highlights the attrac-
tiveness and wide applicability of the simulators, when using this methodology.  

The board machine simulator — even if being detailed and being a rather complex system — 
was independently used by other persons (Vehviläinen, 2001; Ansaharju, 2002; Tikkala, 2014) 
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than the simulator developers. The ship energy system simulator was the first application of 
its kind and initiated the engineering use of this methodology in the shipyard. These cases un-
derline the methodology’s inherent strength in respect of reusability, transfer of system 
knowledge and maturity for engineering use. These are very important factors for practical 
exploitation and cost-efficiency, but not easy to achieve when transferring a computational tool 
to new users. 

Applying a modelling methodology in a new application domain often uncovers deficiencies, 
such as the lack of unit operation models or a suitable working fluid. In this dissertation, the 
development of board web dewatering, as well as the solutions for modelling the electric chill-
ers, the heat accumulator, the flashing stages, and the tubular heat exchanger, were such ex-
amples. Additionally, in Publications 4 and 5, new methods were introduced for incorporat-
ing fluid systems capable of simulating desalination and thermal energy transfer and storage 
systems within the homogeneous two-phase flow model. Publications 1–5 also included test-
ing and using of novel model components and methods, which were implemented by col-
leagues of the author, including the plug flow solver for the pulp and paper processes and the 
CFB combustor component. Since Publication 2, the author has further contributed to the 
CFB model development (Lappalainen et al., 2017; Hiidenkari, 2018). 

The results show that the modelling methodology provides means to analyse the process from 
multiple different angles and in different situations with respect to measurement data. This is 
crucial in applications where only a concept exists, but no installation yet, thus preventing data 
analysis based on measurements. The CCS capable power plant case shows an example of this, 
addressing both the process and the control design aspects. There, the received design data 
was too scarce for building up the power plant model in full details. Consequently, the model-
ling team started to contribute to the process and control design. This kind of crosslinking 
promotes double-checking and the acquisition of novel solutions in engineering.  

In the ship energy efficiency case, only partial model validation was possible, which actually 
raised the shipyard’s awareness of the high value of the instrumentation and data acquisition 
in the long-run development of the ship energy systems. The thermal desalination case in Pub-
lication 4 provided plausible transient analysis of the desalination plant relying completely 
on the literature information. The study produced new insights on the large thermal desalina-
tion plant dynamics. Given that the research was conducted without comparison against meas-
urements, the results are primarily proposed as reference data for the research community.  

Measured data were mostly utilised in the cases carried out in Publications 1 and 5. The 
findings proved that the detailed simulator is able to constitute a supporting theoretical frame-
work, which helps to extract peculiar system behaviour, such as malfunctioning system parts, 
when compared to traditional data analysis. This was highlighted by the discovery of the de-
fective practises in the AGC usage and the anomalies in the TES system’s pressure-flow behav-
iour.  

4.2 Practical implications

As one result of the cross-case analysis, several practical implications were extracted: 
The board machine GC analysis in Publication 1 provided improvements to prac-
tices in using the AGC tool. The simulator helped to re-tune the AGC program. A sig-
nificant reduction, 15 %, was determined in the GC times. 
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The control and operation study in the CCS capable power plant case in Publication 
2 pointed out the system’s vulnerability for disturbances in the oxy firing mode. The 
use of measured oxygen content was proposed to improve the control performance, 
robustness and safety.  
The ship energy system simulator in Publication 3 enabled studies on alternative 
designs for enhancing energy efficiency on board. The simulator allowed virtual ex-
perimenting with the LNG cool recovery system, which implementation had revealed 
issues, and assisted in finding a workable solution for the current installation, and 
improvements for the future design.  
The thermal desalination case results call attention to the dynamic characteristics 
that raised from the tightly coupled flashing stages and the brine recirculation. Pub-
lication 4 accompanied all the simulation experiments with a wide set of simulated 
variables as data files to promote discussion on the plant dynamics, and to provide a 
reference for further simulation and experimental studies. 
The TES system analysis in Publication 5 uncovered previously hidden character-
istics of the system performance that helped to improve the current system operation, 
and design of similar test facilities.  

 
In addition to the above listed implications, the work contributes to the use of Apros and sim-
ilar modelling tools by sharing modelling experiences and by giving model configuration ex-
amples and proven practises. The fluid calculation development and validation results enable 
and justify applying the fluids in the representative process conditions. 

4.3 Reliability and validity

Some of the cases contribute to the code development and validation, while many areas have 
been realised with the Apros legacy features. In both, it is extremely valuable to incorporate 
experimental data whenever feasible. Comparison against measured data was done in several 
cases, always having an aspiration of requesting and utilising all available measured data. The 
cases in Publications 1–5 (including the related work of Publication 1) contain the follow-
ing calibration and validation efforts: 

Concentration propagation in a board machine short circulation 
Board web dewatering 
Overall transient behaviour of the board making process during grade changes 
Heat accumulator tank temperature behaviour during a 24 h cruise 
Molten salt hydraulic losses and heat transfer in a TES process, transient behaviour 
during the storage charging, discharging and draining. 

 
Additionally, temperature-pressure profiles in flashing stages of the desalination plant were 
compared to literature data. The level of using measured data in this dissertation can be con-
sidered as typical in the simulation applications with this methodology; it is rather common 
that no measured data is available. This, on the other hand, is an important justification to use 
the methodology also in the early phases of the plant life cycle. 

This modelling methodology demands high level of details of the targeted system. This is a 
burden on one hand, but as pointed out in Publications 2 and 3, on the other hand it in-
creases the confidence of the configured models. It also enables the direct use of the physical 
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dimensions, which is straightforward, if the data just are available. Importantly, the method-
ology also supports the replication of the control loops and other I&C structures.  

Despite of being a common practise and sometimes considered as a virtue in modelling, 
model simplification by streamlining the system layout or control structures is not a trivial task 
to do. It brings a potential risk to lose dominant dynamics or cut an important causality chain. 
In fact, an appropriate correspondence regarding the system layout and unit operations with 
the actual counterpart raises the confidence in the model and the expectations for good align-
ment with the reality. There are also drawbacks in including high level of details: the modelling 
effort increases, the user’s learning time is prolonged, the model gets more complicated to fol-
low, the numerical solution and often the computational load simultaneously grow.  

The simulators in this dissertation have proven to work beyond the operational range, where 
the model was originally calibrated. Firstly, the board machine simulator’s prediction capabil-
ity remained, even if the AGC was re-tuned, which significantly changed the system behaviour, 
when for instance the ramping rate of the machine speed was more than doubled. This would 
have most probably deteriorated the performance of a data-driven model. As a second exam-
ple, the molten salt TES case used separate data sets for calibrating and validating the model, 
and the validation set produced comparably good predictions even though they included ex-
periments with a different operation mode and larger set point changes. 

The theme on the fluid property calculation (Table 1) included the development of a seawater 
and air system, and a system of general thermal liquid with air as the cover gas. The former 
was only qualitatively validated in the simulation study. However, the target system was in-
dustrial-size and the design data were compatible with the recent literature that helped as-
sessing the results. The simulation data are openly available as supplementary material, which 
promotes scientific discussion and discovery of possible issues. The molten salt case employed 
and published a set of experimental TES data. The operational range with respect to pressure 
and temperature were rather limited, and the instrumentation was not particularly designed 
for validating the fluid dynamics calculations. Nevertheless, the outcome from the validation 
study is considered very valuable for future applications with the methodology.  

The fluid development theme has been present also in the author’s previous research work, 
including one validation study. A fluid property calculation for LBE (lead-bismuth eutectic al-
loy) and argon as the cover gas was developed for simulating Generation IV reactor power con-
cepts. The research included uncertainty quantification showing good agreement with the ex-
perimental data, for example in natural circulation studies (Mickus et al., 2015).  

4.4 Modelling considerations

The means and choices for developing mathematical models are sometimes joined under the 
‘art of modelling’. There is no need to mystify modelling; it can be approached in a systematic 
way. This is straightforward in engineering and manufacturing companies who do their busi-
ness with a limited range of processes and equipment. In industrial engineering activities, it is 
practical to choose engineering tools and stick with those. Modelling is generally considered 
quite a theoretical domain with a lengthy learning curve. This may lead to use the selected tool 
also for such a task, which optimally would need a different approach. A saying ‘if all you have 
is a hammer, everything looks like a nail’ may come true. On the other hand, a familiar 
tool/methodology has a low threshold to use, and the existing understanding of the results’ 



55 

validity is crucially valuable. Re-use of the existing models speeds-up the next projects. Never-
theless, no methodology masters everything, so modelling and knowledge transfer challenges 
will remain. 

An experienced modeller knows the appropriate level of details to achieve a proper model, 
i.e. a model that provides the accuracy required for a given application with minimal complex-
ity (Ersal et al., 2008). To consistently use the same methodology in modelling may fight 
against the principle of parsimony, which seeks the simplest representation for the task and 
problem at hand (Hangos and Cameron, 2001). Gaining modelling experience and obtaining 
quantitative results on the simulation accuracy help in this respect. On the other hand, this 
dissertation has shown that all the benefits in a simulation project are not necessarily known 
beforehand.  

One common challenge is to estimate the missing parameter values, e.g. when the modelling 
takes place in the early phase of an engineering project. This is more related to general engi-
neering skills. Nonetheless, a proper modelling and simulation tool supports novice users with 
good default values, relevant input/output parameters/variables, wizards, examples, tutorials 
and user documentation, and other user-friendly features. 

Sometimes, sticking by the selected methodology may bring up modelling challenges that are 
threatening an engineering project’s timetable or using plenty of resources. One commonly 
met situation is having a system within a system. To what level the rigorous methodology 
should be followed, or is it required throughout the system? The electric chiller in the ship case 
(Publication 3) gives an example. It was not modelled by going deep in the physics but using 
its known characteristics in a simple way. Another example, outside Publications 1–5, can 
be found in a modelling of a car manufacturing energy systems (Savolainen et al., 2015), where 
another type of chiller, an absorption chiller, was modelled as a data-driven modelled block 
within the mechanistic overall model. In industrial projects, the practical responsibilities lead, 
where the work is focused. Deciding on the modelling approach requires an analysis what are 
the main process phenomena and where the dominant dynamics come from. Whenever an ex-
cessively simplified sub-model is used as a part of the mechanistic system model, it should be 
implemented in such a way that the mass and energy conservation laws are not violated in the 
main model.  

In the methodology used in this dissertation, the form of the model representation is easy to 
communicate with and to be adopted by process and control engineers. Dynamic simulation 
provides means to communicate ideas and deficiencies in the design, both in the process and 
control fields. This also integrates the design team and spreads knowledge over the engineering 
disciplines. 

The research community in the field of computational simulation has been traditionally fo-
cusing on the model development and the numerical solution techniques. To flourish in the 
industry, simulation-aided engineering needs more emphasis on the thorough exploitation of 
the built simulators. Dynamic simulation is a method, where completing the model is compa-
rable with commissioning a test facility: the experiments are just to begin. Finding the proper 
answers may still require significant efforts. The design phase is hectic and thus smart ways to 
accomplish test matrices, sensitivity analysis (Savolainen and Lappalainen, 2015), scenario 
studies, and optimisation are needed (Savolainen, 2019). As one proposition, simulation-based 
optimisation in the cloud is currently investigated (Lappalainen et al. 2019). 
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4.5 Research hypotheses evaluation

The modelling methodology, discussed in this dissertation, was applied outside its original 
power plant application domain. Compared to other modelling approaches used in simulation 
applications similar to the cases in Publications 1–5, the most distinguishing principle in the 
methodology is using the dynamic momentum balance that is implicitly solved besides the 
mass and energy balances. In other words, the fluid flows in the case models are pressure-
driven. Another principal differentiator is the modelling approach that allows causality 
changes in the system behaviour. In other words, the modeller does not fix the system causality 
in the model configuration phase. The cross-case analysis, being part of the qualitative research 
and case study approach used in this work, suggests the following assessment for the hypoth-
eses.  

4.5.1 Hypothesis 1 

The first research hypothesis set in Subchapter 1.2 claimed that the methodology brings up 
benefits that are meaningful and valuable in industrial engineering also when employed be-
yond its traditional application domain. 

The synthesis of the contributing results supports this hypothesis. Firstly, the industrial cases 
presented in this dissertation are applications, wherein the use of this methodology has not 
been reported before in the scientific literature, not at least in large extent. In the case of CCS 
capable power plant, the domain is not new, but the process concept includes several novelties. 
Secondly, as previously discussed and illustrated in Figure 19, the case studies in Publica-
tions 1–5 have shown significant case-specific and generic benefits in the research and devel-
opment phase of a novel process, as well as in the analysis and troubleshooting of an existing 
plant or facility.  

Besides the observed benefits, it is claimed that large uncovered value exists in the simulators 
and modelling capabilities developed. This is justified firstly by the finding that the methodol-
ogy promotes updating and re-use of the simulators, and secondly by the fact that the new 
features have been implemented and documented in the commercial Apros software, thus be-
ing available for the software users.  

4.5.2 Hypothesis 2 

The second hypothesis suggested that the methodology has particular characteristics to sup-
porting simulation-aided engineering during the plant life cycle.  

The successful accomplishment of the diverse simulation cases in the dissertation support 
this hypothesis. The selected cases represent a wide range of industrial processes and deal with 
engineering tasks in different phases of the process life cycle, as presented in Figure 19. The 
cases include modelling and simulation in R&D and conceptual design phases, with only scarce 
engineering data available. The marine simulation case was carried out around the ship com-
missioning phase. The board machine grade change case dealt with contemporary develop-
ment needs at a modern board machine. The thermal desalination case and the molten salt 
energy storage case improved the fluid calculation capabilities. This shows that the homoge-
neous two-phase flow model can be extended with new working fluids according to the needs 
in new industrial applications.  
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In addition, 0utside the cases in Publications 1–5, the author has followed and participated 
in development that further supports the hypothesis 2. The first topic addresses the use of plant 
design data in the model configuration. This data is typically aggregated in a CAD tool, such as 
the ones for piping and instrumentation drawings and plant 3D models. Direct use of this data 
for configuring simulation models has been pursued for some time already (Karhela, 2002) 
and has been demonstrated within the Apros environment (Kjäldman et al., 2014). Recently, 
promising results were obtained in a study for automatic generation of the simulator from 3D 
models (Santillán Martínez et al., 2018b).  

The second topic reminds about a short but crucially important period in the process life 
cycle between the plant installation phase and the operational use. The experiences therein 
have shown the competence of the methodology in the automation system testing and operator 
training (Laukkanen et al., 1997; Lappalainen et al., 1999; Tervola et al., 1999; Tahvonen et al., 
2009).  

Lastly a topic that has recently been discussed in many fields of industry: digital twin (Grieves 
and Vickers, 2017). In the process and energy industries, a system-wide digital twin can be 
considered as a set of information constructs that develops in the engineering project, supports 
the design evaluation and commissioning phase, and then is connected online to advantage the 
plant operation in many ways. In the latter role, it is inherently dynamic and capable to adjust 
itself with the physical counterpart. The online use of mechanistic simulators has remained 
rather limited, even if there is a lot of unused potential (Pantelides and Renfro, 2013). It seems 
probable that methodologies, such as the one used in this dissertation, will play an important 
role in digital twins. Recently, (Santillán Martínez et al., 2018a) proposed an approach for cre-
ating a simulator, which is capable to keep track of the physical plant online, by adapting an 
Apros model from the plant design phase. They developed and demonstrated a software archi-
tecture and methods for model initialising, dynamic estimation and predictive simulation 
(Santillán Martínez et al., 2018a). These developments further promote the usefulness of the 
methodology during the plant life cycle.  

4.5.3 State-of-the-art perspective 

When reflecting the hypotheses 1 and 2 against scientific literature, the publications are scarce. 
However, there are numerous studies, where the case and modelling methodology shares sim-
ilarities with this thesis. This work approached the cases by extending the thermal-hydraulic 
system simulator. Naturally, there are modelling and simulation environments that were de-
veloped for a different field of process industry from the beginning, such as Aspen HYSYS or 
gPROMS for chemical processes. Many applications with these tools employ the dynamic mo-
mentum balance. On the other hand, there are software that support multi-domain models, 
such as Simscape by MathWorks or Modelica-based tools Dymola and SimulationX. These 
multi-domain tools seems to be mostly applied outside the chemical process industry or power 
industry, where the dedicated tools are naturally strong.  

The various Modelica-based tools provide capabilities for modelling physical systems con-
taining mechanical, electrical, electronic, hydraulic, thermal, control, electric power or pro-
cess-oriented subcomponents (Modelica, n.d.). The emphasis of the different disciplines varies 
from tool to tool. In this work, applying the dynamic momentum balance has been an im-
portant qualifier. It was not easy to find comparable industrial applications among the numer-
ous published Modelica studies, when not considering the power plant applications, such as 
(Casella and Colonna, 2012). Actually, many publications lack the information whether the 
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momentum balance is included in its static or dynamic form, or considered at all. One inter-
esting application for the methodology is simulation of liquid food processing, characterised 
by complex rheological behaviour, transport delays and dynamically changing concentrations 
(Skoglund, 2003; Skoglund et al., 2006). As discussed in the ship energy efficiency case, the 
HVAC systems have characteristics, where dynamic mass, momentum and energy balances are 
needed to provide realistic system simulation. This has been an active research area among the 
Modelica language users; related applications are thoroughly reviewed in (Li et al., 2014), also 
addressing the prevailing limitations. 

This work adopted the expression of acausal modelling for characterising the physics-based 
modelling style, where the modeller does not fasten the system causality in the modelling 
phase. The term is predominantly used within the Modelica Simulation Environments 
(Modelica, n.d.). Originally, the term seemed to solely refer to the style of writing the model 
formulations, based on equations not specifying which variables are inputs and which outputs 
(Fritzson, 2004). Today, the interpretation of the acausal modelling seems to cover also graph-
ical model configuration: the model is composed of acausal components, and the system solves 
the causality. This modelling style is evidently gaining ground. It is commonly said to be more 
legible and less prone to modelling mistakes (Kofránek et al., 2008), which is easy to agree 
based on the findings of this work.  

Even though modelling methodologies and simulation software are continuously improving, 
significant workload is still required to build up a model of an industrial process and the related 
I&C systems. Accordingly, it is natural to make every effort to promote the model configuration 
phase and versatile re-use of the model once built. Intelligent model re-using during the plant 
life cycle has been sought for a long time with the simulation environment used in this work. 
The focus has varied, emphasising different topics and stages of the life cycle differently. For 
instance, Laukkanen and colleagues used a papermachine model for control design evaluation, 
but mostly for operator training and system analysis (Laukkanen et al., 1998; Laukkanen, 
2001). Juslin addressed the topic from the algorithms and data structures point of view (Juslin, 
2005). Paganus and co-workers (Paganus et al., 2016) focused on engineering workflow and 
standard interfaces in basic and detailed design phase. Santillán Martínez and his co-workers 
developed a method for automatic generation of a thermal-hydraulic simulation model from 
3D plant model information (Santillán Martínez et al., 2018b). They also extended the model 
lifetime for the operation phase by introducing methods and tools for online use of the simu-
lator (Santillán Martínez et al., 2018a). Recently, Savolainen presented different mathematical 
tools for supporting the value generation in different phases of the plant life cycle (Savolainen, 
2019). The findings in this work are well aligned with these previous results. 

In 2014, Oppelt and co-workers conducted an interesting study on the current and future 
role of simulation over the life cycle of a process plant (Oppelt et al., 2015a). Altogether 198 
persons from companies and 23 from universities answered the survey, most of them working 
in engineering positions. Here are some interesting highlights from the survey. Dynamic sim-
ulation is the most common type of simulation in the use across the life cycle, but in design 
phase steady state simulation plays a major role. Using simulation across the life cycle is not 
industrial state-of-the-art. The primary driver found for simulation was assessing safety and 
quality aspects. Simulation was said to be most frequently used during engineering, followed 
by training and design, whereas least in operation. Four basic use cases were identified: design 
simulation, simulation supported engineering and virtual commissioning, operator training, 
and simulation supported plant optimisation. Simulation might not lower the overall effort, 
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but it does add value. Most of the time, there is no systematic process how to use simulation in 
an organisation. The modelling effort is still considered high over the life cycle; there is a great 
demand for model re-use and co-simulation. Simulation was not only used by dedicated ex-
perts, but also by domain experts, e.g. automation engineers. Important future expectations 
are to obtain simulation-driven solutions for plant engineering, and standards for interfaces 
and architectures. Critical factors to increase the use of simulation across the life cycle were 
stated: modular, flexible and open tool chains; continuous use of simulation; providing infor-
mation that management needs; and including simulation in the engineering workflows.  

Based on the findings from the online survey, Oppelt and co-workers presented a prototype 
implementation that supports the concurrent use of simulation within the plant life cycle 
(Oppelt et al., 2015b). They discussed the software architecture and workflow with a small pro-
cess example and Siemens AG software products. They focused on the tool-chain and interfaces 
rather than characteristics of the simulation model. They concluded that even with the availa-
ble set of tools a much more integrated use of simulation can be realized. Based on the experi-
ences and outcome gained in this thesis, the results and future perspectives by Oppelt and co-
workers (Oppelt et al., 2015a, 2015b) are easy to agree with. 
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5. Conclusions

The cases presented in this dissertation have employed the mechanistic thermal-hydraulic 
modelling principles to five different industrial systems: a board machine, a carbon dioxide 
capturing power plant, ship energy systems, a seawater desalination plant and a thermal en-
ergy storage facility. The modelling and simulation environment Apros has been used and fur-
ther developed. Besides the cases cover a large range of applications, they address different 
phases in industrial plants’ life cycle from research and development (R&D) into operation. 
The overarching scientific approach was grounded on mixed-method research including both 
quantitative and qualitative methods. The qualitative research part employed the case study 
approach and used cross-case analysis in the synthesis of the case-specific outcomes. 

System-wide modelling delves into the system parts, structures, unit operations, interac-
tions, controls, operation practises, etc. — whether driven by available as-built information or 
by design ideas in an ongoing engineering project. The reported studies conformed an obser-
vation, which has been also previously associated with modelling: significant benefits can al-
ready be attained during the model build-up phase. The results suggest that this is plausible, 
when the methodology provides apparent correspondence with the real system structure and 
underlying mechanisms. A detailed simulator based on mechanistic models is foreseeable in 
its performance. Therefore, it answers the primary questions and delivers the value, but often 
it also opens discussions and visions for further knowledge. 

Luyben stated that ‘Steadystate design calculations tell us nothing about what the dynamic 
response to the system will be’ (Luyben, 1990). The characteristic dynamic nature of sub-sys-
tems, the way they are configured together and the applied control strategy, complicate signif-
icantly the system analysis. The cases in Publications 1–5 emphasised the unique way a sys-
tem-wide dynamic simulation integrates the process and control disciplines in a virtual envi-
ronment and allows their coupled examination. This opens up important applications, which 
support engineering activities throughout the plant life cycle, including:  

Research and development of novel process and control solutions 
Concept and detailed design evaluation and design optimisation 
Automation testing 
Operator training 
Analysis, development and optimisation of systems in operation 

 
The relevance and applicability of the demonstrated methodology for industrial engineering 
can be reasoned and justified by the following characteristics:  

Capability to produce realistic system simulations without measured data  
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Appropriate and graphically represented correspondence with the real process and 
I&C parts that is easy to communicate to and adopt by both process and control en-
gineers 
Reasonable availability of unit operation models, working fluids and thermal-hy-
draulic models  
Convenient way of configuring the models and extending them when needed, includ-
ing numerical robustness in the simulation 
Capability to easily conduct what-if studies, using the tool interactively, by batch sim-
ulations or by more advanced methods 
Relatively fast calculation for the simulations, faster than real time even for plant 
wide models 
Adequate prediction accuracy  
Feasibility to hand-out a modelling work or a ready simulator to a new person  
Possibility for distributing the model-building effort for a team 
Connectivity with other software, e.g. CAD/CAE tools, and hardware, e.g. I&C sys-
tems. 

 
The list above goes beyond the direct methodology implications, as some aspects are directly 
related to the solvers, the user interface and the general maturity of the modelling and simula-
tion environment. However, the listed topics are very important for the success in simulation-
aided engineering. After all, the modelling methodology is setting the foundation from the very 
beginning of the development. 

Simulation-aided testing of the I&C functionality is becoming a common practise in many 
fields, where the systems complexity evolve due to fair reasons like flexibility and energy effi-
cient operation, but where safety and availability requirements are high. Fields such as nuclear 
power, aviation and automotive systems are good examples, where this has already estab-
lished. Accordingly, they have a long tradition in using simulation-aided testing approaches, 
such as hardware in the loop (HIL), and different add-on software for conducting the tests in 
a reproducible and automated way.  

The ongoing energy systems’ transition is forcing the industry to adapt simulation more 
tightly in the engineering practises. In order to fully adopt simulation-aided engineering, the 
industry needs to adjust the traditional engineering workflows. Ideally, all design decisions are 
based on simulation, starting from the concept design phase. The reasoning is that the more 
extensively bad design decisions are avoided or the earlier they are detected, the less they cost 
for the project.  

A new field where simulation-aided engineering is developing is the marine industry. Con-
sider a modern cruising ship, which features innovative solutions for energy efficiency and 
passengers’ comfort. It is built up in a very tight schedule, culminating with the phase of in-
stallations and testing. It is the last time to inexpensively fix equipment, adjust settings, refine 
control logic, correct faulty interlockings, check scenarios for safety, and exercise operational 
practises. After the inauguration, defects are far more difficult and expensive to correct, and 
may even cause danger to passengers, operating staff and the system. Accordingly, investments 
to testing and assuring the design decisions are well justified. The mechanistic thermal-hy-
draulic modelling provides a solid building block in this endeavour. 

All methodologies have limitations. The methodology addressed in this dissertation is limited 
by the following aspects: 
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The model component library needs extensions in novel applications and modifica-
tions to the platform code are necessary 
The model configuration requires substantial time and detailed input data which may 
prevent using the methodology in the concept design phase 
The calculation speed may not be satisfactory for time-limited applications, such as 
making multiple plant-wide prediction simulations online for advisory or optimisa-
tion purposes 
Validation experiments cover operational situations only partially and the prediction 
accuracy is sometimes difficult to estimate 
Some phenomena to be modelled are heavily dependent on the geometry, which re-
flection in the modelling requires expertise and detailed information 
Regarding the homogeneous two-phase flow model 

o The thermodynamic equilibrium assumption is not applicable for all process 
systems. It requires experimenting and validation work to confirm the ap-
plicability. 

o As the fluid transition applies homogeneous mixture of phases, it suits poorly 
for certain type of physical arrangements and flow modes. For instance, drain-
ing a pipeline by gravitation when the drained volume is simultaneously or in 
pulses replaced by gas. 

 
When looking at the future of the methodology addressed in this dissertation, there are two 
directions, which especially have large impact on its progress in the industrial use. Firstly, the 
model configuration phase should be facilitated, and secondly, the simulator’s employment 
should be intensified.  

The model configuration often relies on existing data that is found in the organisation’s doc-
ument or data repository. Direct use of the engineering data by tool integration or export/im-
port functionality would be a key improvement. This development is ongoing e.g. in the DEXPI 
initiative, where the objective is to develop a standard for engineering data exchange in process 
industry (DEXPI, 2019). VTT participates in the development and Apros already supports the 
standard. More CAD/CAE software vendors are needed to expand the DEXPI community and 
its applicability in practical modelling projects. 

After the efforts seen for building up a high-fidelity simulator, it is worth emphasising its 
employment. Because dynamic simulation studies are rather time-consuming, there should be 
supporting tools and methods to fully exploit the simulators and produce different scenarios, 
test matrices, sensitivity analyses, optimal equipment and operating parameters, uncertainty 
limits, etc. This need has been recognised and there are related developments ongoing.  

 
Today, the climate change mitigation should be the number one driver in the energy sector. 

The topic is complex and global in nature, and taking major advancements requires political 
decisions over the various national incentives. Despite of these decelerating factors, the energy 
sector is currently experiencing a remarkable transition. The various carbon neutral and re-
newable energy sources and the use of energy storages are increasing their share on energy 
markets. The related business is turning profitable without governmental subventions.  

The time of centralised energy production seems to be over. The new energy sources inher-
ently promote a decentralised approach; even the nuclear power sector is looking at smaller 
production units. Simultaneously, the intermittent nature of renewable energy sources have 
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radically changed the requirements for flexibility in energy production. Additionally, require-
ments for energy efficiency within the existing systems continuously increase, while the system 
integrators need to tackle with the encompassed complexity and guarantee high reliability and 
availability. Also in the energy sector, different technological advancements and innovations 
work as disruptive game-changers and create opportunities and new business models. All of 
this, when settling down to the technical level, calls for agility and proven methods to virtually 
study the emerging energy concepts, both with respect to process and automation, and to eval-
uate their performance in a fast, efficient and reliable way. The system-wide dynamic simula-
tion with mechanistic thermal-hydraulic models has an important role here, and the method-
ology discussed in this dissertation is suggested as one of the robust pillars to build on. 
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Errata

 
Publication 4 
 

a) Equation 6 in page 244 has been corrupted during the publication process of the article. The cor-
rect equation is as follows: 

 
b)The reference for the air property calculation is incorrect in page 245. The sentence should be: 

We used the simulation platform’s standard property calculation for air, based on Vasserman 
et al. (1966), Vasserman and Rabinovich (1968). 

 
Vasserman AA, Kazavchinskii YZ, Rabinovich VA, Thermophysical Properties of Air and Air 
Components, Academy of Sciences of the USSR, Moscow, 1966 (translated from Russian in 
Jerusalem 1970) 
Vasserman AA, Rabinovich VA, Thermophysical Properties of Liquid Air and its Components, 
Academy of Sciences of the USSR, Moscow, 1968 (translated from Russian in Jerusalem 1971). 

 
c) The temperature legends for Condenser and Flash tank have interchanged in the upper-left pic-

ture in Fig 4, page 248. The correct order is such that the Flash tank temperatures are higher 
than the Condenser temperatures in each stage. 

 
Publication 5  
 

a) The sentence in page 141 is written: Again, we tested with 7a and found that similar slowness is 
reached if the temperature sensor’s time constant is increased from our original 10–300 s. The 
correct form is: Again, we tested with 7a and found that similar slowness is reached if the tem-
perature sensor’s time constant is increased from our original 10 s to 300 s. 

 
b)Appendix B, Table B1, page 143. The constant term for Dynamic viscosity is incorrectly  

while it should be . The correct equation is: 
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a  b  s  t  r a  c  t

Dynamic  process  simulation provides  a tool  to  evaluate  operational  issues  of a new  process  concept

before  the plant  construction.  This  paper  studies a carbon  capture and storage  (CCS)  capable  power plant

concept with  a model including  a supercritical once-through  CFB  boiler with gas and water  steam  sides,

a  turbine  island, an interface  from the air  separation  unit (ASU)  and  the  control system to  manage  typical

operational  transients.  Switching between  the  air  and oxy firing modes is one of the  key operations  in

oxy  combustion  processes.  The selected mode  switching strategy  uses simultaneous  linear  ramps for  the

mass  flows  of the  primary and secondary air,  oxygen,  and recirculated  flue  gas.  The  results  show  that

the  firing  mode can be  successfully switched within  25–37 min.  The  flue gas path  difference  between the

air-firing  and  oxy-firing  modes due to  the  flue gas recirculation  causes  significant  differences  in  dynamic

behaviour.  The  simulations  emphasize  importance  of good  control  and  coordination  of the gas flows.

Feedback  control of the flue  gas  and/or  oxidants  O2 content during the mode  switching is suggested

to  improve  robustness  against  disturbances,  for  example, in oxygen  delivery,  flow  measurements,  fuel

feeding  and combustion.

©  2014  Elsevier  Ltd. All rights  reserved.

1. Introduction

Finding effective ways to slow climate change and reduce green-

house gas emissions is one of the  greatest environmental challenges

today. Carbon capture and storage (CCS) may  be the most promising

of the available technologies to significantly reduce carbon dioxide

(CO2) emissions. The three major technologies for carbon capture

and storage in the power industry are  pre-combustion, post-

combustion and oxy (oxyfuel) combustion (Kunze and Spliethoff,

Abbreviations: AIR, air stream into primary/secondary oxidant; ASU, air sepa-

ration  unit; CPU, CO2 purification unit; CFB, circulating fluidized bed; FG, flue gas

side; GOX, gaseous oxygen stream into primary/secondary oxidant; HP, high pres-

sure; IP, intermediate pressure; LP, low pressure; LOX, liquid oxygen; PC, pulverized

coal; RFG, recirculated flue gas stream into primary/secondary oxidant; WS,  water

steam side.
∗ Corresponding author. Tel.: +358 20  722 6988; fax: +358 20 722 7052.

E-mail  address: jari.lappalainen@vtt.fi (J. Lappalainen).

2012). This paper investigates oxy combustion, which refers to a

method in which oxygen (O2)  is used in combustion, and flue gases

are recirculated as such, or after cleaning stages, to dilute the O2

content in  the oxidants to a feasible range. As the oxidants are

close to nitrogen – (N2)  free, a high CO2 content in the flue  gas

can be reached, which facilitates its capture in the CO2 purification

unit (CPU). Some N2 and argon remain in the flue gas due  to air

inleakage and impurities in the  O2 produced. The oxy combustion

process differs from the conventional plants, but retrofitting to oxy

combustion is  possible.

The  oxy combustion power plant, including the supplemen-

ting process units needed for continuous O2 production and CO2

capture, is a challenging topic from the operability point of view.

Synchronization of process units and flexibility in operation is

required especially in the oxy firing mode. The plant start-up and

shut-down are conducted in  the air firing mode, which makes

the switch between the  modes a rather frequent task. Fast mode

switching from oxy to air is also needed in case  of operational issues

http://dx.doi.org/10.1016/j.ijggc.2014.06.015

1750-5836/© 2014 Elsevier Ltd. All rights reserved.
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in flue gas recycling or O2 supply. The mode switching comprehen-

sively affects the compositions, density and heat capacity of the

flue gases, inducing changes into heat  transfer, operational aspects,

as well as safety requirements. The gas side process experiences

a structural change due to the flue  gas recycling, which is used

only in the oxy mode. Moreover, the switching includes/excludes

the ASU and CPU units, which emphasizes the system design in

the interfaces with the boiler island. These are examples of issues,

which dynamic process simulation can address thus justifying the

development efforts for models with adequate scope and rigour.

Dynamic simulation is the proven tool to evaluate the process

design and control design together.

The literature on dynamic simulation of  the oxy combustion

processes is very limited. Moreover, the  majority of the studies

belong to the domain of computational fluid dynamics (CFD) (see,

e.g., Scheffknecht et al., 2011). Because the  CFD methodology is not

generally suited for control and operability analysis of large sys-

tems, only the dynamic process simulation studies were reviewed,

see Table 1.

Most  of the papers investigate PC plants and show only few

simulation results. This paper presents a modelling and dynamic

simulation of the oxy combustion supercritical once-through CFB

boiler, including the flue gas and water steam sides, the  turbine

island, and the interface between the ASU and boiler. The modelling

and simulation were conducted with the  commercial simulation

platform Apros. The plant dynamics is demonstrated with a wide

set of process variables in firing mode switches. A simple switching

strategy with ramp-wisely controlled mass flows was selected. The

mass flows (instead of volume flows) are used to give insights on

the mass balances and dynamics. Furthermore, no O2 content con-

trols of the gas streams were used during the switching to highlight

the system behaviour with the  strategy selected.

The structure of this paper is as follows. Section 2 describes

the power plant concept, the  modelling platform and the scope

of the modelling. More details on the simulation methodology and

description of the new CFB model component are given in  supple-

mentary material. Section 3 first presents a base case simulation

of firing mode switches from air to oxy and back to air. Sensitivity

aspects are then discussed and illustrated by additional simula-

tions. Finally, the methods used and the results are  discussed in

Section 4, and Section 5 sums up the main conclusions of the study.

2. Methods

2.1. Power plant concept

The  work here presented has been part of the FLEXI BURN CFB

project (VTT, 2013) under the  EU Seventh Framework Programme

(FP7), which developed and demonstrated an oxy  combustion con-

cept  based on CFB combustion and  a supercritical once-through

water steam cycle. The project included experimental work within

oxy combustion and CFB technology in the  laboratory, pilot, and

industrial demonstration scale. It also included the  development of

an OXY-CFB-300 power plant concept, which has been the  basis for

this modelling and simulation study. The concept was  designed for

high flexibility in respect of fuels and oxidants; continuous opera-

tion both in the air and oxy modes is  possible.

The CFB technology has been intensively developed in the  last

two decades for use in utility boilers. Thus far the  largest power-

generating unit (460 MWe) with supercritical CFB (traditional air

firing) started operation in  2009 in Łagisza, Poland. The advantages

of circulating fluidized bed combustion include high efficiency,

fuel flexibility, the option to use a large proportion of biomass

in the fuel, and emission control without any use of secondary

systems (Ostrowski and Goral, 2010). The fuel flexibility helps to

compensate for the additional costs of CCS by allowing the use of

lower quality fuels. The functionality of the oxy combustion CFB

technology has recently been proven in  the CIUDEN demonstration

power plant in  Spain, which is the  largest (30 MWth) operational

oxy combustion CFB plant.

Fig. 1  presents schematic flow diagrams of this 300 MWe CCS-

capable power plant. The system is comprised of the  ASU, the  boiler

island, the turbine island and the CPU. The ASU performs cryogenic

air separation to produce O2 (96.6 mol% purity) for the  oxy firing

operation, and  the  CPU purifies and compresses the  CO2 for trans-

portation or storage. Estimates for  the energy penalty of the CCS

with the oxy combustion approach are  generally 7–12% (Zapp et al.,

2012).

The boiler island design is based on  Foster Wheeler’s Flexi-

BurnTM technology. The boiler island includes feed systems for

fuel, sand and limestone; primary and secondary oxidant streams;

furnace; cyclone; return leg;  baghouse; heat recovery system to

preheat the  gaseous oxygen (GOX) streams; flue gas recirculating

(RFG) system; and  different types of  heat exchangers to transfer

heat from flue gas and  fluidized solids into water and, on the other

hand, from water steam cycles to gas streams. The term oxidant

stream (or simply oxidant) is used here to describe the  gas stream,

which carries O2 to the furnace. The primary and secondary oxidant

streams begin in the point where GOX and RFG streams are mixed.

In the air mode the gas stream to the same point is obtained from

outside air, hereafter simply called as AIR. The flue gas circulation is

only used in  the oxy firing mode. The circulated CO2-rich flue gas is

divided into primary and  secondary streams, which are  mixed with

the corresponding GOX streams, thus diluting the formed synthetic

oxidants into a reasonable range of O2 content to control the com-

bustion temperature and guarantee safe and economic operation

of the boiler. After the  mixing point, there are steam preheaters to

heat up the oxidants before injection to the  furnace. The flue gas is

recirculated as wet  gas; the  flue gas water is removed in  the  CPU

process area before the gas compression.

Fuel, limestone and sand are  fed into the bottom of  the CFB

furnace. The limestone is  fed to capture sulphur in the  bed, thus

minimizing the SOX emissions. The sand feed is  needed at start-up

and, occasionally, during the operation to maintain the bed mate-

rial balance. The oxidant streams fluidize the  solid material, which

is partly carried to the upmost parts of the  furnace. The primary oxi-

dant is used to control fluidizing, whereas the secondary oxidant

is used to control the  flue gas O2 content. As the smaller particles

of the  fluidized bed in the  furnace rise up,  some of the solids are

withdrawn in the outlet flow. The solids are separated and returned

(circulated) back to the  furnace. Special fluidized bed heat exchang-

ers (INTREXTM) are used to extract heat from the circulated, hot

material into the water cycles.

The water steam side consists of cycles that serve the high

pressure (HP), intermediate pressure (IP) and low  pressure (LP) tur-

bine stages, and the  preheating of the  oxidant and GOX streams.

The supercritical HP cycle includes an economizer, hanger tubes,

INTREXTM chamber, evaporator, furnace roof heat exchangers and

superheaters I–IV. More details on a similar type of supercritical

CFB design, yet limited to air  firing, can be  found, for example, in

Ostrowski and Goral (2010).

2.2. Modelling platform

The  modelling and simulation tool used in this study is the com-

mercial simulation software Apros (Apros Combustion 5.13). The

Apros platform (Apros, 2014) provides an environment for config-

uring and  running simulation models of industrial processes, such

as  combustion and nuclear power plants (Silvennoinen et al.,  1989).

Besides the  process systems, the  controls and binary automation,

as well as the electrical systems, can be modelled. The simulation
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Table  1
Dynamic process simulation studies on  oxy combustion power plants.

Reference Modelling method and scope Plant type Presented simulation results

Yamada et al. (1999) In-house, FG  and WS  1000 MWe PC, supercritical Air-oxy switch during plant start-up

Haryanto and Hong (2011) Equation-based model

development; FG  and  WS

PC Step changes to fuel/gas

flows/concentrations with linearized

model

Postler et al. (2011) Apros; FG  and WS 250 MWe,  PC Load change, trip  of  recycle fan

Kuczynski et al. (2011) In-house for FG and WS,  Aspen

Hysys for  ASU and CPU

800 MWe, PC, supercritical No oxy combustion results shown

Jin  et al. (2013) Aspen Plus Dynamics; ASU,

boiler (FG), CPU

600  MWe, PC Air-oxy  switch, disturbance to RFG

Hultgren  et al. (2014) In-house 1D hotloop model, FG

and CFB solids

CFB Air-oxy switches, step changes to RFG

flow

environment aims to  meet the requirements for testing, design,

analysis and training simulator applications, see examples in  the

references: Alobaid et  al. (2009), Kettunen and Paljakka (2006),

Näveri et al. (2010) and Lappalainen et  al. (2003). The general con-

cept of the modelling, principles of thermal hydraulic solution, and

the novel CFB model component used in the study are described in

the supplementary material.

2.3. Modelling scope

2.3.1.  General

The  modelling was conducted in a research project with several

partners, and it followed that the input data were received from

various sources with different levels of  details. The  base case  for the

model building was 100% load in  the oxy mode. The turbine island’s

flow, pressure and temperature information was provided for that

only. For the boiler modelling performance data were available

also for the air mode operation, and for other loads, down to 40%.

Due to the mechanistic and time-dependent modelling approach,

rather high accuracy was needed in respect of equipment dimen-

sioning and controls. As no  detailed information, such as tank and

piping dimensions was available, the  modelling was based on gen-

eral engineering knowledge. For example, the desired flow velocity

in tubes/ducts was 2–3 m/s  for liquid, and 10–15 m/s  for gaseous

flows. As another example, it  was estimated that the  length of the

route from the boiler to the flue gas recirculation point is  100 m  in

the plant of this size.

2.3.2.  Air separation unit

The  ASU is the first process step in an oxy combustion power

plant because O2 cannot continuously be  transported from else-

where when operating on  an industrial scale. The O2 production

must  provide the  required quality and production rate to keep the

combustion running in  the oxy mode. The interface between the

ASU and the  boiler needs to handle occasional overruns and short-

falls in the production of the gaseous O2. Excess O2 can be vented

into the atmosphere. A shortage can be  supplemented from a buffer

tank of liquid oxygen (LOX). The ASU process can be designed so

that  besides the  normal GOX production, LOX  can also be produced

to fill up the buffer tanks. The LOX production rate, however, is slow

compared with the GOX production capacity.

Due to the  cold box, mechanistic modelling of  ASU was  con-

sidered challenging, and a fairly big development effort for  the

simulation platform would have been required. Thus, it was left out

of  the model scope. The nature of  the cryogenic distillation process

is very energy intensive (Vinson, 2006), and there are research top-

ics  for modelling and simulation, such as heat integration with the

boiler island. On the other hand, the cryogenic industry is  used to

supply by the  changing demand and  is thus familiar with dynamic

operations (Vinson, 2006). The air separation industry has adopted

advanced process control methods well. For these reasons, the  O2

supply dynamics were described with a simple interface process

between the ASU and the boiler; see Fig. 2. The ASU was supposed to

provide  gaseous O2 within the specified purity and capacity range

and with a limited rate of change.

The GOX stream from the ASU is seen in  the bottom left corner

in Fig. 2. The pressure and temperature (125 bara, 5 ◦C) of the  O2

supply point act  as boundary values. The GOX flow is adjusted by a

flow control loop, which set point change is limited, which imple-

ments the  limitation of the ASU’s load change. The LOX buffer tank

(1.3 bara, −180 ◦C), shown in the  top left corner of Fig. 2 acts as

boundary condition too. After the buffer tank, there is  a condenser-

type heat exchanger that evaporates the oxygen. The steam flow

is controlled to retain the  temperature after the evaporator at the

Fig. 1.  Process flow diagram of  the supercritical oxy-fuel CFB plant (VTT, 2013).
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Fig. 2. Model diagram of the ASU boiler interface process.

desired value. The evaporated O2 is led to the GOX header, which

distributes GOX to the combustion as demanded by the primary

and secondary GOX flow controllers. There are two preheaters to

elevate the GOX temperature after the  header. The first one utilizes

the heat from the heat recovery system of  the flue gases. The second

one uses hot water from the LP Eco on  the boiler side.

The  GOX header plays a central role in  the suggested ASU boiler

interface concept. When the oxidant flow controllers request more

GOX, the demand is fed forward to the GOX flow controller from

ASU. The pressure of the GOX header is used to provide steady

operation by two functions. Firstly, if the ASU production cannot

respond fast enough, the pressure control of  the GOX header opens

the control valve in the LOX buffer line and supplementary GOX is

obtained by evaporation. Secondly, if the header pressure increases

over a limit, the pressure relief valve vents the excess gas.

2.3.3.  Boiler

The  CFB combustion model component calculates the combus-

tion and sulphur capturing reactions, flue gas flow, distribution of

solids and the heat transfer between the  gas and solids. The flue gas

path in the furnace is divided into calculation nodes, which are con-

nected with different types of heat exchanger model components to

transfer the combustion heat into the water tubes. The heat transfer

calculation includes both convective and radiative heat transfer.

The  furnace pressure was controlled with an ID fan in the flue

gas stream. The pressure set  point was set slightly under atmo-

spheric pressure. Air inleakage was approximated with a pipe from

atmospheric air to a single location in the furnace. The flow area

was adjusted to produce a flow of approximately 1 weight% (wt%)

of the total gas input. Three spray attemperators were included to

control HP steam temperature.

Fuel  is defined as dry substance in Apros. Therefore moisture

was injected as a separate water stream into the furnace. Table 2

presents the fuel used in the study: a mixture of Anthracite (Span-

ish) and Petcoke. 5% of the carbon was considered as unburned

carbon, and added to the ash fraction. The SOX and NOX emissions

are calculated by the model, but they were left out  of the scope

because the emissions were not considered as a crucial issue in the

firing mode switching.

Some  simplifications were made to reduce the modelling effort

in areas not considered essential to the targeted studies. Some heat

exchangers were combined into larger ones when justified without

losing accuracy. The fluidizing gas that transports the  circulating

solids  back to the furnace was neglected, and  the corresponding

gas flows were lumped into the oxidants streams. The ash removal

was done completely from the  flue gas stream, so  there was no

bottom ash removal. The flow controls of the  GOX, AIR and RFG

streams were realized with control valve modules (dampers).

2.3.4.  Turbine island

The  turbine island model (see Fig. 3) was built using a design

flow sheet with temperature, pressure and mass flow information.

No detailed information, such as dimensions of tanks or  piping, or

control structure was available, so  general knowledge on  power

plants (such as typical elevations and mutual distances of  devices,

volumes of tanks) and common design principles were used.

2.3.5.  CO2 purification unit

The CPU and its restrictions to dynamic operation were excluded

from the  scope of this paper. A recent dynamic modelling study

(Chansomwong et  al.,  2014) is recommended for those interested

in the  topic.

2.3.6. About model validity

The  authors believe that the  model has a proper level of accuracy

for the  studies presented. This is  justified firstly by Foster Wheeler’s

modelling experience of CFB boilers, see, e.g. Hultgren et al. (2014).

Yet this work was  conducted at VTT, dynamic response curves were

produced, compared with Foster Wheeler’s in-house simulations,

and the observed differences analysed for model improvements.

The second justification comes from the mechanistic modelling

approach used. The majority of the model components used have

Table 2
Specification of the fuel  used in  simulations.

Value Unit

Fuel analysis
Moisture 8.2 wt%

Ash, dry basis 28.1 wt%

Lower heating value, dry basis 23,860 kJ/kg

Element analysis, dry basis
C content 63.2 wt%

H content 2.5 wt%

N content 1.2 wt%

S content 2.8 wt%

O content 2.3 wt%
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Fig. 3. Model diagram of  the turbine island process. The green colour indicates connections to the model diagram of the boiler water steam side.

been validated extensively in  previous simulation projects. The

new CFB model in Apros software is a centric component in  the

study; its behaviour raised many questions during the project. This

is  addressed in the discussion part of the paper.

2.4. Firing mode switching strategy

The strategy for the firing mode switching was  kept as straight-

forward as possible. The basic principle was to replace the air-based

oxidants with the synthetic oxidants (or wise versa) within other-

wise constant operation of the system:

• The  mass flows of the  primary and secondary AIR, GOX and RFG

are  controlled, and their set points are changed simultaneously

with  linear ramps during a predefined time.
• The set points of the fuel feed, furnace pressure and HP steam

pressure  and temperature are kept constant.
• No  feedback information on  the  O2 content of the gas streams is

used.
• The  ramp synchronization is simply taken care of  by starting and

ending the ramps simultaneously.

The set points of the following mass flow control loops were

linearly ramped up/down:

• AIR  into primary oxidant.
• AIR  into secondary oxidant.
• GOX  into primary oxidant.
• GOX  into secondary oxidant.
• RFG  into primary oxidant.
• RFG  into secondary oxidant.

Note  that the  oxidant flows were not controlled directly, but

they consisted of the controlled GOX and RFG streams. The cal-

culation of  the  flow set  points for the new mode was  based on

the prevailing fuel feed and user-given parameters, such as the

primary oxidant/secondary oxidant ratio, and  RFG/GOX ratios for

both primary and secondary streams. The GOX and RFG streams

then determined the O2 content in  the oxidants. In this study, only

slightly higher content than atmospheric O2 was  used in  the oxy

mode for both oxidants.

To  manage the  water steam cycles properly, ramp-wise set point

changes were also made in the water mass flows to the LP Eco and

to the  HP Eco.

3.  Simulation results

3.1.  Mode switching from air to oxy and back

The first simulation example presents the  firing mode switch

from air to oxy and back to air. A ramping time of  20 min  was

selected, which is a challenging target for a power plant of this size.

The maximum rate of change of the  ASU production was  set to 3%

of the  total production capacity per minute, referring to Toftegaard

et al. (2010). It  was assumed that the  ASU is only able to operate in

the  range of 60–100% load (Toftegaard et al., 2010). Consequently,

the mode switching demands the use of  LOX or venting of GOX

to the atmosphere. The approach selected for this study is  to start

up the  ASU at 60% load before the switch is initiated and vent the

produced GOX into the  atmosphere before it  is needed by the boiler.

The simulation results are presented in the  following figures

(Figs. 4–11). In the beginning of the  experiment, the plant opera-

tes in  the air firing mode, with almost maximum load, for  the first
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Fig. 4. Air-oxy and  oxy-air firing mode switches: the manipulated gas flows primary and secondary AIR, GOX and RFG.

5 min. The flue gas O2 control is then switched to manual and  a

further period of 5 min  follows. The mode switch from air to oxy is

initiated at a time of 10 min. After the  ramping time of 20  min, the

operation continues for 20 min  without flue gas O2 control, until,

at time 50 min, the controller is set  to auto.

The  period between 10 and 30  min  in  Fig. 4  illustrates how the

AIR flows, both primary and secondary, are  reduced and replaced by

the combination of the RFG and GOX flows. The tightly tuned mass

flow control loops enable good linear performance for the ramps.

Fig.  5 shows the oxidant flows into the furnace, whether com-

posed of air or synthetic oxidant gas (or a mixture of these). The

oxidant mass flows are greater in the  oxy mode, because the gas

density increases in the oxy mode, and a higher mass flow is needed

to keep the volumetric flow unchanged to guarantee even fluidiza-

tion. The volumetric flows of the  oxidants are shown too in Fig. 5.

The bottom picture shows the  summed-up flows of the oxidants,

RFG and GOX, as well as the  resulting CO2 mass flow. When the sys-

tem reaches the oxy mode operation, the flue  gas flow is gradually

switched from the stack to the CPU inlet, initiated at the  end of the

ramping.

After 45 min  operation in the oxy mode, the  switch back to

air firing is first prepared by taking the O2 control to manual (at

95 min). The switch is initiated at time 100 min. The AIR flows

increase and replace the synthetic oxidants as the  RFG and GOX

flows ramp towards zero. The flue gas switch back to the  stack is

initiated already at the beginning of the mode switching, because

the flue gas CO2 content drops quickly. The set point calculation

gives precise target values for the gas flows, so flue gas O2 achieves

its desired level; practically no  changes are  seen when switching

the O2 control on at times 50 and 140 min.

The  basic idea to manage the oxidant flows is to maintain the

volumetric flows for even fluidization. This switching strategy ful-

fils  this condition after reaching the steady state, but during the

ramping the volumetric flows experience a significant rise due to

the controlled mass flows and the simultaneous density change in

the  recirculated flue gas. This affects fluidization and causes a dis-

turbance in the combustion, which is seen in the flue gas O2 content

too (Fig. 7).

Fig.  6 presents the composition (main gas components, mol%)

of the  primary and secondary oxidants and Fig. 7 the flue gas com-

position. The flue gas CO2 content reaches the steady state level

(66.9 ± 0.1  mol%) 37 min  after the initiation of the air-oxy switch.

Water is the other major component in the flue gas, whereas N2

content is slightly less than 6 mol%.

The flue gas O2 content, see Fig. 7,  is used as the main indica-

tor of success in the mode switching in this study. It  experiences

a fluctuation downwards when switching from air to oxy, and

upwards in the opposite switch. It also reaches the desired value

(4.0 ± 0.1 mol%) in 37 min  after the  initiation of  the switch. Like

described above, the origin of the  bumps was analysed to be in the

fluidized bed and combustion, not in O2 delivery. The accumulated

fuel in the bed is also changing during the switching; it settles at a

slightly different level after the switch.

It is noteworthy that the return to the air  mode is faster: the

flue gas O2, CO2, H2O and N2 reach steady air mode concentrations

soon after the ramps end (24–25 min  from the switch initiation).

This difference between the settling times can be explained by the

change in the process that takes place with the firing mode switch:

the air  mode does not use the flue gas recirculation, so this  dynamic

element appears/disappears from the process when the  RFG line  is

opened/closed.

The average CFB temperature and  furnace pressure are shown

in Fig. 8. All  pressure values in this study are given as absolute

pressure. The pressure deviates from the set point during the

mode switches, and returns to the target (998 ± 0.1 mbara) 37 min

(33 min) after the  air-oxy (oxy-air) switch initiation. The average



J. Lappalainen et al. / International Journal of  Greenhouse Gas Control 28 (2014) 11–24 17

Fig. 5. Air-oxy and oxy-air firing mode switches: the primary and secondary oxidant flows (including volumetric flows), each primary and secondary flows summed together,

and  CO2 flow to the CPU.
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Fig. 6. Air-oxy and oxy-air firing mode switches: gas composition of the primary and secondary oxidants.
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Fig. 7. Air-oxy and  oxy-air firing mode switches: flue gas composition.

CFB temperature is about 52 ◦C lower in the oxy mode than in

the air mode. The adiabatic flame temperature is lower in the oxy

mode because of the higher specific heat capacity of  the gas due

to the higher content of H2O and especially CO2. The temperature

decrease could be addressed by O2 enrichment (Hultgren et al.,

2014), but this was left out of the  scope of the study.

The  pressure, temperature and flow of the  steam into the HP tur-

bine, as well as the total electric power produced are presented in

Fig. 9. The inlet pressures of the  turbine sections and the condenser

pressure are shown in Fig. 10 to demonstrate the  turbine island

behaviour during the switches. The simulations suggest increase

in the electric power in the oxy  mode. Clearly the heat transfer to

water is rebalancing after the switch so that the IP and LP steam

receive more heat at the expense of  the  HP steam. This can also be

seen in the IP and LP pressures in Fig. 10. Optimization of the  water

steam circles was left out of the scope of  the study.

Fig. 11 illustrates how the interface process between the ASU

and the boiler island behaves during the mode switching. As men-

tioned, the ASU was started up before the switch, and the produced

GOX was vented until the boiler was able to use it. The increase of

the ASU load was  initiated at the same time as the mode switch

and no LOX use was needed. If the  load increase had been delayed

until the GOX use reached 60% of the ASU capacity, evaporated LOX

would have been used to complete the boiler’s O2 need.

During the  oxy-air switch, surplus GOX venting occurred from

the very beginning because the  rate of change exceeded the ASU

load following capability. The ASU production remained at the 60%

level after the switch in the simulation. The shut-down of the ASU

should naturally follow soon.

The role of the GOX header is illustrated in  the bottom picture

in Fig. 11. When surplus GOX was  produced, the pressure increased

and the control valve vented the  excess O2. On the other hand, if the

GOX demand for oxidants was  greater than the ASU can provide,

the pressure would be decreased and supplementary O2 evaporated

from the  LOX tank.

The  GOX production flow from the ASU was modelled with a

pressure boundary condition followed by a control valve and a fast

mass flow control loop, like described in  Section 2.3. Thus, the  real-

ized GOX flow is  also influenced by the GOX header pressure, which

kind of disturbance is also likely in  real installations. A flow type

boundary condition was  also tested for the ASU production flow,

but the approach suffered from non-realistic pressure behaviour in

some  other simulation cases.

Altogether, the mass flow controls of the gas streams worked

well and resulted in the smooth behaviour of the O2 content in

the flue  gas and  the oxidants. However, the numerous simulation

experiments during the study brought out different disturbance

sources. During the ramping from air to oxy, the O2 delivery can

Fig. 8. Air-oxy and oxy-air firing mode switches: average fluidized bed temperature and furnace pressure.
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Fig. 9. Air-oxy and oxy-air firing mode switches: inlet steam flow to HP turbine, steam pressure and temperature before the  turbine and electric power produced.

Fig. 10.  Air-oxy and oxy-air firing mode switches: inlet pressures of  the turbine sections and condenser pressure.
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Fig. 11. Air-oxy and oxy-air firing mode switches: flows and GOX header pressure in the ASU-boiler interface.

be delayed due to process delays and flow control loop dynam-

ics, and the O2 content reduces accordingly. The evaporation and

venting processes and their control solutions evidently are crucially

important for the success in the  mode switching, as well as in load

changes. Another type of disturbance source was the timing of oper-

ations. Lack of synchronization in the  flow ramps easily caused

fluctuations in the flue gas O2. Saturation of the control devices

occasionally restricted the performance in the switching and other

transients. Generally the switching method relies heavily on  the

six gas flow control loops. Flow measurements are one potential

source of disturbances, yet not being a constraint when operating in

simulation environment. The final simulation cases will discuss the

sensitivity of the presented approach from different perspectives.

3.2.  Sensitivity studies

The  above simulation results demonstrated how synchronized

ramping of the gas streams can provide smooth transition in  mode

switching. Next, the switching strategy is further studied with three

cases including different disturbances. The ramping time and other

conditions are unchanged from the above base case. For simplicity,

only the air-oxy mode switch is addressed.

3.2.1. Lower GOX purity

In  the first case, effects of low O2 purity of GOX were studied.

The O2 content of the oxidants and flue gas streams was selected

as the main output variable. Fig. 12 illustrates the results and gives

the base case as a reference. The top picture shows the  purity of the

GOX before entering the boiler island. Before and in the beginning

of the mode switch, the O2 content in the GOX line is 5% units below

the normal purity. Finally, the GOX feed reaches its  normal purity

within 5 min, starting at 70 min. During the first 10  min  there is no

GOX flow; a small disturbance occurs when the flow begins.

Fig.  12 shows how the low purity GOX clearly reduces the O2

content of the oxidants. The disturbance to O2 content comes firstly

from the smaller mass flow of O2 delivered from the  ASU, and

secondly  from the  recirculated flue gas with low  O2 content. The

CFB model can use even all available O2 for combustion, which is

seen in this case. The ramping is  still done in 20  min; the mode

switching transient seems to be longer, because the  unbalanced

situation is  not corrected until the flue gas O2 content control loop

is switched on  at time 50  min. In practise corrective actions would

naturally be taken earlier.

When  the flue gas O2 controller is switched on, the targeted O2

content is  reached in 11 min. It is noteworthy that because the feed-

back control is on, the effect of the  recovering GOX purity causes

just a minor bump upwards at time 75 min.

3.2.2.  Biased flow measurements

The second sensitivity case studied effects of  biased mass flow

measurements. The flow measurements of the primary and sec-

ondary GOX were selected due to their central role in the delivery

of the O2 into combustion. The study was conducted by 4 + 4 sim-

ulation experiments, with one GOX flow measurement at a time

biased by ±5% and ±10%. For example, the primary GOX flow

measurement’s output was multiplied by the coefficients 1.05,

0.95, 1.10 and 0.90, respectively. Practically, this means that the

flow control loop delivers too  little or too  much GOX  during the

mode switching. The flue gas O2 control is switched on at time

50 min.

Fig.  13 shows all eight simulations in respect of the  flue gas O2

content and the base case as a reference. The primary GOX is seen

in the top picture and the secondary one in the bottom. It  is obvi-

ous that the  biased flow measurement substantially worsens the

switch performance. When the measured value is over the actual

flow, the  flue gas O2 goes down, and +10% in the primary GOX flow

is enough to cause an O2 deficit for the  combustion. The bias in the

primary GOX flow measurement is more severe for the flue gas O2

than in the secondary one due to its higher share of the total deliv-

ered O2. As mentioned, the switching strategy relies solely on the

synchronization of the  gas flows without any use of the O2 content

as feedback information.
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Fig. 12. Air-oxy mode switch: sensitivity of the flue gas and oxidants O2 content to the purity of  GOX. The base case is  shown as a  reference.

One observation from this sensitivity study was  that the bias

changed the ratio of the  final primary and secondary oxidant flows

that were reached after the control removed the error in flue gas O2.

This  way the GOX measurement error also influenced fluidization.

Thus the interdependence of the  coordinated gas flows can cause

unwanted side effects in the case of  malfunctioning instrumenta-

tion.

3.2.3. Fuel feeding disturbance

A  malfunctioning fuel feeding was selected as the last sensitivity

case. Fig. 14 shows the fuel feed, which experiences a series of 5%

drops, for 5 min  time each, from the level used elsewhere in  this

study. The disturbance was turned on 20 min  before the time 0 min.

The timing of the operations differs from the earlier cases: the

flue gas O2 control has been turned off (air mode) at 20 min, the

air-oxy switch initiated at 40 min, the O2 control turned back on

at  80 min. Finally, to get a counterpart for  the non-controlled pre-

switch period in  the  air mode, the O2 control was  turned off at

110 min.

As  expected, the disturbance did not affect the oxidant flows

unless the flue gas O2 control was  on; then  the secondary oxi-

dant acted on the control error. The oxidants’ O2 content started

to oscillate soon after the  switch initiation because of the flue gas

recirculation. The flue gas O2 content got higher level than desired

after the switching (see time 70–80 min), because the set point tar-

get calculation used the set value of  the  fuel feed. The feedback

control corrected the flue gas O2 level, but could only attenuate, not

remove the oscillation. It is interesting that the amplitude of the

oscillation more than doubled both in  the  non-controlled period

(compare 20–40 min  with 110–140 min) and in the  controlled

Fig. 13. Air-oxy mode switch: sensitivity of flue gas O2 to the biased flow measurements in the primary/secondary GOX feed line. The base case is  shown as  a  reference.
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Fig. 14. Air-oxy mode switch: malfunctioning fuel feeding.

period (compare 0–20 min  with 85–110 min) in the oxy mode com-

pared to the air mode. The reason is that the flue  gas recirculation

amplifies O2 disturbances.

4.  Discussion

The success in the mode switching was basically an expected

result, as one source of O2 is simply replaced by another in a syn-

chronized way. When the operations were properly coordinated,

featuring strict control of the flows, the  transient was  smooth and

straightforward. However, simulation is always an ideal description

of reality. In this study, perhaps the main questions concern how

realistic the operation of the gas flow control loops and the  GOX

delivery in the ASU boiler interface were. The simulated flow con-

trol loops had the advantage of accurate mass flow measurements

regardless of the operating conditions. In practise, gas flow mea-

surements are typically based on the measured pressure difference

in the flow channel, which is then transformed into a volumetric

flow. The calculation uses gas density and usually features cor-

rection terms for temperature and pressure variations around the

nominal conditions. In the mode switching, the gas density changes

in the oxidant and RFG streams which introduces an additional

error source. Other equipment functioning ideally in the simula-

tions are the flow control devices, the  dampers in this  case. In the

simulation, they enable accurate control from very small openings,

while in reality the control range is limited. Due to the  concep-

tual nature of the project, the parameters for the control devices

were not from plant engineering but given by the modellers.

This may  have led to over-dimensioning in cases where device

saturation  occurred in the simulation. This, in turn, may  have led

to overoptimistic switching times. For these reasons, the base case

result obtained should be considered the best case possible with

well-functioning flow control loops. In practice, a different operat-

ing strategy may  be needed in the low  flow area, such as ramping

the flow actuator positions first (control loops off) and then starting

the flow control loops when the control range is reached.

In  the  simulations, the O2 content of the oxidants and flue gas

were considered the  main variables indicating steady combustion

conditions and heat generation. Moreover, managing the  oxidant

O2 content is of utmost importance from a safety point of view

because the gaseous flows with high O2 content and small fuel par-

ticles can pose risks to the  plant (Hultgren et  al., 2014). The obvious

enhancement to address many of the  O2 content issues is to use

the O2 content of  the gas streams as feedback information during

the mode switching. Different concepts to realize O2 control of flue

gas or oxidants in  oxy combustion are presented in Hultgren et al.

(2014).

The  challenge in the simulation project was  that insuffi-

cient design data were available; the targeted simulation cases

were large transients that were demanding to operate and con-

trol. Appropriate control structures and operation strategies were

developed and tested with trial and error, with the  dynamic sim-

ulator proving an excellent design supporting tool. The simulation

studies gave insights into issues that the operation of an integrated

CCS-capable power plant brings up. The main development areas

in the reported simulation model are the CFB model component,

more realistic control of the  gas streams, and the interface pro-

cess between the boiler island and the CPU. The ongoing Apros
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CFB model development aims to improve the management of the

solids inside the furnace and the circulating line. The gas flow

measurements and actuators were discussed in this paper, and

straightforward model improvements are known. Furthermore, the

control scheme will be changed to use volumetric flows instead of

mass flows. The interface to the CPU is an important process part,

with little published literature, yet the  operation and control of the

large gas stream in firing mode switches is far  from trivial. Pro-

found knowledge of both the boiler island and  the  CPU processes

is required. The ultimate goal of the  dynamic simulation studies is

naturally a full-chain simulation of the ASU, the  boiler and turbine

islands, and the CPU. This would enable studies of concepts featu-

ring a high level of heat integration. However, to reach the accuracy

used in this study requires both detailed design information and

versatility from the simulation platform. This is the  reason the co-

use of multiple simulators offers a relevant option for studying this

kind of process integration.

Practical  experiences of firing mode switching in the oxy com-

bustion process also exist. Small laboratory facilities and pilots

must be excluded due to their non-representative scale compared

with industrial power production. The results from the near indus-

trial scale power plants are  the most interesting. A switching time

of 20 min  was  required for the air-oxy switch in Vattenfall’s demon-

stration plant Schwarze Pumpe (30 MWth)  in  Germany (Kluger

et al., 2011). The initial results from CIUDEN’s demonstration plant

with CFB (30 MWth)  showed the  switching conducted in 40 min

from air to oxy, and 20 min  from oxy to air (Lupion et al., 2013). The

findings of this study are well aligned with these results.

5.  Conclusions

Dynamic process simulation model was developed for an oxy

combustion power plant with a supercritical once-through CFB

boiler using the modelling and dynamic simulation platform Apros.

The necessary control structures were developed to study and ana-

lyse the behaviour of the novel concept in  transients such as firing

mode switches, load changes and a turbine trip. This paper demon-

strated firing mode switching, which is a focal operation since the

plant start-up and shut-down are conducted in the air  mode, but

the CO2 capture operates in the  oxy mode.

A straightforward mode switching strategy was used, where the

mass flows of the primary and secondary AIR, GOX and RFG were

controlled, and their set  points were ramped linearly during a time

of 20 min. No feedback control of the flue gas or oxidants O2 con-

tent was used during the switches. The simulations showed that

smooth mode switching is possible with this strategy. The com-

bustion temperature and pressure, O2 content in the oxidants and

flue gas, water side parameters and electricity production stayed

at the proper values. Steady state was reached in 37 min  from the

initiation of the air-oxy switch. For the oxy-air switch, the  time

was shorter: 24–25 min. The additional volume, heat capacity and

process feedback that the flue gas recirculation introduces slow

down the dynamics in  the oxy  mode. The simulations showed that

the flue gas recirculation amplifies disturbances in the  O2 content,

whether originated from O2 delivery, fluidization or combustion.

Conducting the switching with the mass flow ramps interestingly

demonstrated another dynamic element, which the flue gas recir-

culation brings up. Yet the mass flows are managed carefully, the

changing gas densities cause a substantial disturbance in the  volu-

metric flows of oxidants during the  switching.

The sensitivity studies showed that successful switching

requires good performance from the involved gas flow control loops

and the O2 delivery. To improve the robustness in this respect, feed-

back control of the flue gas O2 content during the  mode switching

is suggested. Also the O2 content of  the oxidants could be managed

more  accurately with feedback control. This would help to keep the

air  and oxy firing dynamics more similar in the  switching and more

robust in  case of disturbances. Information on the O2 content in the

gas streams is also important from a plant safety point of view.

More  generally, there is a call for careful coordination and

high level control to manage large transients, such as firing mode

switches and load changes, throughout the CCS-capable power

plant. The process islands cannot be operated independently by,

for  example, relying on  large buffer volumes between the pro-

cess areas, as seen in  some industries. On the other hand, very

tight coupling of the  ASU, boiler and CPU processes can make

the plant operation vulnerable to disturbances. Economic issues

encourage the search for agility and  flexibility by control tech-

nology means. The developed model provides an excellent base

on which to develop and optimize control strategies, upper level

controls and operational practices.

The oxy combustion concepts offer numerous challenges for

future dynamic process simulation studies. Questions still remain

on the  specific topic of  mode switching, e.g. for optimal operations

in respect of the ASU and CPU production, for using O2 content

in feedback control during the switching and  for safe operation in

equipment failure situations. Oxy combustion CFB,  as a completely

new approach in the  power generation field, also offers some spe-

cific research topics for dynamic simulation. One such topic is the

capability of temporary combustion power boosts by increased O2

feeding to fulfil rapid electricity demand peaks from the grid.
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Supplementary material for  
Modelling and dynamic simulation of a supercritical, oxy combustion circulating 

fluidized bed power plant concept – firing mode switching case 
 

This supplementary information on the Apros simulation platform describes general principles of modelling, 
thermal hydraulic solution, and the new model component for modelling and simulation of circulating 
fluidized beds. 

1. General concept of modelling 
 

When constructing a process model in Apros, the user graphically selects suitable equipment model 
components, connects them and sets parameter values. Simultaneously, the system generates a calculation-
level structure, which is directly used by the simulation solvers. The calculation level is a network of nodes 
(control volumes) and branches (connections between the nodes). There are nodes and branches for 
describing the thermodynamic state, for composition of the process fluid and for heat transfer between the 
fluid and the heat structures of the equipment walls. The user selects appropriate process fluid and 
equipment structure materials. Material property functions calculate quantities, such as density, viscosity, 
heat capacity and conductivity according to the system state.  

The user decides on the nodalization of the model in two ways. Firstly, the user adds thermal hydraulic points 
to obtain a suitable model topology. These points introduce volumes in the process streams, and they act as 
connection points for the flow branches, such as pipes, pumps and valves. The points also provide easy access 
to the state information for the user and the needs of the control system. Secondly, the user decides on 
suitable nodalization for the equipment models, e.g. a tube heat exchanger model thus generates the 
calculation nodes and branches that describe the system structure.  

In simulation of the fluidized bed the Apros pressure flow solver calculates the two-phase flows inside the 
water circuit system. Also combustion and sulphur capturing reactions, gas flows and compositions, and heat 
transfer are calculated with the common Apros methodology. Instead, the calculation of the particle phase 
in the bed is totally new type of model in Apros. The basic principle is that the particle mass distribution is 
simulated using the steady state distribution models obtained from the literature, (Hannes. 1996) being the 
main reference. On the basis of the gas flows and user given parameters the mass distribution is driven 
towards the steady state profile. Particle phase includes also the solid fuel, which is gradually released to the 
gas phase for the burning.  

Section 2 describes the basics on the thermal hydraulic solution, and Section 3 introduces the theory behind 
the new CFB model component in Apros. 
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2. Thermal hydraulics 
 

In dynamic process modelling, it is fundamental to manage the pressure flow networks properly. In Apros, 
the flows are solved one-dimensionally, which is a standard approach to dynamic process simulation. Two 
key issues are the calculation method and the process fluid used. Apros offers several methodologies for the 
thermal hydraulic solution, here called flow models, to solve the pressure flow networks and the related heat 
transfer phenomena with the desired fidelity. Two of these flow models have been used in this work: the 
three-equation model (flue gas, O2, and heat recovery oil) and the six-equation model (water two-phase 
flow).  

The water steam side of the boiler, including the turbine island, was modelled using the most rigorous model 
option, the six-equation model. It calculates the dynamic mass, energy and momentum balances for the 
liquid and gas phases of the water (Hänninen. 2009); (Siikonen. 1987). This choice guaranteed that the 
modelling captured any thermohydraulically meaningful phenomena that took place in the process.  

2.1 Six-equation flow model 
The six-equation model applies the conservation equations of mass, momentum and energy to both the 
liquid and gas phases, with one spatial coordinate as follows (Siikonen. 1987); (Hänninen. 2009): 
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The subscript k refers to the phase, either liquid or gas. So, if written separately for both phases, six equations 
are obtained as the flow model name indicates. The subscript i refers to interface and w to wall. The term  
describes the mass transfer between the phases, i.e. evaporation or condensation. The term F describe the 
different forms of friction, i.e. due to the flow channel wall, interfacial forces, valve position and form losses. 

PP is the pressure increase by the head of a pump. The term Q denotes the heat flow between wall and 
fluid or the heat flow between phases. Enthalpy h is total enthalpy, so it includes the kinetic energy. The 
terms  , F and Q are calculated from empirical correlations, taking into account the phases separately and 
the prevailing process conditions, such as flow regimes and wall temperature. For more details and 
descriptions of interesting cases, like supercritical conditions and non-condensable gases, see the reference 
(Hänninen. 2009).  

2.2 Three-equation flow model 
Parts other than the water steam cycles were modelled with the homogeneous flow model, also known as 
the three-equation model. It is based on dynamic conservation equations of mass, energy and momentum 
(Siikonen. 1987); (Hänninen. 2009). With this model, the conservation equations are applied to the 
homogeneous mixture of the liquid and gas phases: 
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A conservation equation for mass fractions of various gas components is also used in the case of flue gas 
flow. In most process conditions, this homogeneous flow model is also capable of accurately calculating two-
phase phenomena (e.g. heat transfer and friction). An important assumption is that the liquid and gas phases 
have equal temperatures and move with the same velocity. The phases, however, are separated in tanks and 
other equipment volumes, where the phase border is necessary to calculate the mass and heat transfer 
phenomena properly. 

In both flow models, the dynamic balance equations are discretized with respect to the spatial coordinate 
using a staggered grid approach. Thus, the mass and energy solution deals with the centre points of the mesh 
(nodes), and the momentum solution uses the intermediate positions (branches) between the mesh centres. 
The non-linear terms are linearized, and the solution proceeds by implicitly solving the equations one after 
the other using effective, sparse matrix solvers. After solving the pressures and enthalpies, the fluid 
properties such as density, viscosity, thermal conductivity and heat capacity are calculated as a function of 
pressure and enthalpy. The convergence criteria are checked and the procedure is iterated further when 
necessary. The whole procedure is repeated every simulation time step, which is typically 0.2 s. It is 
automatically shortened in case of fast process transients to ensure the convergence of solution and to 
maintain accuracy of the results. 

Finally, it is worth emphasizing that the basic model libraries and thermal hydraulic solution methods have 
been comprehensively validated against data from physical process experiments. 

3. Circulating fluidized bed 
 

The CFB combustion was modelled with a novel Apros module type that was developed for one-dimensional 
modelling of bubbling or circulating fluidized beds. This Section introduces the modelling principles with 
emphasis in the CFB simulation. 

The CFB module creates calculation nodes and branches for the gas flow path, and heat structures to describe 
the solid materials in the bed. In this sense it differs from the general approach to model boilers in Apros; 
typically the flue gas path is constructed with the basic process components such as Thermal hydraulic Point 
and Pipe. The water steam side is, however, not part of the CFB model component, but user defines each 
heat exchanger and connects it into a desired vertical level of the CFB. The number of calculation nodes in 
vertical direction is a user definable parameter, 20 was used in this study. The heat transfer (convection and 
radiation) from the fluidized bed gas and particles to the water circulation pipes is calculated in the CFB 
module. The heat flow is then taken into account in the water circulating system.  

3.1 Bed material distribution  
The user can define maximum of ten solid materials in the bed. In this study there were five materials 
included: Fuel, Sand, Limestone, Lime and Gypsum. The bed material distribution in the vertical direction z is 
based on the equation by (Wen and Chen. 1982): 
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It uses the solid volume fractions in the infinite height and average in the dense bed. The variable z is the 
elevation from the bottom of the bed. 

The coefficient a is calculated using the particle diameter and superficial gas velocity (Hiller. 1995): 
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The dense bed solid volume fraction is calculated with formula  

bmfsds 1,, Equation 9

where b is the bubble fraction, and mfs, is the solid volume fraction at minimum fluidization. The gas 

volume fraction at minimum fluidization is obtained using the equation by (Broadhurst and Becker. 1975):  
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Where  is sphericity of particle. The bubble fraction is calculated by (Johnsson. 1991): 
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The Reynolds number corresponding to the minimum fluidizing velocity is calculated by solving the Ergun 
equation:  
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The minimum fluidizing velocity is then calculated as follows: 

gs

mfg
mf d

v
Re

Equation 14

 

3.2 Particle mass flows 
The solid material distribution for the momentary conditions in vertical direction was solved above, which is 
considered as a target for the simulated material distribution. The distribution is driven towards the targeted 
within the limits of user given time constant and material availability. The energy balance due to particle 
mass flows is simultaneously maintained. For calculating the particle mass flow, the difference between the 
actual simulated and the targeted mass distribution function is calculated as  

tarsimsVm Equation 15
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If 0m then flow is upwards and the particle mass flow is calculated as 

/mmp Equation 16

where is time constant. 

The mass flow of solid particles out of the bed is calculated simply assuming that the flow is proportional to 
the fraction of solids in the top node and the gas volumetric flow out of the furnace, which is solved by the 
pressure flow solver for the flue gas path. The user has a tuning coefficient to adjust the flow, naturally limited 
by the mass balance. 

3.3 Reaction calculation 
The fluidized bed model uses the standard Apros reaction calculation (Ylijoki et al. 2013). The reaction 
calculation uses a separate time step, which typically is ten times shorter than the general one. New reactions 
were introduced for solid fuel devolatilization and sulphur removal (oxidation, calcination and sulphation). 
The sorbent used is Limestone, which is considered to be purely CaCO3. No drying phase is included, as the 
solid materials are given as dry substance in Apros. 

3.4 Convective heat transfer from the furnace to the water walls 
The CFB model calculates heat transfer (convection and radiation) from the fluidised bed gas and particles to 
the water circulation pipes. The convective heat transfer from gas/particle suspension to wall and heat 
transfer tubes is calculated as follows.  

The model of (Mattman and Molerus. 1992) is based on the Archimedes number and the dimensionless 
pressure gradient. For Archimedes number in the range 10 < Ar < 200 and Pr  0.7 Nusselt number can be 
calculated as  
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Based on this model (Wirth. 1995) suggested an equation to cover the whole range of Archimedes numbers: 
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The second term in represents the area where gas convection dominates the heat transfer. When the 
particles disappear from a node, the hydraulic head p becomes zero, and only heat transfer from gas is 
present.  

The user can optionally define constant heat transfer coefficients instead of using above approach. This 
option was finally used in this study to simplify the model tuning and analysis of the mode switching. The 
above calculation suggested slightly higher heat transfer coefficients in the oxy mode than in the air mode. 

3.5 Hydraulic head over a node  
The hydraulic head over a node is calculated by 
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It is assumed that the pressure loss is same as the hydraulic head. Therefore if the gas velocity is larger than 
the minimum fluidizing velocity, the pressure loss coefficient k is set such that the pressure loss is the same 
as a hydraulic head, i.e. 

2

2

ggv
p

k Equation 20

If the gas velocity is less than fluidizing velocity, the pressure loss coefficient is interpolated between the 
minimum value 0.01 and k corresponding to the value obtained from the hydraulic head formula. 

3.6 Thermal and fuel diffusion in bed 
Thermal equalization in the bed between two adjacent nodes i and i+1 due to back and forth movement of 
particles is calculated by using the diffusion equation: 

11),( iiiithp TTmmMINDCq Equation 21

where Dth is thermal diffusion coefficient. 

The same principle is used to adjust fuel movement in the bed: 

fuelifuelifuel mmDm ,1, Equation 22

Using the equations presented above it is possible to fulfil the mass and energy balances of flue gas and 
particles.  

The average bed temperature is calculated using volume weighting: 

bedtot

i ii
bedavg V

TV
T

,
, Equation 23
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Nomenclature 
 

a coefficient 

Ar Archimedes number 

Ab Area of the bed (m2) 

Cp heat capacity (J/kg°C) 

D diffusion coefficient 

dp particle diameter 

2f  coefficient 

F  friction force (N/m3) 

gg,  acceleration of gravity (m/s2) 

h enthalpy of the fluid (J/kg) 

H heat transfer coefficient (W/m2°C) 

k pressure loss coefficient 

 difference in vertical direction (m) 

 mass difference in material distribution (kg) 

particle mass flow (kg/s) 

Nu Nusselt number

p pressure (Pa) 

 hydraulic head in fluidized bed (Pa) 

P  pump head (Pa) 

Pr Prandtl number 

Q heat transfer rate (J/(m3s)) 

q heat flux (W/m2) 

Re Reynolds number 

t time (s) 

T temperature (°C) 

V volume(m3) 

v fluid flow velocity (m/s) 

z spatial coordinate (m) 
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Greek symbols 
 

 gas volume fraction  

 volume fraction  

  sphericity of particle 

 heat conductivity (W/m°C) 

 viscosity (kg/ms) 

 mass transfer rate (kg/(m3s)) 

 fluid density (kg/m3) 

time constant (s)

 

Subscripts 
 
avg average

b bubble

d dense bed

e electric

fl friction loss 

g gas

i  interface, index for CFB node 

k  phase (liquid or gas) 

mf minimum fluidization 

p pump, particle 

s solid(s) 

sim simulated current profile 

tar target profile 

th thermal 

tot total 

w  wall 

z  vertical coordinate (m) 

∞ infinite height 

0 superficial
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a b s t r a c t

Energy efficiency has become increasingly important to ship owners and builders, due to fuel costs and
tightening environmental regulations, but also due to public opinion and expectation for green tech-
nology. Improved energy efficiency and significant savings are achievable by increasing waste heat uti-
lization. A probable side effect of commissioning new technology is increased system complexity. This
makes it more difficult to make design decisions between alternative technologies; also, the operation of
the system needs more attention. Dynamic system level simulation has been used for energy systems
analysis already for decades in onshore energy industry; now it is increasingly applied in marine engi-
neering. In this study a commercial simulator Apros was used to model and simulate energy systems of a
cruise ferry Viking Grace, which features novel energy saving solutions, such as a waste heat accumulator
system and cooling options by liquefied natural gas (LNG) vaporizing, and by seawater. Dynamic models
of these systems were developed and validated against available measurement data. The study showed
that modelling and dynamic system level simulation can provide substantial benefits in the design of
energy efficient ship in new buildings, and in existing ships.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Ship engineering has played a major role in maritime history
meeting a great variety of challenges for transportation and enjoy-
ment. For last decades, the awareness of fossil fuels limitedness and
environmental aspects has led the technology towards higher energy
efficiency and lower emissions of pollutants. The challenge set by the
global warming, thus considering also carbon dioxide (CO2) as a pol-
lutant, has further raised the role of energy efficiency. Significant
progress has been shown, but on the other hand, it is easy to find
topics for further development.

In the last few years, both international and national legal
requirements regarding the exhaust emissions have become much
stricter. The marine industry is now facing the challenges of adopting
new technologies and/or operational practices to comply these req-
uirements. Fig. 1 shows the timeline for existing and planned

environmental regulations for shipping. In January 2013, the Energy
Efficiency Design Index (EEDI) and Ship Energy Efficiency Manage-
ment Plan (SEEMP) entered into force. In setting increasingly stringent
requirements to the energy efficiency of new ships, the EEDI is
intended to stimulate development of more energy efficient ship
design, indirectly leading to reduce operational CO2 emissions. The
SEEMP is intended to directly stimulate more energy efficient opera-
tional practices. (Nyhus, 2013).

For marine diesel engines, the emission requirements focus
primarily on the reduction of nitrogen oxides (NOx) and sulphur
oxides (SOx). Most critical amongst these regulations are the
measures to reduce the SOx emissions inherent with the relatively
high sulphur content of marine fuels (MAN Diesel, 2014). Since
January 2015, the maximum allowed sulphur content has been
0.1% in emission control areas (ECA). Outside ECAs, it is allowed to
use fuels with 3.5% sulphur concentrations until January 2020,
except for passenger ships operating on regular service in the EU
waters the limit is 1.5%. Finally, in 2020 (or 2025 outside the EU
depending on IMO decision in 2018) the regulation of global
maximum sulphur content of 0.5% will enter into force that will
present even bigger challenges (MotorShip, 2011).

Realistically, use of low sulphur fuel (LSF) means expensive
distillates like MDO, MGO or liquefied natural gas (LNG). The
increasing use of LSF might lead to higher price of these fuels. In
the future, more ships will most likely be powered by LNG. For
cruise ships one problem is even three times larger bunker volume

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/oceaneng

Ocean Engineering
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LNG needs compared to HFO or MGO. Moreover, availability and
infrastructure for a large-scale use of LNG is not yet ready (Pas-
senger Ship Technology Summer, 2012). To meet the regulatory
requirements for emissions of SOx instead of using LSF, ship
owners can install an exhaust gas cleaning (EGC) after treatment
system, typically known as a scrubber.

The ship route and operation area set important boundaries for
the ship design. An optimized design for a ship with certain
operation profile can significantly vary depending on the targeted
operation area. On the other hand, a single route may include a
wide variety of different conditions. This all raise a question how
tight an optimization is reasonable for certain specific conditions.
Too optimized design certainly reduces system's flexibility in
possible future changes in the operation profile and conditions.

A typical cruise ship has seasonal variations in sailing area with
transit journeys in between. In each sailing area the hotel load, and
especially the speed of the ship, varies greatly. The operation
profile includes port visits, sea sailing at different speeds and daily
processes like food preparation and laundry, which all cause large
changes to the energy balance. The design must take into account
the annual edge conditions, yet the emphasis is on the typical,
seasonally changing, conditions (Lepistö, 2014).

Even for a very efficient marine engine, less than 50% fuel energy is
converted to useful work as shown in Fig. 2. The rest, over 50% of fuel
energy, is mainly taken away as waste heat by engine exhaust gas,
engine high temperature (HT) cooling water, engine low temperature

(LT) cooling water and finally emitted into air and sea (Zou et al.,
2013). Waste heat is mainly utilized from the exhaust gases and the
HT cooling water. Significant savings are achievable by improving the
waste heat utilization.

To economically fulfil all the energy challenges marine engineering
is facing, there is an urgent demand for proper tools to examine and
verify alternative solutions within the ship energy management.
When compared to process engineering and plant design within
conventional power industry, ship design has numerous specific fea-
tures and constraints to cope with. Ships needs to operate on large
load range and the load variations are much more frequent than in
power plants. One inherent restriction comes from the limited space
for equipment placing and service. Moreover, the solutions installed
will most often be carried over on every cruise for the vessel's lifetime,
which must be taken into account in the design and investment
decisions.

This study focuses on computational dynamic simulation, which
generally represents – using mathematical modelling – how system's
state evolves over time. Contrary to focusing on rather limited
domains, such as an engine, or a piece of equipment, this study deals
with a substantially larger part of the process, and thus is often called
system-wide simulation. The number of system-wide modelling lit-
erature in marine engineering is still rather limited, but the situation
is rapidly changing, as the need for holistic approach in marine
simulation has been broadly recognized during the last few years

Fig. 1. Timeline for environmental regulations for shipping (SDARI, 2014). Acronym DMA is used for marine gas oil (MGO) and DMB is marine diesel oil (MDO).

Nomenclature

F friction force (N/m3)
g!; g acceleration of gravity (m/s2)
h enthalpy of the fluid (J/kg)
k pressure loss coefficient
p pressure (Pa)
ΔP pump head (Pa)
Q heat transfer rate (J/(m3 s))
t time (s)
v fluid flow velocity (m/s)
z spatial coordinate (m)

Greek symbols

α gas volume fraction
Γ mass transfer rate (kg/(m3 s))
ρ fluid density (kg/m3)

Subscripts

fl friction loss
i interface
k phase (liquid or gas)
p pump
w wall
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(JOULES, 2015; Dimopoulos et al., 2014; Lepistö, 2014; Zou et al.,
2013).

Dimopoulos et al. (2014) gave a good overview of the use of dif-
ferent CAE (Computer Aided Engineering) methods in marine engi-
neering. There is no need to repeat the literature review, but the
general classification of the typical applications they presented is
given to summarize the literature: Computational Fluid Dynamics
(CFD) for hydrodynamics and machinery components; Finite Element
Methods (FEM) for ship and components strength, noise and vibration
analysis; marine propulsion power plants with varying focus areas
such as propulsion power-trains and diesel–electric configurations;
and generic marine power systems focusing on steady-state synthesis,
design and operation problems (Dimopoulos et al., 2014). They
emphasize the importance of system-wide, holistic approach, and
present the COSSMOS modelling framework, which is said to provide
the user with the capability to define and analyse a wide range of
system configurations and energy conversion processes (mechanical,
electric, thermodynamic, heat transfer, fluid flow, etc.), and perform
any model-based application of interest (simulation, optimization,
control, parameter estimation) under both steady-state (design/off-
design conditions) and dynamic (time varying, transient operation)
conditions (Dimopoulos et al., 2014). They also gave illustrative
examples of thermo-economic design and operation optimization of
combined cycle system, and modelling and dynamic simulation of an
electric propulsion powertrain.

In addition to Dimopoulos et al. (2014) and the references
given, Zou et al., 2013 presented a system level approach using
Matlab-Simscape environment to systematically model marine
engines' energy flow. That study considered main energy produ-
cers and consumers in a cruise ship, including sub-systems for
electrical air condition, a diesel generator, engine fresh cooling
water system and steam system. Besides the understanding and
representation of ship energy flow, the simulator can be used to
test and verify different energy saving technologies.

Also other development is ongoing in the field of modelling
and simulation in marine engineering. Substantial part of the
recent activities in Europe is conducted within an EU project called
JOULES, which assesses the impact of ship design with respect to
integration of different energy converting technologies in vessels'
energy grid from an economical and environmental point of view
(JOULES, 2015).

To summarize, there are great number of challenges in order to
design an economically justified, energy efficient vessel, not for-
getting comfort of customers and cargo, good operability and
reasonable flexibility for future route changes. The more the pro-
posed design solutions include novelty, the more there is need for
advanced tools and methods. Dynamic process simulation is pro-
posed as a methodology that can support the ship design process
for innovative energy efficient solutions. This work was conducted

in a study related to a cruise ferry Viking Grace, which uses novel
energy saving solutions, of which mainly two sub-systems are
here addressed: (i) waste heat recovery system featuring a heat
accumulator tank, and (ii) chilled water system with three differ-
ent cooling options (Lepistö, 2014; Lepistö et al., 2015). Models for
these systems were developed, validated against measurements
when available from the actual system, and finally, used for
simulation experiments.

The structure of this paper is as follows. The Section 2 describes
the passenger ship Viking Grace, the used dynamic simulation
software Apros, the scope of the modelling, and the validation
efforts. Results for the modelled systems are discussed in the
Section 3. In the final Section 4, conclusions are drawn from dif-
ferent aspects of the study.

2. Methods

2.1. Modelling and simulation platform

Commercial simulation software Apros (Apros Combustion 6.03)
was used as a modelling and simulation tool in this study. The Apros
platform (Apros, 2015) provides an environment for configuring and
running simulation models of industrial processes, such as combus-
tion and nuclear power plants (Silvennoinen et al., 1989). Besides the
process systems, also controls and binary automation, as well as the
electrical systems, can be modelled. The simulation environment is
actively used for different engineering purposes, including testing,
process and control design evaluation, system analysis and operator
training.

In Apros, the simulation model is configured with a graphical user
interface. The user selects suitable equipment model components,
connects them and sets parameter values. Simultaneously, the system
generates a calculation-level structure, which is directly used by the
simulation solvers. The calculation level is a network of nodes (control
volumes) and branches (connections between the nodes). There are
different types of nodes and branches for describing the thermo-
dynamic state, for composition of the process fluid and for heat
transfer between the fluid and the heat structures of the equipment
walls. The user selects appropriate process fluid and equipment
structure materials. Material property functions calculate quantities,
such as density, viscosity, heat capacity and conductivity according to
the system state in the control volumes.

In detailed dynamic process simulation, it is fundamental to
realistically solve the pressure flow networks. In Apros, the flows
are solved one-dimensionally, which is a standard approach
to dynamic process simulation. Apros offers several different
methods for the thermal hydraulic solution, here called flow
models, to solve the pressure flow networks and the related heat
transfer phenomena. Two of these models were used in this work:
the six-equation (two-fluid) flow model, and the three-equation
(homogeneous fluid) flow model. These both flow models are
based on simultaneous solution of the dynamic mass, energy and
momentum balances, as described in the following.

The six-equation model applies the conservation equations of
mass, momentum and energy to both the liquid and gas phases,
with one spatial coordinate as follows (Siikonen, 1987; Hänninen,
2009b):

∂ðαkρkÞ
∂t

þ∂ðαkρkvkÞ
∂z

¼Γk ð1Þ

∂ðαkρkvkÞ
∂t

þ∂ðαkρkv
2
k Þ

∂z
¼Γkvikþαkρk g

-þFwkþFikþFf lþΔPP ð2Þ

Fig. 2. An example of energy distribution of a typical marine engine (Zou et al.,
2013).
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The subscript k refers to the phase, either liquid or gas. So, if

written separately for both phases, six equations are obtained as
the flow model name indicates. The subscript i refers to interface
between the liquid and gas phases, and w to wall. The term Γ
describes the mass transfer between the phases, i.e. evaporation or
condensation. The term F describe the different forms of friction,
i.e. due to the flow channel wall, interfacial forces, valve position
and form losses. ΔPP is the pressure increase by the head of a
pump. The term Q denotes the heat flow between wall and fluid or
the heat flow between phases. Enthalpy h is total enthalpy, so it
includes the kinetic energy. The terms Γ, F and Q are calculated
from empirical correlations, taking into account the phases sepa-
rately and the prevailing process conditions, such as flow regimes,
and fluid and wall temperatures. These constitutive equations
include calculation of wall friction in single phase and two-phase
situations, interfacial friction in different flow regimes, fluid-wall
heat transfer using various heat transfer zones, interfacial heat
transfer, and one-dimensional heat conduction. Wide operating
window of the thermal hydraulic models, covering low-pressure
calculation as well as supercritical conditions, increase the number
of needed correlations. Besides the equations above, the system
uses additional mass conservation equation for non-condensable
gases. More details can be found in references (Hänninen, 2009b;
Hänninen et al., 2012). This flow model was used in the accumu-
lator tank study, because it features non-condensable gas, which
was essential in order to realistically simulate the tank state.

The chilled water system was modelled with the homogeneous
flow model, also known as the three-equation model. It is based
on dynamic conservation equations of mass, energy and momen-
tum (Hänninen, 2009a)

∂ðρÞ
∂t

þ∂ðρvÞ
∂z

¼ 0 ð4Þ

∂ðρvÞ
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þ∂ðρv2Þ
∂z

¼ �∂ðpÞ
∂z

þρg
-þFwþFf lþΔPP ð5Þ

∂ðρhÞ
∂t

þ∂ðρvhÞ
∂z

¼ ∂ðpÞ
∂t

þQw ð6Þ

With this flow model, an important assumption is that in two-
phase situations the liquid and gas phases have equal temperatures in
each control volume, and move with the same velocity in the flow
branches. In other words, the conservation equations are applied to
homogeneous mixture of liquid and gas. The phases, however, are
separated in large volumes, such as tanks. Besides the Eqs. (4)–(6),
constitutive equations are needed e.g. to describe friction and heat
transfer between the fluid and wall, and radial heat conduction inside
the pipe and equipment walls. More details on these, as well as on the
discretization scheme, can be found in Hänninen (2009a).

In both flow models, the dynamic balance equations are dis-
cretized with respect to the spatial coordinate using a staggered
grid approach. Thus, the mass and energy solution deals with the
centre points of the mesh, and the momentum solution uses the
intermediate positions (branches) between the mesh centres. The
non-linear terms are linearized, and the solution proceeds by
implicitly solving the equations one after the other. The calculation
nodes are rather loosely coupled in process systems leading to
sparse matrices (most of the elements are zero), which can be
effectively solved with specialized algorithms. After solving the
pressures and enthalpies, the fluid properties such as density,
viscosity, thermal conductivity and heat capacity are calculated.
Water and steam properties are based on the IAWS-IF97 standard
(Wagner and Kruse, 1998). The properties are searched and

interpolated from tabulated data using pressure and enthalpy as
inputs. The convergence criteria are checked, and the procedure is
iterated further when necessary. The whole procedure is repeated
at every simulation time step, typically 0.2 s, but automatically
shortened in case of fast thermohydraulic transients to ensure the
convergence of solution and accuracy of the results. The simula-
tion platform hides the mathematics as far as possible, so the user
does not need to know about discretization or solution methods,
or balancing the equations and unknowns. Naturally, it is essential
to properly set the boundary conditions – pressure, temperature/
enthalpy, mass fractions, mass flow, or heat flow – which is easily
done by excluding model components from simulation. Finally, it
is worth emphasizing that the Apros flow models, basic model
libraries and thermal hydraulic solution methods have been
comprehensively validated against experimental data. The vali-
dation cases include separate effect tests (e.g. Edwards pipe, top
blowdown, Becker, ERSEC reflooding) and integrate tests (power
plant models e.g. Loviisa Nuclear Power Plant) (Hänninen, 2009b;
Ylijoki et al., 2015).

2.2. The target ship

Passenger and car ferry Viking Grace (Fig. 3) was constructed to
operate along the Turku – Stockholm route on the Baltic Sea. The
vessel was delivered in January 2013 and is owned and operated by
Viking Line. The vessel has four dual-fuel engines, which are normally
operated and run on LNG. The ferry has a capacity of 2800 passengers
and is operated by a 200-member crew. Table 1 lists basic technical
information of Viking Grace. The ferry features novel energy saving
solutions, such as LNG as main fuel, a waste heat accumulator system,
and cooling options by LNG vaporizing, and by seawater. These sys-
tems are environmentally beneficial because they are capable to uti-
lize cheap cooling energy, and waste energy for heating. LNG is stored
as liquid and needs to be vaporized before its use as fuel; it is rea-
sonable to utilize the latent heat for cooling the AC water. Typically
waste heat is generated during cruising, but oil boilers are needed at
ports. This imbalance can be helped by accumulating part of the waste
heat at sea, and using it at port when only one of the main engines is
running. Furthermore, at Baltic Sea seawater is cold enough to be
directly used for cooling. Their novelty was the reason these systems
were selected for the simulation study: only limited knowledge of the
system operationwas available. An additional motivation for the study
was to investigate how system-wide simulation can improve the
design process.

As presented in Fig. 4 the cruise route of Viking Grace is Turku–
Långnäs–Stockholm–Mariehamn–Turku between Finland and
Sweden. The vessel leaves from Turku at 20:55 and the first har-
bour visit is at 01:05–01:10 in Långnäs, then the vessel arrives in
Stockholm at 07:30–08:45, in Mariehamn at 14:10–14:25 and
finally back in Turku at 19:50. All times are Finnish time (Eastern
European Time EET, UTC þ2 h). During one cruise, the vessel is
21 h and 20 min at sea (including manoeuvrings) and 2 h and
40 min at port (Viking Line, 2013).

2.3. Waste heat recovery system (WHRS)

Waste heat is recovered from exhaust gases and engines' fresh
cooling water. The engine fresh cooling water system is divided
into high temperature (HT) and low temperature (LT) circuits.
Users for the HT heat are (i) domestic hot water preheating,
(ii) fresh water production with evaporator, and (iii) preheating of
the engines in stand-by mode. The engines' LT cooling water has a
considerable amount of energy available, but the low temperature
level challenges its use. In LNG use, the auxiliaries LT cooling water
is used for increasing the LNG temperature after LNG cold recov-
ery. Steam is produced with exhaust gases in exhaust gas boilers
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(EGB). Users for steam are, for example, (i) potable hot water
heating, (ii) air conditioning (AC) pre- and re-heating, (iii) HFO
tanks and pipes tracing heating, and (iv) car deck heating.

It is common during a ferry operation that more heat energy is
available than needed by the traditional users. Excess steam is
available when operating at sea at fairly high engine load. Instead
of dumping the excess heat into the sea, part of it can be saved for
later use by using thermal energy storages. In Viking Grace, the
excess steam is used to heat up two insulated water accumulator
tanks. The total capacity of the accumulator tanks is 88 m3. The
heat energy of the accumulator tanks is used (word “discharged” is
used hereafter) at ports, when only one main engine is running.

The main purpose of the heat accumulator tanks is to balance
varying heat loads. The energy from the accumulator tanks is used
for the AC reheating system. Actually, the reheating at ports can be
primarily handled by these tanks. At sea, the AC reheating is done
by the engines' HT cooling water. However, if there is not enough
heat available for AC reheating, steam produced with either oil
fired boiler or exhaust gas boiler is used.

The waste heat recovery system model, see Fig. 5, consists of a
steam line (from exhaust gas boilers, EGB), accumulator tank, warm
water circuit, AC reheating heat exchanger, and a set value module for
current reheating demand. The input parameters for the model were
derived from the ship design documentation, the most important
sources were P&I diagrams (e.g. connections, pipe dimensions) and

equipment data sheets (e.g. heat exchanger type, material and
dimensions). For simplifying the model, the two tanks were modelled
as a single one. The model component condenser heat exchanger was
used there the opposite of the typical use: the shell side contained the
liquid water for storing the heat, and the tube side described the
steam flow and condensing. The shell side also featured a pipeline to a
boundary point representing outside air to maintain the atmospheric
pressure in the tank, as it is in the real system. The main operating
parameters of the model are the pressure in the steam system,
reheating demand, and the mode selection whether the accumulator
tank is heated, or discharged.

The user defines with a binary set point (true/false) whether the
tank is heated or discharged, and accordingly, the necessary actions
are done by the modelled automation. The steam driven heating
system is pressure controlled. Typically, the pressure after the EGBs is
8–9 bar. The steam valve to the accumulator tank is open only when
the pressure in the system is over 8.5 bar. This prevents heating of the
accumulator tank with the oil-fired boilers (not modelled, but would
start when the pressure decreases below 8 bar). When the tempera-
ture in the accumulator tank reaches 95 °C, the control valve in the
steam line, before the tank, closes. This prevents boiling in the
accumulator tank.

When arriving to the port less steam is produced with the EGBs.
Consequently, the pressure in the steam line will drop under 8.5 bar,
and the steam valve will be closed. Discharge of the accumulator tank
needs to be initiated manually by the user (binary set point). Then a
water circulation pump (see Fig. 5) starts and the valves in the cir-
culation line are opened. The circulation flow is adjusted by a control
valve (see Fig. 5, between the pump and the heat exchanger) to keep
the output temperature of the AC reheating water in desired 80 °C
after the heat exchanger. The AC reheating flow stays approximately
constant due to constant pressure boundary conditions. The water
circulation pump turns off, when the water temperature in the accu-
mulator tank decreases below 75 °C, and the valves in the circuit will
close too. Table 2 lists the time dependent input variables, which were
updated into the simulatoras boundary condition values, or as set
point values. The pressure in the steam line, as well as the periods for
the accumulator tank discharging, were taken from the ship's actual
operation profile. The pressure depends on how many engines are
running, and the demand by other users. The AC reheating demand
was approximated according to the outside temperature.

2.4. Chilled water system (CWS)

The chilled water system (CWS) supplies cooling media for the
AC system. The chilled water circuit includes two electric chillers
(Chiller 1 and Chiller 2), seawater cooler (hereafter called Alaska
cooler), LNG cold recovery heat exchanger (LNG cooler) and chilled
water circulating pump. The units start and adjust the cooling
capacity according to the chilled water return temperature after
the AC rooms.

Fig. 3. Side view of Viking Grace. Design picture (Lepistö, 2014).

Table 1
Main particulars for Viking Grace.

Dimensions

Length 213.3 m
Breadth 31.8 m
Draught 6.8 m
Gross tonnage 56,850
Net tonnage 37,600
Deadweight 5030 t

Machinery and propulsion
Diesel electric system 4 � 8L50 DF
Power plant 30.4 MW
Propulsion motors 2 � 10.5 MW

Heat balance at 100% load (8L50 DF)
Jacket water, HT-circuit 880 kW
Charge air, HT-circuit 1120 kW
Exhaust gas flow 12.5 kg/s
Exhaust gas temperature 373 °C

Capacities
Passengers 2800
Passenger cabins 880
Trailer capacity 1275 lane metres
Car capacity 1000 lane metres
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The model includes all the main equipment for the chilled water
system. The electric chiller, which is a main component in all pas-
senger vessels for the AC system, was not available as an existing
model component in the simulation environment. Thus the specific
equipment was modelled based on the information from the equip-
ment manufacturer, such as the coefficient of performance (COP) in
different conditions. The modelling takes into account the input
temperature of the chilled water, temperature of the cooling media
(seawater) and input electrical power. The internal dynamics of the
electric chiller was approximated by a first order filter. Fig. 6 shows the
chiller model interface within the rectangle (chiller 1 and chiller 2);
the small details are not relevant for reader, they represent connec-
tions between the external routine and database variables.

Alaska cooler is a heat exchanger, where the chilled water is
cooled by circulated seawater. It was modelled with a standard
Apros model component, Counter-current heat exchanger. Differ-
ent heat exchangers were widely used also elsewhere throughout
the modelling scope of the study. The desired chilled water tem-
perature after Alaska cooler is þ11 °C, so seawater temperature
must be þ10 °C or lower. In Baltic Sea, low enough temperature is
often available, but on the other hand, the need for cooling during

this time is low, or rather, there is need for AC reheating (summer/
winter mode). The seawater pump for Alaska cooler is equipped
with variable frequency drive (VFD) control.

The CWS also includes cold recovery from LNG vaporizing.
There are two LNG storage tanks with pressure of 5 bar, and
temperature of �138 °C. Each tank supplies LNG for two main
engines. When cold recovery to the AC system is in use, the LNG
stream is first heated up to 4 °C in the CWS, and then with the
auxiliaries LT cooling water to 30 °C. If there is no need for cooling

Fig. 5. Waste heat recovery system (Apros model diagram). Small circle and square symbols connected to process components are reference links to the automation model
(e.g. level measurement, valve actuator).

Table 2
Time dependent input variables for waste heat recovery system simulation.

Input Description

Pressure Pressure in the steam system according to ship
operation profile

bar

Tank usage Is the accumulator tank discharged True/false

Heat demand Heat energy used for AC reheating kW

Fig. 4. The daily route of Viking Grace (Viking Line, 2013).
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in the CWS, only the LT heating is used. Cold energy from LNG
vaporizing is transferred with a two fluid circuit system, in a
cascade manner, to the AC chilled water. The heat transfer media is
silicon fluid Syltherm in the first circuit, and 50% glycol–water
mixture (PGLY50) in the second circuit, which transfers the cooling
energy to the chilled water circuit. Approximate material property
values were taken into use for these coolants in the modelling. The
cooling energy received from the LNG vaporizing was obtained
using measurement data of LNG mass flow during a reference day
(May 29th 2013), and the methane log pH diagram. The CWS
model diagram is presented in Fig. 6.

A requirement for the automation model, similar as with the
WHRS model, was that the system is working with minimum
external operations by the simulation user. This means that the
system responds automatically for cooling demand changes. The
cooling demand, seawater temperature and engines’ load percent
were the time-dependent input variables during the simulation
experiment, see Table 3. The changes were pre-defined in simu-
lation experiment script files.

The engine load and the resultant LNG mass flow used in the
simulations were based on actual measurements. In the model, the
engine load determines the LNG mass flow and accordingly, the
available cooling energy is calculated. As mentioned, the cooling
demand was approximated according to the outside temperature.

The modelled automation for the seawater cooling pump tries
to maintain the chilled water temperature at 11 °C after Alaska
cooler by adjusting the seawater flow. When the temperature
difference between the seawater and the chilled water output
temperature is 0.5 °C or less, the use of Alaska cooler is stopped.
The automation related to the electric chillers keeps the chilled
water return temperature after the AC rooms at 13 °C by adjusting
the electric load of the chillers. The first electric chiller is used
alone until it reaches 95% load, after which the second chiller is
started, and the cooling load is uniformly distributed for both
chillers. On the other hand, when this uniformly distributed load
goes down to 40%, the second chiller is turned off. The automation
for LNG cooler always tries to use all the available cold recovered
from the LNG evaporation. If the cooling demand is less than LNG
cooler can provide, a three-way valve is used to by-pass LNG
cooler. The same valve is used if the chilled water temperature is
lower than in the cold recovery system’s intermediate circuit
(PGLY50). When the temperature difference between the chilled
water and the glycol–water is 0.5 °C or less, the three-way valve
goes to by-pass mode. Fig. 7 shows the main principles of the
automation system.

Fig. 6. Chilled water system (Apros model diagram). The electric chiller functionality was implemented as an external (dll) model, and the corresponding blocks inside the
rectangles represent the interface with the main model.
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2.5. Validation

In modelling and simulation, model validation is an important
step to determine that the model is an accurate enough repre-
sentation of the real system in order to perform the targeted
simulation studies. It is typically an iterative process of comparing
the model to actual system behaviour and improving the model
according to the needs. This process is repeated until the model
accuracy is judged acceptable. Finally, the model behaviour is
compared against fresh data that were not involved in the phase of
the model parameter calibration.

A measurement data set from the target ship Viking Grace from
the period of February 21st through March 2nd, 2013, was used for
the WHRS validation. In the simulation, the input variables (see
Table 2) were adjusted based on the data, for example, steam
pressure level increased/decreased and heat tank discharging
started/stopped. The simulation experiments were conducted as
batch runs using command scripts, which consist of system com-
mands, such as to read input values, set steam line pressure to
9 bar, and simulate 3600 s. This way the experiments were easy to
repeat after adjustments to the model or experiment parameters.
For example, after a few simulation runs and parameter adjust-
ments, the temperature of the simulated accumulator tank agreed
well with the measurements. The main tuning parameter for the
waste heat recovery model was the efficiency of the heat transfer
of the heating coils in the accumulator tank. First simulation run
with 100% efficiency was warming up the water too fast compared
to the measurements. The efficiency was finally set to 52 % in the
end of the validation. Fig. 8 shows the simulation results and the
actual measurement data during a 24 hour cruise (data from
February 24th 2013, starting at 00:00). The simulated values were
within 73.0 °C compared to the measurements (73.3% relative to
the measured average). The average error was 0.7 °C (0.7%).

A measurement campaign was conducted during one cruising
week as reported in (Lepistö, 2014). Due to several reasons, such as
lack of instrumentation and problems in data collection, very
limited validation data were obtained. Thus, the comparison of
simulation and ship data, as illustrated in Fig. 8, was not possible
for all equipment in the scope of the model. In such cases, quali-
tative evaluation of the system behaviour was done with the
information from equipment manufacturers and by discussions
with the domain experts including system design engineers and
the coordinator, as well as representatives of the equipment sup-
pliers and the shipowner. After the data based validation and the
expert evaluations, it was concluded that the model could be used
for the targeted studies.

It is typical that process simulation software, such as Apros, is
used in the design phase of an industrial plant to evaluate the
process and control solutions (Lappalainen et al., 2012). This
background gave confidence on the models developed despite of
the fact that marine energy system modelling was a new appli-
cation area. Most of the modelling was conducted with proven
process component models and thermal hydraulic models. The
detailed modelling approach was also considered as a fact to
improve the model reliability. It can be argued that the phenom-
ena of the simulation study do not necessarily require this high
level of details. However, it is rather difficult to significantly sim-
plify system-wide modelling without a potential risk of losing
essential dynamic features. Thus including the details increased
confidence in this sense, and additionally, made it possible to
directly use the physical dimensions and control structures as in
the actual system. On the other hand, the approach forces to use
short simulation time steps which slows down the simulation
speed, and consequently, makes very long simulations unpractical.

3. Results

3.1. WHRS results

After building up and validating the models, simulation studies
with different tank sizes and other alternative solutions, like
electricity production with warm water, were conducted. The
comparison between different tank sizes was done by checking
the time used for heating up and for discharging the accumulator
tanks. Four cases were chosen as described in Table 4. Case 1 cor-
responds to the original system. In case 2, the tank size was
increased by a third (approximately), and in case 3, the tank size

Table 3
Time dependent input variables for chilled water system simulation.

Input Description

ME 1 load % Engine load for Main Engine 1 %
ME 2 load % Engine load for Main Engine 2 %
ME 3 load % Engine load for Main Engine 3 %
ME 4 load % Engine load for Main Engine 4 %
Cooling demand Cooling demand for air conditioning system kW
Seawater temperature Seawater temperature (used by Alaska cooler and

electric chiller models)
°C

Fig. 7. Illustration of the chilled water system automation.
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was doubled (approximately) compared to the original system. In
case 4, the tank’s water volume was equal to the original, but the
tank was pressurized and the heating coils were longer.

Fig. 9 shows the simulation results for the accumulator tank
temperature (top) and the reheating water temperature after the
heat exchanger (bottom). The experiment was simulated for 11 h,
including cruising at sea, and arrival to port at the time 8 h. The
heating phase ends, when the ferry arrives at port, or tank reaches
the maximum temperature defined to prevent boiling. The dis-
charge phase begins at port; the time line of the bottom picture
(Fig. 9) starts then (i.e., the bottom picture time line corresponds
to the time line from 8 h to 11 h of the upper picture). In dis-
charging, a constant reheating demand of 2 MW was used. The
automation system stops the discharging, when the tank tem-
perature goes down to 75 °C. It can be seen that the reheating
water temperature closely follows the accumulator tank tem-
perature in cases 1–3. It is also seen that even though the target
temperature for reheated water is 80 °C, it is possible to keep this
level only for a short time (except in case 4). Main reason for this is
the relatively high reheating demand (2 MW) that was used in the
tests. The pressurized tank of the case 4 was able to maintain the
reheating temperature at 80 °C for more than one hour.

It can be concluded from the results that the current tank size
is appropriate for the vessel's operation profile. The heating is
efficient enough, and discharging can be done in one hour, which
is more or less the time spent in the ports of Stockholm and Turku.
Only in the coldest time during the winter, it was not possible to
fulfil the need with the current tank size, but a slightly larger tank
(case 2) would be sufficient. If a larger tank size was selected, also
the use of the accumulated heat should be increased to make it
economically viable. For example, the accumulator tank could
balance peak loads also outside the harbour visits.

The temperature range of the water in the accumulator tanks is
very important aspect in design. If the lower temperature limit is
80 °C, and the heating demand is 2 MW, the accumulator can only
work as a preheater. With a pressurized tank, it would be possible
to maintain the reheating water temperature at 80 °C during the
time in port. It would be beneficial to be able to utilize the accu-
mulated heat at lower temperature levels than 75 °C, which was
used in this study, in order to get more energy out of the accu-
mulator. However, this is rather difficult in practise because there
are not much, if any, consumers for lower than 75 °C heat level,
especially when the vessel is at port.

3.1.1. Option for electricity production
One option to use the excess heat energy is conversion to

electricity. Recently, a technology company Climeon (http://www.
climeon.com/) has developed a technology for the low tempera-
ture energy market (80–120 °C). This technology uses vacuum and

direct contact condensing, thus enabling high thermodynamic and
turbine efficiency for converting energy from hot water to elec-
tricity. The system is called Climeon Conversion Cycle, C3. For
example, their product Ocean 100 provides 10% efficiency from hot
water of 90 °C and 20 °C cooling water, in other words, producing
100 kW electricity for each MW of heat input. A simplified model
of this technology was included to the WHRS model, and simu-
lated to test if accumulated heat could be utilized by a single
Ocean 100 unit in Viking Grace. The study, which was not known
in the beginning of the project, was straightforward to conduct
because of the existing system model. Simulation results con-
cluded that the current accumulator tank size and the steam coils
did not match with the unit in this case; the heat source, as such,
was insufficient for economic electricity production. The novel
system is, however, one promising option to enhance the use of
otherwise wasted energy during the cruise, and different utiliza-
tion options are further explored.

3.2. CWS results

Firstly, the simulation experiments focused on studying the cur-
rent system to achieve better knowledge and understanding of the
chilled water system (CWS) operation. The target was to estimate the
electrical energy saving achieved with the sources of “free” cooling
energy, in other words, by LNG cold recovery and Alaska cooler. Sec-
ondly, alternatives to enhance the current system’s performance were
studied. For example, by-pass arrangement for LNG cold recovery
system and changes of the order of the cooling units were
investigated.

Each simulation test run covered operation of a 24 h period.
Because the cruising route of Viking Grace is the same all year
round, it was possible to use one basic sectioning method for one
24 h period (including events like port visits). Several 24 h runs
were used to get representative values for a whole year. Winter-
time could, however, be considered irrelevant, because there is no

Fig. 8. Comparison of measured and simulated accumulator tank temperature during a one-day cruise.

Table 4
Test cases with different values for accumulator tank volume and pressure.

Case Tank water volume
[m3]

Length of one coil [m] (two
coils in tank)

Pressure [bar]

1 88 30 1.0 (atmospheric)

2 120 40 1.0 (atmospheric)

3 170 60 1.0 (atmospheric)

4 88 70 3.0
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need for cooling, when the outside temperature drops below 10 °C.
On the other hand, Alaska cooler cannot typically be used at
summertime because of too warm seawater temperature.

Input values for the relative engine load (same for each running
engine) and AC rooms cooling demand are presented in Fig. 10.
Number of running main engines is illustrated as well. When more
than one engine is running, the engines have the same load. Also
seawater temperature was inputted in the model, but due to lack
of more detailed information along the route, it was constantly
kept in the value of 18 °C. Fig. 11 illustrates the simulation results
of the average summer day from the cooling energy point of view.
It can be seen, for example, how the increasing cooling demand

(see 2–16 h in Fig. 10) is achieved by lowering the temperature
after the CWS (Fig. 11).

It was concluded from the results that 81 MWh/a electrical
energy can be saved, when cooling energy is produced with LNG
cooler and 49 MWh/a with Alaska cooler. The produced cooling
energy by Alaska cooler and LNG cooler was converted into elec-
trical energy by using the electric chiller’s prevailing COP value.
Pumping energy needed for LNG cooler as well as for Alaska cooler
was reduced from the saved electrical energy. It was assumed that
LNG cooler is used five months in a year (150 days) and Alaska
cooler one month in a year (30 days). Unfortunately, no data of the
actual operation hours, or of the seawater temperatures were

Fig. 9. Accumulator tank (top) and reheating water (bottom) temperatures in the test cases (see Table 4).

Fig. 10. Number of running main engines, relative engine load per engine (evenly distributed), and AC rooms cooling demand input values for the simulation experiment of
an average summer day.
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available. Thus, the actual use time of Alaska cooler remained
unknown.

The LNG mass flow and the respective cooling energy sub-
stantially varied during the cruise. The temperature levels in the
Syltherm and PGLY50 circuits tended to rise when operating with
low engine load. This is mainly due to high mass flows in the
circuits compared to the received cold energy. In addition, the
relatively large pumps produce excess heat. During some opera-
tional situations, the temperature level in the Syltherm circuit was
4 °C higher than in nominal conditions. Consequently, the tem-
peratures in all three circuits (Syltherm, PGLY50 and chilled water)
were reaching similar levels, with minor temperature differences
over the circuits. Unfortunately, the circulating pumps did not
have capability for variable frequency drive (VFD) control, so
bypassing was concluded as the only option to affect the tem-
perature levels in the system. Consequently, the purpose of the
following simulation cases was to decrease the temperature levels
in the LNG cold recovery system with bypassing LNG cooler in the
PGLY50 circuit, and in the chilled water circuit. Different bypassing
ratios were tested and consequently, the operation of the system
could be improved. It was concluded that the bypassing strategy
should be adopted in both PGLY50 and chilled water circuits.
Bypassing is not, however, the most energy efficient solution to
reduce the mass flows in LNG cooler. Therefore, properly sized and
VFD controlled pumps should be introduced for the PGLY50
circuit.

Another discovered issue, in analysing the real LNG cold recovery
system operation during a typical cruise, was that the temperature
difference of chilled water over the heat exchanger providing the LNG
cool, was unfeasible to observe with the integrated automation sys-
tem (IAS) used. The system has Pt-100 temperature sensors with
accuracy of 70.5 °C. Consequently, from the temperature readings it
looked like no cooling energy was delivered. The situation was repe-
ated using the same conditions in the simulator, and it was revealed
that the average chilled water temperature difference over LNG cooler
was only 0.5 °C in those conditions. It is not claimed that the model
can predict with this accuracy throughout the system, but the results
was considered reliable due to the proper knowledge of the prevailing

boundary conditions, and the system design including the heat
transfer fluid properties. Furthermore, the findings explained very
well the practical problems to analyse the system state with the IAS
data. Accordingly, the simulation model helped to analyse the system
behaviour and to test different solutions to enhance the operation.

4. Conclusions

The objective of the study was to investigate the waste heat
recovery (WHRS) and the chilled water (CWS) systems with system-
wide modelling and dynamic process simulation. The focus was on
relatively new energy solutions such as Alaska cooler, heat accumu-
lator tanks and LNG cold recovery system. In addition, a novel power
system for converting energy from hot water to electricity was
investigated as well as other improvements for these systems. Besides
pursuing new information on the energy systems, a general goal was
to familiarize with and evaluate the applicability and potential of the
dynamic simulation software, Apros, in marine engineering.

The WHRS model included steam line from EGB, an accumulator
tank, and heat exchange system to discharge the accumulated heat.
Model validation was carried out successfully showing that the model
corresponds well to the actual measurements and behaves as expec-
ted by domain experts. With this model, different tank configurations
could be examined as well as possibilities to utilize more heat from
the accumulator tank. The simulation results showed that the current
accumulator tank size fits well for the designed use. The current use of
the accumulated heat is restricted to relatively short harbour visits,
and it is difficult to increase the use of the tanks' heat energy.
According to the simulations, the current system did not enable
electricity production with the accumulated waste heat. However,
with engines' high temperature cooling water, or with excess steam,
this would be possible. For a new building, larger or pressurized
accumulator tanks would be beneficial, supposing that this heat
energy resource can also be appropriately utilized. The simulation
results suggested that the most promising option would be to use
pressurized tanks.

Fig. 11. Simulation results regarding an average summer day: cooling energy production during (top), and chilled water (CW) temperatures (bottom).
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The vessel type widely determines which waste heat utilization
options are reasonable. For a cruise ship sailing in Caribbean Sea,
the situation differs significantly from Baltic Sea region. Less
heating is needed due to warm weather and plenty of waste heat
is available. The operation circumstances as Viking Grace has,
favour the use of the accumulator tanks. But also for a cruise ship,
it is a common situation that the heat energy production and
consumption do not meet each other. The maximum production is
at nighttime, when sailing at high speed, the peak load is during
the day, when galley, laundry, etc., are in use. On the other hand,
since laundry generally requires steam, the type of accumulator
tanks like in Viking Grace would not be suitable. A pressurized
tank or a steam accumulator would assort well to balance the heat
loads. Generally, accumulator tanks provide a good option to
reduce the need for oil fired boilers. Altogether, different
improvement possibilities for the WHRS exist and are to come,
and with proper tools, it is easier to keep up and take advantage of
the development. Simulation has proved to offer valuable insights
in evaluation of different concepts.

The chilled water system (CWS) model included all the main
equipment, which enabled wide studies of the system operation and
performance. The simulation cases used either summer or spring/
autumn conditions. This was suitable for studies considering the LNG
cold recovery and Alaska cooler. The results deepened the under-
standing of how these systems work. Especially valuable was the
knowledge gained on the LNG cold recovery system. The problems
experienced during the commissioning were possible to perceive with
the simulator too, and different improvements could be evaluated. If
the simulations were done beforehand, proposals for correcting
actions could have been suggested, which would probably have alone
justified the costs of the modelling and simulation efforts. As a fuel,
LNG is an alluring option to meet the environmental regulations,
especially within the emission control areas. If LNG is used, a cold
recovery system should be adopted. For new projects, changing the
arrangement of equipment would be beneficial, as well as optimizing
the pump sizes in the cold recovery system.

Model validation is an important part of modelling and simu-
lation activity. This study included model parameter adjustment
based on actual measurements, and many points of improvement
were noticed and lessons learnt on the topic. For some areas in the
study, it was not possible to get enough measured data. Despite of
the modern ship as a target, the level of instrumentation was not
sufficient for validation needs, neither for proper analysis of the
system behaviour. This is understandable as the modelling and
analysis needs have not been among the design points of view. It is
worth mentioning that a tailored measurement campaign was
conducted during the study. It produced valuable data, but the
efforts needed, role of coincidence, etc. underlined the importance
to have (i) good coverage of temperature, pressure and flow
measurements and (ii) capable data acquisition system as per-
manent installation on board. Validation clearly is one of the topics
that needs more emphasis in the future studies.

Solid understanding of available technological options is a
prerequisite for designing innovative energy efficient vessels.
Modelling inherently increases understanding of the system,
especially when based on the first principles of physics. Dynamic
process simulation provides the behaviour of individual unit
operations but also the behaviour of the interconnected system,
including the role of controls and binary automation. Recently
interest towards system-wide simulation has greatly increased in
marine cluster. Conceptual changes, improvements in traditional
equipment, as well as novel systems are needed to fulfil the
requirements coming from environmental regulations, from a ship
owner, and from customer expectations. More complex and
interconnected systems require deeper understanding, how the
sub-systems work together in the constantly varying conditions

during sea operation, and at port. Energy efficiency and low
emissions are demanded, but the solutions must not deteriorate
the overall system performance, or the customers' cruise experi-
ence. Operation and control of the more complicated system set
new demands for the automation system. New process equipment
or optional operation scenarios may have substantial influences on
the automation requirements. The time dependence, incorporat-
ing the constantly varying conditions (operation profile, weather,
etc.) in the studies, requires dynamic approach from the tools used
to assist in the engineering. Modelling and dynamic process
simulation has proved good applicability and added value in ship
engineering.

There are plenty of both established and novel technologies in
marine engineering to be investigated with the simulation approach
here presented. The benefits of modelling and simulation can be
summarized as increased system understanding, realistic evaluation of
the process and control solutions which still are on design level, and
altogether, help in the decision making (Lappalainen et al., 2012; Zou
et al., 2013; Dimopoulos et al., 2014). Compared to Excel calculations,
which probably still represent mainstream of the scenario simulation
in the industry, the graphical characteristics of advanced simulation
environments help to build and maintain models, and most impor-
tantly, enable illustrative system demonstrations for the engineering
team members and customers.
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a b  s t  r a  c  t

Seawater  desalination  is  an  important  method  for producing  fresh  water, a  critical  resource  in  many areas

of  the  globe.  Multi-stage  flash  distillation  (MSF)  is  a  leading  technology within  the thermal  desalination

field.  Mathematical  modelling  and  simulation provides  a means  to enhance  engineering  and  operation

of  complicated  production  plants.  This  paper  presents  a new  method  for one-dimensional  modelling

and  dynamic simulation  of thermal  desalination  processes.  The  approach combines  the  simultaneous

mass,  momentum,  and  energy  solution,  local phase equilibrium  by Rachford-Rice  equation,  and  rigorous

calculation  of  the  seawater  properties  as function  of temperature,  pressure  and  salinity. A brine recycling

MSF  plant  was modelled  as  a  case study, presenting advanced  and unpublished  simulated  features and

transients.  The successful  results  suggest  that the  method  presented is  a competent  approach for  dynamic

simulation  of thermal  desalination  processes.

©  2016 Elsevier  Ltd.  All rights reserved.

1. Introduction

The availability of fresh water is distributed unevenly and is a

continuous issue in many areas of globe, such as in the Middle-East,

Africa, and Australia. Due to the  ongoing global climate change, the

situation is more likely to worsen than improve. Seawater desali-

nation is very important technology to efficiently produce water

for human use and irrigation from waste-water and seawater. The

main desalination techniques are currently Multistage Flash Distil-

lation (MSF), Multi-effect Distillation (MED) and Reverse osmosis

(RO). RO has been recently taken leadership of the market, but adap-

tation of thermal desalination continues in areas where cheap or

even waste energy is available (Frost and Sullivan, 2010). Besides

using waste heat from conventional and nuclear power plants, also

solar power is becoming an  increasingly viable energy source for

desalination, with techniques developing as part of the general

interest in sustainable energy production (de la Calle et  al., 2015).

This paper addresses the mathematical modelling methodology

for thermal desalination, proposing novel solutions for system-

wide dynamic simulation studies. Among the early researchers on

dynamic modelling, (Helal et al., 1986) emphasized the importance

of simultaneous solution of material and heat balance equations

∗ Corresponding author.

E-mail address: jari.lappalainen@vtt.fi (J. Lappalainen).

due  to the  systems’ high non-linearity. An extensive literature

review can be found in (Al-Fulaij et al., 2010; Al-Fulaij, 2011).

Recently, interest has been focused on the MED  process (González

et al., 2014; Mazini et al., 2014), and solar-power-assisted desali-

nation (González et al., 2014; de la Calle et  al., 2015).

Proper calculation of seawater properties certainly is a require-

ment for desalination modelling, but besides, it is important

to address non-condensable (NC) gases. Even after de-aeration

treatment, some  dissolved NC gases remain in the seawater,

and may  be released in  further flash tanks. Also, NC gases enter

the MSF  process due to a leakage of ambient air (Alsadaie and

Mujtaba, 2014). Chemical reactions, such as the ones linked with

precipitation of magnesium hydroxide, also release NC gases,

especially CO2 (Kangas et  al., 2010). NC gases reduce the  vapour

partial pressure and diminish the heat transfer at the condenser

tubes. They also work as insulation near the heat transfer surfaces

(Alsadaie and Mujtaba, 2014). Despite their significance for system

design and operation, NC gases have gained only a little attention in

dynamic simulation studies. Al-Fulaij (2011) likewise emphasised

this and included the NC gases in her dynamic balance calculations

using the stripping rate equation presented by Cipollina (2005).

However, the effect of NC gases on heat transfer was neglected.

Recently, Alsadaie and Mujtaba (2014) described that  NC gases

have been typically neglected or only addressed with fixed gas

content in the  stages. They did include NC gases in their dynamic

MSF model, but have so far published only steady state results.

http://dx.doi.org/10.1016/j.compchemeng.2016.11.039

0098-1354/© 2016 Elsevier Ltd.  All  rights reserved.
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Nomenclature

Symbols

ai Activity of component i -

A Cross-sectional flow area m2

Co Coefficient, temperature related K

Cp Heat capacity J/(kgK)

Cs Coefficient, salinity related -

D Diameter m

h*  Specific enthalpy incl. flow kinetic energy J/kg

h Specific enthalpy

Hvap Latent heat of vaporization J/kg

H′
vap Modified latent heat of vaporization J/kg

kNCG Factor for heat transfer -

ki Henry’s coefficient for component j -

Ki Distribution coefficient for component i -

Kp Controller gain -

p  Pressure Pa

pi Partial pressure of component i Pa

pi
• Pure component i vapour pressure Pa

q Heat flux W/m2

r Radial co-ordinate m

S  Salinity kg/kg

t  Time; celsius temperature s; ◦C

T  Absolute temperature K

ti Controller integration time s

td Controller derivation time s

v Fluid flow velocity m/s

xi Mole fraction of component i in liquid -

yi Mole fraction of component i in gas  -

z Spatial co-ordinate m

zi Component mole fraction in fluid mixture -

Greek Symbols

�  Heat transfer coefficient W/(m2K)

 ̌ Gas mole fraction of the fluid mixture -

� Activity coefficient -

�  Thermal conductivity W/m

� Dynamic viscosity Pa s

Subscripts

air Air

cond Condensing

conv Convective

H Hydraulic

i, j Component indexes

L  Liquid

ref Reference

sf Skin friction

tot Total

V Vapour

vap Vaporization

w Wall

Abbreviations

BPE Boiling point elevation ◦C

GOR  Gain output ratio

MSF-BR  Multi-stage flash distillation, brine recycle type

NC Non-condensable

NEA Non equilibrium allowance ◦C

Pr Prandtl number

Re  Reynolds number

S1,  S24 MSF  stage number, e.g.  stage 1, stage 24

TBT Top brine temperature

1-D  One-dimensional

A  MSF process is a complex system with high nonlinearities, and

as such, a very challenging topic to rigorously model and simulate

dynamically. The system includes specific equipment, such  as the

brine boxes and orifices in between, and the demisters. Moreover,

the downstream end of the process is taking place in high vacuum,

and the changing temperature, pressure and salinity affect the fluid

properties. Despite the large plant size and high brine flow rates,

the liquid volumes in the  flashing stages are relatively small, so

the system also has fast dynamics. For example, if the brine pool

liquid volume is approximated as an  ideally mixed volume, a typ-

ical (supposing a volume of 30 m3,  and a brine flow rate of 3  m3/s)

time constant (in  respect of propagation of concentrations) is 10 s.

Complex dynamics often create operational challenges. This was

demonstrated in the step tests by (Alatiqi et al., 2004): the tests

were typically interrupted in less than half an hour due to too low

or high liquid levels in the  brine pools or distillate trays. Distillate

tray level dynamics has been neglected in earlier studies, except

in (Thomas et al., 1998) who emphasised the importance of the

distillate trays’ inertia.

Lior  (2012) presented a  wide spectrum of advances in  the

fundamentals of desalination. He emphasised the need for and

importance of modelling based on first principles of physics and

chemistry, with the  capability for transient simulation, and captur-

ing large process areas in the  scope of accurate prediction within

real time simulation. There seems to be a lack of dynamic desali-

nation models in power plant simulators that prevents their use

in integrated studies of power plants and desalination plants. This

work relieves the shortcoming, as we  used the  commercial Apros

(2016) simulation platform, which is traditionally used for the

modelling and simulation of nuclear (see e.g. Näveri et al., 2010),

and combustion (Lappalainen et al., 2014; Starkloff et al., 2015)

power plants, but recently solar power technologies have also been

addressed (Hakkarainen and Tähtinen, 2014).

The complexity of thermal desalination applications favours the

use of simultaneous mass, momentum, and energy solution in the

modelling. However, to the authors’ knowledge, we are the first to

report a large industrial-size application model using it. So firstly,

our paper presents the novelty of using the momentum balance

as the driving force for the mass flows. Secondly, we propose a

rigorous approach to calculate thermodynamic and transport prop-

erties for seawater as a function of temperature and salinity, also

including the pressure effect. In addition, our approach inherentl

includes the heat of salt mixing. Thirdly, throughout the system,

we use local phase equilibrium in the  control volumes. Due to

this, we modelled the MSF stage without any correlation for non-

equilibrium allowance (NEA), which other studies use without

exception to present the temperature difference between the brine

and flashed-off vapour phase. Fourthly, our method to calculate

NC gas solubility in seawater includes both temperature and salin-

ity effects. Fifthly, besides the state-of-the-art features in  dynamic

MSF models, we  included advanced features, such as distillate tray

level dynamics, NC gas influence in heat transfer, and vapour blow-

through mechanism. Moreover, we give extensive demonstrations

and analyses of the model performance in different transient situ-

ations.

This paper is organised as follows. Section 2 describes the mod-

elling methodology, giving the general context where we  have built

our contribution, presenting the calculation of pressure-enthalpy

(ph) flash and thermophysical properties. Section 3 describes mod-

elling of a brine recycle multi-stage flashing (MSF-BR) plant, which

is used to demonstrate the capability of the novel approach. The

simulation results are presented in Section 4 and discussed in Sec-

tion 5, while Section 6 concludes the study.
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2. Methodology

2.1. Background

The  Apros platform is intended for system-wide modelling and

dynamic simulation of process, automation and electrical systems.

The scope of the applications varies from small computational

experiments to full-scope training simulators of industrial plants.

The user configures the system model with component models

that are conceptually analogous with the actual devices, such as

pipes, valves, tanks, controllers, etc. The system creates a network

of thermohydraulic nodes, i.e. control volumes, and branches, i.e.

connections between the nodes. The primary state variables of the

nodes are pressure, enthalpy, void fraction, and component mass

fractions, and flows for the branches.

In this study, we used the 1-d homogeneous two-phase model

(Hänninen, 1989), which is based on dynamic conservation equa-

tions for mass, momentum, energy and component masses. In case

there is both liquid and gas present in a node, the two-phase mix-

ture is approximated as homogeneous, having equal temperature

for liquid and gas, and same velocity in the  flow branches. More

details on this thermohydraulic model are given in Appendix A.

At each time step, the thermohydraulic solver provides pressure,

enthalpy and mass fractions for each calculation node as homoge-

neous mixture. The thermodynamic state must then be solved in

each node to provide i) node temperature, ii) gas  volume fraction

or liquid level where relevant (e.g. in tanks), iii) phase composition,

and iv) fluid properties: density, dynamic viscosity, heat capacity,

and thermal conductivity. The thermodynamic solution requires

that the calculated properties accurately reflect the changes in

enthalpy and pressure.

2.2.  Modelling thermodynamic state and fluid properties

2.2.1. Assumptions

A  dynamic simulation model should predict the target process

behaviour in a realistic way, while simultaneously, different model

configurations should be easy to define, and the calculation should

be robust and fast enough for typical applications. We aimed at pro-

viding rigorous method for modelling and dynamic simulation of

different desalination processes in engineering and training simu-

lator applications. We used the  following approximations to reduce

the problem scope in respect of thermodynamic state and fluid

properties.

• The  working fluid in desalination processes may  consist of differ-

ent  compositions and phases: water as liquid and/or vapour, NC

gases in the gas phase and as dissolved in liquid, salts as  dissolved

or  as precipitated solid, all components present or just a  subset

of  them. We  left the case of precipitated solids out of the study,

as  it should not take place in a large scale in a  typical industrial

plant.
• Chemical reactions were excluded due to their minor significance

in  the applications targeted.
• Seawater  includes a number of different ions, with a  share

of  86 mass% of Na+ and Cl− ions (Millero et al., 2008). How-

ever, we considered the salinity with a single ion using an

average atomic weight of sea salt of so called Reference Com-

position:  31.4038 g/mol (Millero et al., 2008). Accordingly, we

could  directly apply the correlations published for seawater, as

we will present in Section 2.2.3 Thermodynamic and transport

properties.
• Gases  in the atmosphere have different readiness to dissolve in

seawater. We  approximated NC gases with a single substance,

average air, and used an average solubility that  depends on

temperature and salinity. Other models with NC gas have also

featured only single gas component (Cipollina, 2005; Al-Fulaij,

2011;  Alsadaie and Mujtaba, 2014).
• We  assume that the system state reaches thermodynamic equi-

librium  in each calculation node at every time step. This means

that  liquid and gaseous phases (whenever both are present) in a

node have equal temperature, and air dissolves into and releases

from  the liquid instantly according to the equilibrium state.
• There  are no  functions available in the  literature for thermophys-

ical properties of seawater and air  mixture at different pressure,

temperature and composition. Consequently, we combined dif-

ferent  sources, and supposed that the properties are independent

of  the  amount of dissolved air.  We justify this by the fact that  pub-

lished  seawater property correlations are based on experimental

data, and the studies also have neglected the issue of dissolved

gases (see e.g. Sharqawy et al., 2010).

2.2.2.  Flash calculation

In  this section we describe the flash calculation method applied

every time step for each calculation node, with pressure, enthalpy,

and mass fractions as inputs. The system can  be characterized by

the equations as follows:
(

1  − ˇ
)

xi + ˇyi = zi (1)

yi = Kixi (2)

∑
i

xi =
∑

i

yi =
∑

i

zi = 1 (3)

The  parameters Ki are distribution coefficients, which depend on

pressure, temperature and system composition. For each node, the

thermohydraulic solver (see  Appendix A) gives pressure, enthalpy,

and component mass fractions in the mixture, which are converted

to mole fractions (zi). So  we  have a ph flash problem, which can be

solved with Rachford-Rice equation (Rachford and Rice, 1952) that

can be derived from Eqs. (1)–(3):

0 =
∑

i

(yi − xi) =
∑

i

(Ki − 1)xi =
∑

i

(Ki − 1) zi

1  + ˇ (Ki − 1)
(4)

The  last equation was  obtained by eliminating yi from 1  using

2, then solving for xi. Now, if Ki are known, the  gas mole fraction of

the mixture (ˇ) can be solved, after which it is straightforward to

calculate xi and yi.  We found that  the best approach is to iterate  ̌ in

an outer loop,  solve temperature from the Rachford-Rice equation

in an inner loop, then compute the phase composition and over-

all enthalpy (h). This enthalpy is then checked against the input

enthalpy.

The distribution coefficients are crucially important in the solu-

tion. We numbered the components by 0, 1  and 2,  corresponding to

salt, water, and air, respectively. First of all, K0 is zero, as salt does

not vaporise.

For water, using the  analogue of Raoult’s law for a  non-ideal

solution, we  have

pi = p◦
i (T) ai, (5)

where  pi is component i’s  partial pressure and p◦
i (T) the  pure

component’s vapour pressure, and ai is the component’s activity,

which can  be written as

ai = yxi, (6)

where  �  is the activity coefficient, which equals to 1 for ideal solu-

tions. We studied the activity coefficient using the equation for

seawater’s boiling point elevation by (Sharqawy et al., 2010). The

equation has  a wide validity range of temperature 0 ≤ t  ≤ 200◦C

and salinity 0 ≤ S ≤ 0.12kg/kg with accuracy ±0.018 ◦C.  The equa-

tion was applied for calculating the saturation temperature of pure
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Table  1
Parameters for  the  main air components related to Henry’s law.

Nitrogen Oxygen

yj [mol%] 78.08 20.95

kref,j [atm] 9.1 × 104 4.3  × 104

C0,j [K]  1300 1700

water corresponding to seawater vapour pressure at a  certain tem-

perature and salinity. Thus we could derive the water activity

coefficient in seawater in a wide temperature and salinity range,

and noticed the coefficient to be equal to 1  ± 0.004 in the range of

0 ≤ t ≤ 120◦C and 0 ≤  S  ≤ 0.12kg/kg. Consequently, we could use

Raoult’s law for calculating K1. Now, together with Eq. (2), we  obtain

the distribution coefficient for water:

K1 = p
◦
1 (T)

ptot
(7)

Dissolution  of air can be calculated by Henry’s law, which can

be presented as:

K2 = kair (x, T)

ptot
(8)

Henry’s  coefficient kair is a function of both temperature and

salinity. As we were interested in average air instead of pure gas

components of air, and seawater instead of pure water, it was not

straightforward to find proper functions. We used the integrated

Van ‘t Hoff equation with the Setschenov salt effect to get

kair (x, T) = kref,air exp

(
−C0,air

(
1

T
− 1

Tref

)
+ Cs

x0

x1

)
,  (9)

where  kref,air is Henry’s coefficient at zero salinity, and reference

temperature Tref, and C0,air and Cs are experimental constants.

Assuming each component of air to dissolve according to Henry’s

law with coefficient kj it follows that air as a  mixture also dissolves

according to Henry’s law with the aggregate coefficient

k−1
air

=
∑

jyjk
−1
j∑

jyj
. (10)

An equation for C0 can be obtained by assuming kj to have the

same form of temperature dependency as Eq. (9), or equivalently

dk−1
j

dT
= −C0,j

T2
k−1

j
. (11)

Differentiating Eq. (10) and using Eq. (11) we find:

C0,air =
∑

jyjC0,jk
−1
j∑

jyjk
−1
j

.  (12)

We used published values (Sander, 2015) for nitrogen and

oxygen at Tref = 298.15 K, ignoring the rarer components in air,

as presented in Table 1.  They yield kref,air = 7.3 × 104 atm and

C0,air = 1450 K.

Dissolved salt decreases air solubility into water. The effect of

salinity in Eq. (9) comes within the term Cs,  for which values were

not available in the literature in the temperature and salinity range

of this study. Value Cs = 5.7 was selected based on the oxygen sol-

ubility models by (Benson and Krause, 1984; Garcia and Gordon,

1992). It is roughly equal to the salinity effect extrapolated from

these models to 70 ◦C; their validity range was reported as 0–40 ◦C.

This salinity effect in the air dissolution is a coarse estimation, but

it was found to give qualitatively reasonable predictions. It is worth

mentioning that the rare modelling studies with NC gases have

totally neglected this salinity effect, e.g.  (Al-Fulaij, 2011).

2.2.3. Thermodynamic and transport properties

After the flash calculation, temperature, prevailing phases and

mass fractions in each calculation node are known, and the  next

step is to calculate the properties for each phase, and for the mix-

ture. For the properties of pure water and steam, we used tabulated

property data based on  the IAWS-IF97 standard (Wagner and Kruse,

1998), which is commonly used in power engineering as well as in

Apros.

Sharqawy et  al. (2010) presented an  extensive review of the

literature on thermophysical properties of seawater, and also intro-

duced new correlations using the published data. We followed their

recommendations, as listed in Table 2. However, when a property

term for pure water was  present in the equation, we utilized the

standard Apros water-steam tables. Thus we  i) guaranteed smooth

transition between pure water and seawater conditions, and ii)

introduced pressure dependency for the properties which has  been

totally neglected in the published modelling studies.

We  used the simulation platform’s standard property calcula-

tion for air, based on Lemmon and Jacobsen (2004), Lemmon et  al.

(2000). Density for the gas mixture was  calculated by summing up

the partial densities of water vapour and air, and other properties

as mass weighted arithmetic means.

The homogeneous mixture properties were solved by mixing

rules from the  seawater properties and the  gas mixture properties.

Mixture density was an  inverse of the sum of the specific volumes

of liquid and gas, mixture specific heat was calculated as the mass

weighted arithmetic mean, and, viscosity and thermal conductivity

as the mass weighted harmonic mean (Wallis, 1969).

3. Modelling example

The  applicability of the new method was  tested by modelling

an industrial size MSF-BR plant, and studying its behaviour in

steady state and transients. After the process description below,

we present modelling of one stage, and then the entire plant and

its controls.

3.1. Process description

Fig.  1 shows a schematic picture of a typical MSF-BR process

(El-Dessouky and Ettouney, 2002). In the MSF concept, external

heat is transferred to the brine in Heat input section before the 1st

stage (S1), usually by condensing steam. Thus seawater, or brine

as it is typically called, receives a final temperature increase in

order to flash in a  number of sequential stages of decreasing tem-

perature and pressure. The decreasing pressure, on  the one hand,

drives the  brine flow from stage to stage, and on the other hand,

causes the brine to flash there. The flashed-off gas flows to the con-

denser tubes through a  demister, which prevents entrainment of

salty droplets. The condensate, or distillate, is collected in  distil-

late trays, and passed further to the next stage’s tray, and finally

pumped out of the system as fresh water product. The latent heat

warms up the intake seawater and recycled brine. Besides vapour,

dissolved NC gases are released from the brine and carried to the

condenser tubes. To prevent reduction in heat transfer, part of the

gas is vented off from the upper part. Most of the brine entering the

last stage is recycled, while a sufficient amount of brine is blown

out to prevent the salinity rising too high. The brine recycle type of

MSF process is said to be the industry standard (El-Dessouky and

Ettouney, 2002).

The  target plant of this study is of similar type as presented in

Fig. 1, with 21 stages in the Heat recovery section, and 3 in the

Heat rejection section. The  design and operation data, see Table 3,

were taken from the literature (El-Dessouky and Ettouney, 2002;

Al-Fulaij, 2011).
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Table  2
The  seawater property correlations used in this study.

Property Reference Maximum deviation and  validity range Pure water term

Specific

enthalpy

Eq. 43 in Sharqawy et al. (2010) ±0.05%; 10 < t  < 120◦C; 10 < S < 0.12 kg
kg

IAWS-IF97 used for pure water enthalpy

Density  Eq. 8  in Sharqawy et al. (2010) ±0.1%; 0 < t  < 180 ◦C; 0 <  S < 0.16 kg
kg

IAWS-IF97 used for pure water density

Dynamic

viscosity

Eq.  22 in Sharqawy et al. (2010) ±1.5%; 0 <  t < 180◦C; 0  < S  < 0.15 kg
kg

IAWS-IF97 used for pure water viscosity

Thermal

conductivity

Originally by Jamieson and  Tudhope  (1969) but

rewritten (Eq. 13) by Sharqawy et al.  (2010)

±3%;  0 < t  < 180◦C; 0 < S < 0.16 kg
kg

–

Specific  heat Originally by (Jamieson and Tudhope, 1970).

Eq.  9  in Sharqawy et al. (2010).

±0.28%; 0  < t <  180◦C; 0 < S <  0.18 kg
kg

–

Fig. 1. Schematic of MSF-BR desalination process.

Table  3
MSF-BR plant  dimensions and nominal operation values used in the  study (El-

Dessouky and  Ettouney, 2002; Al-Fulaij, 2011).

Parameter Value  Unit

Preheater and Heat recovery section

Number  of condenser tubes 1410

Condenser tubes outer radius 22.25 mm

Condenser tubes inner radius 21.00 mm

Heat  rejection section

Number  of condenser tubes 1992

Condenser tubes outer radius 15.875 mm

Condenser tubes inner radius 14.635 mm

Common to both sections

Flash  tank cross-sectional area 55.6 m2

Flash tank height 2.5  m

Upper  volume  height 2.0 m

Flash  tank volume 139  m3

Condenser shell side volume 111  m3

Cross-sectional area of distillate tray 5  m2

Operation values

Top  brine temperature (TBT) 107.8 ◦C

Recycled brine flow  rate 3385 kg/s

Intake  seawater salinity 4.0 mass%

Intake  seawater temperature 27.3 ◦C

Steam temperature (saturated) 120.0 ◦C

Venting  line pressure (min–max) 5500–65,000 Pa

NC  gas concentration in intake seawater 1.3e-3 mass%

3.2. Stage model

We  used the following approximations in the configuration of

the stage model:

• 1-D  flow paths and lumped parameter models are applied in spa-

tial modelling. For example, the brine in a flash tank is uniform

in  respect to the salt and air content and temperature.
• Heat losses are calculated using node temperatures and esti-

mated areas, and global values for overall heat transfer coefficient

and  ambient temperature.
• The  distillate is salt  free: no salt is entrained in  the flashed-off

vapour and air
• Copper  (Cu) is used as the heat exchanger tube material (not far

from the used typical materials: Cu/Ni 90/10 and Cu/Ni 70/30

(El-Dessouky and Ettouney, 2002).
• The  vacuum system was  modelled using constant boundary con-

dition pressures at five different pressure levels.

Modelling of one MSF  stage is illustrated in Fig. 2.  The picture on

the left shows a schematic, while the right side presents graphical

configuration for a sample stage (S10).

The stage model includes (corresponding Apros model compo-

nent names given in italics):

• Flash  tank (Tank) for liquid brine (brine pool: seawater, dissolved

air)  and a  flashed-off gas (water, air)
• Brine  paths (Control Valve, Pipe) from the previous stage and to

the next stage
• Condenser (Condenser) with a shell side for gas (water, air) and

hotwell  (distillate tray) for liquid (water, dissolved air). Brine

flows inside the condenser tube side.
• Gas  path (Check Valve) from the Flash tank to the Condenser

(introduces the pressure drop of the demister)
• Gas  path (Control Valve) from Upper volume to the vacuum sys-

tem
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Fig. 2. Schematic of  a MSF  stage N model (left), and  stage 10 as an example of the  model graphical configuration (right).

• Distillate  paths (Control Valve) from the previous stage’s distillate

tray,  and to the next stage

The stage is divided into two  separate calculation nodes: Flash

tank and Condenser. Brine enters the bottom part of Flash tank,

and flows to the next stage from the bottom. The  flashed-off gas

flows to Condenser (shell side), where the pressure is lower than

in Flash tank due to demister pressure drop, condensing steam and

gas venting. The resultant distillate is collected in  the tray (hotwell

of the Condenser). It is also possible that  distillate starts to flash

if the pressure decreases too much in the Condenser. A  venting

line from Condenser shell side removes part of the gas,  targeting

to remove NC gases and thus to keep the condensing effective. All

flows are driven by the pressure difference between the nodes. The

main dimensions and operating parameters are listed in Table 3.

3.3. Plant model

Fig.  3 shows model views to i)  the preheater and S1, ii) the last

four stages (S21–S24) and the main model boundaries:

A. pressure, temperature, salt  and air content of intake seawater

B. pressure and temperature of preheating steam pressure of the

sink  for blow-out brine

C. pressure of the sink for distillate product

D.  pressure of the sink for cooling seawater

E.  pressure of the sink for preheater condensate

F.  pressure of the sink for vented gas (five levels G1–G5)

The control loops used in normal operation are listed in Table 4.

The control algorithm is a general PID algorithm as given in Åström

and Hägglund (1995). The loops were tuned by general process

control experience and by simulation experiments.

4. Results

4.1. Steady state

We  run the system into steady state in  two  steps. Firstly, the

boundary conditions and controller set  points were set. Besides

the basic controllers (Table 4), additional liquid-level control loops

were used to drive the S1–S23 levels, both for the flash tanks and

distillate trays, to reasonable values. The set  points for the flash

tanks were set to linearly increase, from 0.40 m in S1 to 0.65 m

in S24. The distillate tray level set points were all set to 0.20 m.

These additional controllers manipulated the  positions of the valves

between the stages to simultaneously fulfil the mutual relations of

the stage pressures, brine and distillate flows, and the liquid lev-

els –  without manual interaction. Basically, this corresponds to the

manual orifice gate height adjustment that is practiced in  the real

MSF plants. Secondly, after reaching a  steady state, the level control

loops for S1–S23 were switched to manual, and only the realis-

tic loops for S24 were left active. Then the  simulation was  run  for

several hours (process time) without any modifications to the  oper-

ation parameters or boundary conditions, and finally, the state was

saved as the initial condition.

Results  for the steady state operation, corresponding to the con-

ditions shown in Table 3, are presented in Fig. 4.  It shows profiles

of the plant in respect to flash tanks’ brine temperature, pressure,

salinity and outlet flow. The profiles illustrate how temperature and

pressure decreases from stage to stage, as well as brine flow due

to flashed-off gas. Consequently, salinity increases, except in the

last stage, where feed seawater (salinity 4.0 mass%) is introduced.

The profiles are well aligned with the experimental and simulated

results from similar plants in the literature (e.g. see El-Dessouky

and Ettouney, 2002; Al-Fulaij, 2011).

The ratio of distillate mass flow to the steam mass flow–the Gain

Output Ratio (GOR)–in the  steady state was  8.727. The steady state

heat losses sum up  to a  relative value of 2.9% in respect to the heat

input from preheater steam; this aligns well to  the range of 2–5%

given in Al-Fulaij (2011).

4.2. Dynamics

The dynamic experiments started with a steady state period,

and then an impulse or a stepwise change was made to a single

parameter, followed by adequate time for simulation without fur-

ther disturbances. We  introduced step changes in control loop set

points (loop on automatic mode), control loop outputs (loop on

manual mode), and boundary values, always using the same initial

state.

4.2.1. Pulse to  intake seawater salinity

The first transient demonstrates the concentration dynamics in

the system. A pulse in seawater salinity (from 4.0 to 5.0 mass% for

a period of 2  min) was  introduced by altering the inlet boundary

condition. This kind  of excitation is commonly used in chemical

engineering and would be rather straightforward to implement
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Fig. 3. Views  of the model configuration: preheater and the first stage (left) and  the  last four stages (right). Letters A–G  indicate the model  boundaries.

Table  4
Control loops and  parameters used in the plant model.

Control loop description Meas

min

Meas

max

Out

min

Out

max

Kp ti td

Brine recycle flow by recycling pump speed 1000 4000 10 100 0.5  50 –

S24  Flash tank level by blow-out brine pump  speed 0 1 0  100 0.2  1500 –

S24  distillate tray level by distillate product pump  speed 0 2 5  100 0.5  500  –

S24  temperature by cooling seawater valve position 20 60 0  1  0.5  500  –

Feed  seawater flow  to S24 by valve position 500 1500 0  1  0.8  30 –

TBT  by steam flow  (set point for preheater steam flow) 90 120 20 60 1.5 500  1

Preheater  steam flow  by valve position 0 60 0  1  0.7  15  –

Preheater  condensate level by outlet valve position 0 5 0  1  0.7  100  –

Fig. 4.  Stage profiles for  temperature, pressure, salinity and  brine outlet flow.

experimentally. The impulse caused small disturbances in many

system variables, but the most interesting and characteristic phe-

nomenon was the propagation of the salinity disturbance in the

system. Fig. 5 shows salinity in the intake seawater boundary con-

dition, and in the S24 brine pool. It  is worth reminding that the feed

seawater  firstly enters the S24. It can be seen that  the pulse propa-

gates through the system several times due to the fact that most of

the brine is recycled from the last stage. The  variations attenuate

naturally and the extra salt introduced eventually exits from the

system.
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Fig. 5. Salinity pulse into the  intake seawater and  the response in the last stage brine pool.

4.2.2. Pulse to intake seawater temperature

The intake seawater temperature was increased from 27.3 to

32.3 ◦C for a period of 2  min. Fig. 6  shows the response as a

sharp peak in the S24 temperature and pressure. As an immedi-

ate response to the pulse, the  pressures in  the flash tanks jump

upwards, being highest for S24, but generally the pressure increase

takes place throughout the stages.

The warm seawater pulse warms up brine, which is next seen in

TBT and S1 as a slower and larger bump upwards (Fig. 6).  The TBT

variation evens out due to the  TBT temperature control loop. Two

other control loops worth mentioning (no figures) in this transient

are the S24 level controller and the S24 temperature controller,

which manipulate the brine outflow and the cooling seawater flow,

thus eventually returning the  system to correspond with the initial

state.

Fig. 7 illustrates the level dynamics in the stages. The front and

the back end of the system respond differently. The S24 level (top-

most in Fig. 7, left), the controlled one, goes down and returns, as

well as the few preceding stages, while all the other stages experi-

ence a bump upwards. The S24  level decreases, since the flow from

S23 decreases due to the pressure increase in S24. Instead, this pres-

sure increase is meaningless for the brine out pumping (towards the

boundary condition C in Fig. 3), the head of which is much larger,

so the brine outflow practically remains unchanged, until the level

controller starts to manipulate it. The level responses are different

in the front end and back end of the system, because the balance

of the stage inlet and outlet flow gradually changes throughout the

tank chain. Tank S24 most abruptly sees the initial impulse, but on

the other hand, it is the only stage possessing the means to com-

pensate for the disturbance with the feedback control. In the front

end, the system experiences the disturbance as resistance to  the

brine moving forward, which then causes a rise in the levels. The

distillate tray level variations are within ±2 cm in  this case. Later,

only part of the stages will be presented in  the trend figures for the

sake of clarity.

4.2.3.  Step to cooling seawater flow

Seawater intake to the plant is divided into two streams after

passing the Heat rejection section. Approximately half, called as

feed seawater, is fed into the last stage S24 under flow control. The

rest, known as cooling seawater, is led out of the system (towards

the boundary condition E  in Fig. 3), and the last stage tempera-

ture is controlled by manipulating this flow. In  this test, the control

loop was switched to manual, and the control valve position was

changed stepwise ±20% upwards and downwards from the initial

value (55%).

Fig.  8 shows the direct effect of the valve opening/closing to the

cooling seawater flow, and the disturbances to the main flows. Brine

recirculation flow (3385 ± 0.2 kg/s,  not shown) and intake seawater

flow were barely disturbed. When the cooling flow rate is raised,

the temperature and pressure difference over the system, which

is the driving force for flashing, increases. This enhances distillate

production. The decrease in the  cooling flow causes the opposite

effect.

Fig. 9 shows flash tank and distillate levels. For clarity, the trends

are shown for every third stage only. The  step changes cause only

modest changes in the levels.

Fig. 10 shows the key temperatures and S1 pressure. As

expected, the  primary effect of the cooling flow changes is seen in

the S24  temperature. A  higher cooling flow rate increases the total

flow of intake seawater through the Heat rejection section which

naturally reduces the stage temperatures. A  lower cooling flow rate

causes the opposite effect: the temperatures in the Heat rejection

section rise. TBT is slightly disturbed, but controlled back to  the set

point.

The cooling seawater flow is one of the  major streams rejecting

heat in the  system. So when the flow rate is changed (and TBT simul-

taneously controlled), the system efficiency goes up  or down. This

can be seen in the GOR  value and steam flow to the preheater, see

Fig. 11. The distillate production increases (see Fig. 8) in the cooling

flow increment, but more steam is also used, and as the net effect,

GOR settles to a slightly lower level (8.727 → 8.738). The opposite

behaviour is seen in the cooling flow reduction (8.727 → 8.722).

4.2.4. Step to  TBT

The  next simulation experiments demonstrate the system

behaviour when the brine inlet temperature, TBT, is altered.

The change was  done to the TBT set  point, as a 1.0 ◦C incre-

ment/reduction (see  the TBT response in Fig. 14). The S1

temperature experiences a  similar level of reduction, and while the

S24 temperature is disturbed, it returns to the set point due to the

control.

Fig. 12 shows how the mass flows evolve in the  transient.

The controlled ones—brine recirculation and intake seawa-

ter to S24—remain strictly close to their desired values. The

distillate production increases with the TBT increment and

decreases with the reduction, as expected. The brine outflow

decreases/increases, respectively. The simultaneous cooling-flow

changes (increase/decrease) are driven by the S24  temperature

control.

Fig. 13 shows the liquid levels of the selected stages. The  TBT

response is interdependent with the pressure changes, as Fig. 14

shows for S1. As the orifice openings are fixed, a  pressure increase

in a stage drives its liquid level lower, and a decrease, respectively,

will see the level rise. Finally the system finds the appropriate head

between consecutive stages that is needed for the brine flow.

It  is noteworthy in the TBT increment case  that the pressures in

the front end increase so much that  levels go down enough to cause

vapour blow-through between the stages. This happens for S1–S5,

the gas mass flow rates ranging from 0.03 to 0.16 kg/s, which are

minor compared to  the brine flow of over 3300 kg/s. However, the

volumetric flow is large enough to reduce the stage pressure and

stop further dropping in the liquid level.

Others have shown similar behaviour in the MSF  simulations.

Al-Fulaij’s (2011) test was done by stepping up/down the steam

temperature, but the  basic effect was the same: increased TBT. Al-

Fulaij (2011) mentioned that the steam temperature increment was

limited to 2% because the  vapour blow-through would incur a larger
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Fig. 6. Temperature pulse into the  intake seawater boundary condition (top-left): temperature and  pressure values.

Fig. 7. Temperature pulse into the  intake seawater boundary condition: flash tank and  distillate tray levels. The  topmost flash tank curve corresponds to S24, the  lowest to

S1.

change due to the brine level dropping. The reason for this was

suggested to be the changes in flashing rates (Al-Fulaij, 2011). Our

results show that the pressure changes cause the level changes. The

phenomenon is largest in the early stages, since they are closest to

the TBT change. The distillate production increases/decreases in

a similar way as in the study of Al-Fulaij et  al. (2011). The level

changes propagate through the  system being well aligned with

results of (Thomas et al., 1998).

The TBT control manipulates the preheater steam flow. After

settling down, it is seen in Fig. 15 that  the increment requires more

steam, and the reduction less, respectively. GOR changes from the

initial value (8.727) to 8.699 in the TBT increment, and to 8.742 in

the TBT reduction. Thus, the lower TBT value produced less distil-

late, but improved the energy efficiencyFigure 15

4.2.5. Venting failure

The  last simulation experiment focuses on  the role of NC gases in

the plant operation, which has not been demonstrated in dynamic

simulation results found in the literature. In this MSF plant con-

cept, a majority of the dissolved air in the feed seawater is released

when it enters the last stage (S24). Accordingly, the highest vent-

ing flow rate is from S24, which is a good location to demonstrate

disturbances in the venting system. The experiment included two

stepwise, partial closing of the vent valve. The first one took place

at time of 0.5 h, the second one at 2.5 h;  the initial opening was

returned at  time 4.5 h. Fig. 16 shows vent-off gas mass flow in the

transient, and the other main flows. The  brine recycle flow (not

shown) was again very robust in its response to the change, the

variations being within ±1 kg/s.

As seen in Fig. 17, air content (mass% out  of gaseous phase) in

the S24 flash tank  and in the condenser rises when the venting
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Fig. 8. Step increment (left) and  reduction (right) in cooling seawater control valve position: mass flows.

Fig. 9. Step increment (left) and reduction (right) in cooling water control valve position: brine  and  distillate levels in stages 1, 4, 7,  10, 13,  16, 19, 22  and 24.

decreases, as well as the air content rises throughout the system,

here illustrated with the S1 result. Air  content settles to a new,

higher level in each stage. In  the flash tanks, the air content is always

clearly smaller than in the condensers, because no enriching of air

takes place there. The new air content level is reached quickly in

the flash tanks, since the flashed-off gas directly continues to the

condensers. Similarly it is quick in the S24  condenser, because the

vent-off from the S24 condenser is large compared to the volume.

The response of the S1 condenser (see Fig. 17) is clearly slower due

to the substantially smaller vent-off flow rate there.

Fig. 18 illustrates the liquid level dynamics; as earlier, the

behaviour of the front end of the system differs from the back

end. The recovery from the disturbance, starting at 4.5 h, causes the

largest variations. Seeing the stage pressures helps to analyse the

level variations. Since the range of pressures is large compared to

the relative changes, Fig. 19 shows the pressure variations around

the initial values.

Fig.  19 also shows how TBT reacts to the venting disturbance.

The S24 pressure and consequently the pressures in the whole tank

chain, increase, which simultaneously increases the temperature

level. It is interesting to compare the temperature trends in the

S24 flash tank and condenser: the increased air content in the con-

denser forces the condensing temperature to decrease and thus

diminish heat flow into the intake seawater at this stage. Although

air content increases also in S1, the absolute air level is still negligi-

ble, so there the pressure values in the tank and condenser follow

each other. Altogether, the temporary venting failure did not cause
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Fig. 10.  Step increment (left) and reduction (right) in the cooling water control valve position: temperature and  pressure values.

Fig. 11. Step increment (left) and  reduction (right) in cooling water control valve position. GOR and  preheater steam flow  rate.

severe problems to the overall plant operation, because the venting

in other stages worked properly.

5. Discussion

A  MSF-BR plant is  a  complex system, the transient behaviour of

which is very challenging to analyse without a  rigorous dynamic

simulation model. Besides the characteristic physical equipment

and system configuration, the  control system also plays a very

important role. Plant conditions may  vary significantly from the

design situation, because of disturbances in the intake seawater,

steam supply or vacuum system, due to equipment failures, opera-

tor mistakes, etc. If too much is simplified in the modelling, relevant

interactions may  be excluded from the scope of the simulation. Our

simulation examples showed reasonable and expected behaviour

of the simulated system. In the  following, we discuss the assump-

tions used.

Conditions for two-phase flow are not common in the normal

plant operation, so the assumption of the homogeneous mixture,

which  the thermohydraulic model uses to calculate the fluid trans-

portation between the calculation nodes, holds generally well.

The vapour blow-through situation makes an exception, but as

demonstrated, our method managed this condition too, unlike most

modelling studies in literature.

Our  method assumes that thermodynamic equilibrium is

reached in each calculation time step. In practice, evaporating and

condensing, as well as gas dissolving and release, are not instan-

taneous phenomena, nor are they symmetric; the dynamics also

depend on  the physical circumstances, such as mixing. We rational-

ized this approximation firstly by the fact that in our approach the

dynamic conservation equations are applied on  the homogeneous

fluid mixture, and secondly, by our nodalisation scheme that dif-

fers from typical MSF modelling approaches. We use two  volumes

to describe the total gas volume of each stage, and the pressure

drop between the volumes inherently controls the conditions in the

stage. After all, flashing experiments have shown that the flashed

vapour temperature is higher than the  saturated temperature cor-

responding to the flash chamber pressure, and the difference equals
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Fig. 12. Step increment (left) and  reduction (right) in the TBT  set  point: mass flows.

Fig. 13.  Step increment (left) and reduction (right) in the  TBT set  point: flash tank and  distillate tray levels.

to the BPE due to salinity (Zhang et al., 2014). Regarding the removal

of NC gas from brine, the largest discrepancy due to the local phase

equilibrium might occur in the stage, where de-aeration mostly

takes place, i.e., the last stage in this type of MSF. Ideal flash-off

by Henry’s law might overestimate the efficiency of the NC gas

removal. On the other hand, Al-Fulaij (2011) proposed 90% effi-

ciency for the degassing process which is,  after all, rather close to

the theoretical equilibrium. Actually, incorporating the mass trans-

fer dynamics would probably more or less stabilise the calculation,

so it should not be an issue if seen as necessary later on.

We used  an  average seawater salt ion  to simulate salinity. Salt

does not vaporise, so the mutual relations of the ionic components

do not change unless reactions take place.  In that respect, the need

for realistic ionic compounds arises, when chemical reactions are

involved. We  justified the  omission of a reaction calculation from

the modelling scope by the typical simulation platform uses.

We  selected air to represent NC gas. Accordingly, air properties

and average behaviour were used which was found to be a satis-

factory solution, and capable for example, for training simulation

purposes. The most significant drawback from the approximations

made for no reactions, an average salt, and air as the only  NC  gas is
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Fig. 14. Step increment (left) and reduction (right) in the TBT  set  point: pressure and  temperature values.

Fig. 15. Step increment (left) and reduction (right) in the TBT set point: GOR and  preheater steam flow  rate.

Fig. 16. Step changes to the  S24 venting valve: mass flows.
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Fig. 17.  Step changes to the  S24 venting valve: air contents (mass fractions out  of  gas phase).

Fig. 18.  Step changes to  the S24 venting valve: flash tank and  distillate tray levels.

Fig. 19.  Step changes to  the  S24 venting valve: pressure and  temperature values.
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the incapability to predict the release and accumulation of gases,

such as CO2, which can cause problems with precipitation and cor-

rosion in desalination plants. It would be rather straightforward to

include more NC gases. In fact, it would enable the direct use of gas-

specific data instead of deriving effective values for average air, as

done in this study.

We  used the simulation platform’s standard way  to calculate

the effect of NC gases on condensing heat transfer. This correlation

might be too conservative for thermal desalination applications.

It has been reported that already a small amount (exceeding 0.05

mass%) of NC gas in the condenser can cause a significant reduction

in the heat transfer coefficients (Alsadaie and Mujtaba, 2014). The

major mechanism in  the reduction is said to be NC gases’ insulating

effect, resulting from their accumulation on heat transfer surfaces.

Besides the above discussed features, our modelling approach

provided also other differences and benefits compared to typi-

cal modelling methods published. The enthalpy of salt dissolution

has typically been neglected in modelling studies. Our method

inherently includes it, since  the calculation uses enthalpy as the

state variable, and the dissolution heat is included in the seawater

enthalpy equation. Vapour blow-through and flashing on distillate

trays are possible in this approach, whenever conditions shift to

favour these undesired phenomena. More studies are needed to

assess how realistically these phenomena are captured. Heat losses

were also considered in  the modelling which is rarely seen. A  non-

equilibrium allowance (NEA) is a  typical parameter used in MSF

modelling for estimating the  temperature difference between the

brine and the vapour phase near the condensing tubes. It is cal-

culated with complex correlations, which we could  avoid in this

method. Another phenomenon in literature models calculated with

complicated correlations is the brine mass flow through the orifice

between the stages. We configured a  control valve model com-

ponent for the task, and used PI controllers to automatically find

the openings that correspond with the desired liquid levels and

other conditions. These supplementary controllers were used in

the model calibration phase only; in  the simulation experiments

the openings remained in constant values. This novel approach

significantly helped in the model calibration phase.

There is a lack of published data suitable for validation of

dynamic MSF  plant models. The work by Alatiqi et  al. (2004) and

Al-Fulaij (2011) were found to be the most useful in this respect.

Alatiqi et al. (2004) presented measured data in a MSF-BR plant,

making step changes upwards and downwards for a single manip-

ulated variable at a time. They identified transfer functions between

the manipulated variables and the most important plant variables.

Al-Fulaij (2011) presented a comparison with  the field operation

data, but unfortunately, the sampling time  was too long (3 h) for a

proper analysis. Her other simulation results gave better basis for

a comparison. Also Thomas et al. (1998) presented one simulated

and experimental transient. Our simulation results were aligned

well with the literature found on MSF  plant dynamics. Generally,

comparisons with the literature are often challenging given the

limited information on the system design and operation param-

eters. This paper with the extensive illustration of the simulated

transients and downloadable data (see Supplementary material)

therefore adds valuable reference material for future studies.

6.  Conclusions

A  new method was presented which combines the simultane-

ous mass, momentum and energy solver, Rachford-Rice equation

and rigorous seawater thermodynamic and transport properties

calculation for dynamic simulation of thermal desalination plant.

It was demonstrated by modelling a large MSF-BR plant and con-

ducting versatile simulation experiments also including previously

unpublished  transients. The approach was shown to give physi-

cally plausible predictions, and to provide substantial benefits over

many modelling approaches presented earlier in literature. The

simulation results can be downloaded as Matlab
®

MAT-files in

Supplementary material.

Thermal  desalination is an  important option in utilising

available energy streams for fresh water production. Integrated

solutions always set additional engineering challenges in the sys-

tem design, as well as in  the efficient operation of the  plants.

Modelling and simulation tools help in overcoming these chal-

lenges. The modelling presented can be extended to include power

production by conventional, nuclear, or renewable means. Thus, it

provides a tool for the analysis of and training for complicated inte-

grated power and fresh water production systems. However, before

these steps, our most relevant future task is a  proper validation

against measured plant data.
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Appendix A.

Description of the simulation environment

The Apros 1-D homogeneous two-phase model solves the

system pressures, enthalpies/temperatures, mass flows, mass frac-

tions, and heat transfer between fluids and structures. The model

can be written as partial differential equations with one axial

co-ordinate z  and time t as the independent variables. In a homo-

geneous two-phase model only  conservation equations of the

two-phase mixture are needed (Hänninen, 1989), as given by Eqs.

(A1)–(A4) in Table A1. It is worth mentioning the specific enthalpy

with flow kinetic energy is used. The S-terms in the right side of

the Eqs. (A1)–(A4) describe the sources of mass, momentum and

energy. For the momentum equation, the  source term may  include

pressure changes due to wall friction, pump, valves, and form loss

coefficients. For the energy equation, it may  include heat flows,

energy dissipation due to friction, and pressure derivative in respect

to time (Hänninen, 1989).

The  dynamic balance equations are discretised with respect

to the  spatial co-ordinate using a staggered grid approach. Thus,

the mass and energy solution deals with the centre points of the

mesh (nodes), and the momentum solution uses the intermedi-

ate positions (branches) between the mesh centres. The pressures,

flows, enthalpies, mass fractions and heat structure temperatures

are solved implicitly. The non-linear terms are linearized for the

solution. The solution proceeds by solving mass flows from the

momentum Eq. (A3) and inserting them into  the mass Eq. (A1). This

results in a set  of linear equations from which pressures are solved.

These pressures are used again in the momentum equation, and

new mass flows corresponding to the new pressures are obtained.

These are placed into  the energy Eq. (A4), from which enthalpies are

solved. The matrixes formed are large but sparse which makes the

solution fast.  After this, the thermodynamic state in the nodes and

fluid properties are solved as function of pressure and enthalpy and

component mass fractions. The fluid density obtained is compared

with the  estimated temperature that  was  used with the  conser-

vation equations above, and the whole procedure is iterated until

convergence. The procedure is repeated at every simulation time

step. The  time integration method used is backward Euler. The  sim-

ulation time step is automatically decreased in case of large process

transients to achieve convergence and maintain accuracy in results.

(Hänninen, 1989)
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Table  A1
Main  equations of the  homogeneous pressure-flow solution used in this study.

Description Equation No

Conservation of mass (Hänninen,  1989)
∂(A�)

∂t
+ ∂(A�v)

∂z
= Sj A 1

Conservation  of mass fractions
∂(A�xi)

∂t
+ ∂(A�vxi)

∂z
= Sj A 2

Conservation  of momentum (Hänninen, 1989)
∂(A�v)

∂t
+ ∂(A�v2)

∂z
+ ∂(Ap)

∂z
= Sj A 3

Conservation  of energy (Hänninen, 1989)
∂(A�h∗)

∂t
+ ∂(A�vh∗)

∂z
= Sj A 4

Pressure  loss due  to friction or form losses F  = − 1
2

ksf �|v|v
DH

A 5

Heat  conduction �Cp,w
∂T
∂t

= 1
r

∂
∂r

[
r� ∂T

∂r

]
+ q̇  A 6

Convective  heat transfer qc = ˛convA (T − Tw) A 7

Heat  transfer coefficient for one-phase forced convection (Dittus-Boelter) ˛conv = 0.023 �
D Pr0.4Re0.8 A 8

Condensing  heat transfer coefficient (Collier, 1981) ˛cond,Collier = 0.296

[
�L (�L−�V )gH’

vap�3
L

D�L (T−Tw )

]0.25

A 9

Modified  latent heat of vaporization (Collier, 1981) H’
vap = Hvap + 0.68 ·  Cp,w (T  − Tw) A 10

Factor  of NC gases for  condensing heat transfer kNCG = 0.2756 + 3.609 · 10−4 ·  exp
(

p1/0.1315 · ptot

)
A 11

In the simulation, the mixture of substances moves along the

process paths, driven by the pressure difference. Depending on the

pressure conditions, the flow direction can also change. In  the phase

separated nodes, the quality of the outlet flow depends on  the liquid

level in respect to the connection elevation of the outlet stream.

Below the liquid level the outlet fluid is liquid (and dissolved gas),

while above the level it is gaseous. A  mixture of the phases is used

if the level is close to the outlet stream’s elevation.

The pressure loss due to friction or form losses in the piping

network is calculated with equation A5. The skin friction factor is

calculated based on the surface roughness and current flow condi-

tions, using the same approach as in (Ransom et  al., 1985).

The user defines construction materials (such as  copper) for

the model components, where it is generally required (such as

heat exchangers), or required due to targeted high accuracy (basic

equipment such as pipes, tanks, valves, etc.). The heat structures

introduce the dynamic features coming by means of thermal mass

and heat conduction. 1-D heat conduction in a radial direction (e.g.

through pipe wall) is calculated as given in Eq. (A6). Heat flow

between fluid and the equipment wall is calculated with Eq. (A7).

For one-phase forced convection, the heat transfer coefficient is

calculated with the Dittus-Boelter correlation (A8). The condens-

ing heat transfer coefficient is calculated by Eq. (A9) and (A10). The

effect of NC gases, Eq. (A11), is based on experimental power plant

data.

Appendix B. Supplementary data

Supplementary data associated with this article can  be found,

in the online version, at http://dx.doi.org/10.1016/j.compchemeng.

2016.11.039.
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Supplementary material for  
Modelling and dynamic simulation of a large MSF plant using local phase equilibrium and 

simultaneous mass, momentum, and energy solver  
by Jari Lappalainen, Timo Korvola, and Ville Alopaeus 

Introduction 
 

This material supports readers for better understanding the MSF plant model and the simulation results 
presented in the paper. The model configuration diagrams, detailed information on the conditions used in 
the simulation experiments, and the relevant simulation data are given. 

 

Description of the simulation data  
 

The data of each transient simulation run are given separately as Matlab® MAT-files, see Table 1. Sampling 
time of 10 s was used. Each data set contains a data matrix and a vector of variable labels, as given in Table 
2. Same set of variables is available in all files, as listed in Table 3. 

 

Table 1. MAT-files and corresponding simulation cases. 

MAT-file name Simulation case 
Pulse_SWsalinity.mat Pulse to intake seawater salinity 
Pulse_SWtemperature.mat Pulse to intake seawater temperature 
CoolingSW_up.mat Step to cooling seawater flow, upwards 
CoolingSW_down.mat Step to cooling seawater flow, downwards 
TBT_up.mat Step to TBT, upwards 
TBT_down.mat Step to TBT, downwards 
Venting_failure.mat Venting failure 
 

Table 2. Variables in the MAT-files. 

Name Size Description 
MSFdata N x 301 Simulation time and results for 300 variables for N time samples 
MSFlabel 1 x 301 Variable description and unit 
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Table 3. Simulation variables in each MAT-file. Index refers to column number in the MSFdata matrix. 

Index Variable 
1     Time (s) 
2     S1 Flash tank temperature (°C)      
:  
25     S24 Flash tank temperature (°C)      
26     S1 Condenser tank temperature (°C)  
:  
49     S24 Condenser tank temperature (°C)  
50     S1 Flash tank level (m)               
:  
73     S24 Flash tank level (m)               
74     S1 Distillate tray level (m)          
:  
97     S24 Distillate tray level (m)          
98     S1 Flash tank pressure (bara)         
:  
121     S24 Flash tank pressure (bara)         
122     S1 Condenser tank pressure (bara)     
:  
145     S24 Condenser tank pressure (bara)     
146     S1 Condenser tank air content (mass% of gas phase) 
:  
169     S24 Condenser tank air content (mass% of gas phase) 
170     S1 Flash tank air content (mass% of gas phase)     
:  
193     S24 Flash tank air content (mass% of gas phase)     
194     S1 Flash tank salinity (mass%)        
:  
217     S24 Flash tank salinity (mass%)        
218     S1 Flash-off flow (kg/s)              
:  
241     S24 Flash-off flow (kg/s)              
242     S1 Brine flow out (kg/s)              
:  
265     S24 Brine flow out (kg/s)              
266     S1 Vent-off gas flow (kg/s)           
:  
289     S24 Vent-off gas flow (kg/s)           
290      Top brine temperature (°C)       
291      Preheater steam flow (kg/s)        
292      Brine recycle flow (kg/s)          
293      Feed SW flow (kg/s)                
294      Cooling SW flow (kg/s)             
295      Distillate flow (kg/s)             
296      GOR (-)                            
297      Intake SW salinity (mass%)         
298      Intake SW temperature (°C)       
299      Cooling SW control position (%)    
300      TBT set point (°C)               
301      Venting valve S24 position (%)     
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Description of the model conditions and simulation experiments 
 

Steady state 
The steady state used as the initial condition for the simulation experiments was reached by using the 
boundary conditions and set point values given in Table 4. The controllers were in automatic mode. 

Table 4. The basic conditions for the simulation experiments. If a boundary condition of a flow path is of sink type, only the 
pressure value is relevant for the Apros solver. Absolute pressure scale is used. The column “Fig ref” refers to Fig 3 in the paper 
and MSFplant.pdf in Supplementary material. 

Parameter Fig ref Value Unit
Boundary conditions
Pressure of intake seawater A 100000 Pa
Temperature of intake seawater A 27.3 °C 
Salinity of intake seawater A 4.0 mass%
Air content of intake seawater A 1.3e-3 mass%
Temperature of preheating (saturated) steam B 120.0 °C 
Pressure of the sink for blow-out brine C 100000 Pa
Pressure of the sink for distillate product D 100000 Pa
Pressure of the sink for cooling seawater E 70000 Pa
Pressure of the sink for preheater condensate F 170000 Pa
Pressure of the sink for vent-off gas, stages 1–5 G1 65000 Pa
Pressure of the sink for vent-off gas, stages 6–10 G2 30000 Pa
Pressure of the sink for vent-off gas, stages 11–15 G3 15000 Pa
Pressure of the sink for vent-off gas, stages 16–20 G4 8000 Pa
Pressure of the sink for vent-off gas, stages 21–24 G5 5500 Pa

Set points for the control loops
Brine recycle flow by recycling pump speed 3385.0 kg/s
S24 flash tank level by blow-out brine pump speed 0.65 m
S24 distillate tray level by distillate product pump speed 0.20 m
S24 temperature by cooling seawater valve position 39.0 °C
Feed seawater flow to S24 by valve position 950.0 kg/s
TBT by steam flow (outer loop) 107.8 °C
Preheater steam flow by valve position (inner loop) 40.69* kg/s
Preheater condensate level by outlet valve position 0.50 m
* Preheater steam flow by valve position is the inner loop in a cascade control. Thus the outer loop, TBT by 
steam flow, calculates this set point value. 

No data file for steady state condition is provided, because it is represented by the initial data in each data 
set. 

Pulse to intake seawater salinity 
Table 5 presents the pulse-wise manipulated variable in this simulation experiment. Other values are 
according to Table 4. The data file is Pulse_SWsalinity.mat. 

 Table 5. The manipulated variable in the experiment Pulse to intake seawater salinity. 

Parameter Fig ref Value Unit
Boundary condition
Salinity of intake seawater A 4.0 –> 5.0 –> 4.0 mass%
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Pulse to intake seawater temperature 
Table 6 presents the pulse-wise manipulated variable in this simulation experiment. Other values are 
according to Table 4. The data file is Pulse_SWtemperature.mat. 

Table 6. The manipulated variable in the experiment Pulse to intake seawater temperature. 

Parameter Fig ref Value Unit
Boundary condition
Temperature of intake seawater A 27.3 –> 32.3 –> 27.3 °C 
 

Step to cooling seawater flow 
Table 7 presents the step-wise, upwards and downwards, manipulated variable in this experiment with two 
simulation runs. Other values are according to Table 4. The data files are CoolingSW_up.mat and 
CoolingSW_down.mat. 

Table 7. The manipulated variable in the experiment Step to cooling seawater flow. 

Parameter Fig ref Value Unit
Control loop 
S24 temperature by cooling seawater valve position.

This loop was in manual mode and the output 
(valve position) was changed.

up 55.3 –> 66.4
down 55.3 –> 44.2

%

 

Step to TBT 
Table 7 presents the step-wise, upwards and downwards, manipulated variable in this experiment with two 
simulation runs. Other values are according to Table 4. The data file is TBT_up.mat and TBT_down.mat. 

Table 8. The manipulated variable in the experiment Step to Top Brine Temperature (TBT). 

Parameter Fig ref Value Unit
Control loop 
TBT by steam flow 

The set point was changed.
up 107.8 –> 108.8 –>
down 107.8 –> 106.8

°C

 

Venting failure 
Table 9 presents the step-wise changes that mimic failures in gas venting for the last stage.  All boundary 
values and controllers are according to Table 4. The data file is Venting_failure.mat. 

Table 9. The manipulated variable in the experiment Venting failure. 

Parameter Fig ref Value Unit
Hand valve position
Position of the S24 venting line (modelled with a valve 
component) was decreased step-wise two times, and 
finally opened fully open again.

The 
valve 
closest 
to G5

100 –> 10 –> 5
–> 100

%
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H I G H L I G H T S

• Easily define a mixture of molten salt and non-condensable gas for rigorous dynamic simulation.
• Enables system-wide thermal and hydrodynamic analysis for energy storage processes.
• New experimental data on operating a thermal energy storage facility using molten salt.

• The heat exchanger performance is influenced by trapped non-condensable gas.
• Anomalous sudden changes in the hydrodynamic losses uncovered.

A R T I C L E I N F O

Keywords:

Dynamic simulation

Thermal hydraulics

Molten salt

Heat exchanger

Thermal energy storage

Concentrated solar power

A B S T R A C T

Thermal energy storage (TES) plays a crucial role improving the efficiency of solar power utilization. Molten salt

(MS) has gained a strong position as a thermal fluid in applications where solar power is stored and used

overnight to provide dispatchable energy production. Novel process and operating concepts are being developed

for TES systems that require reliable engineering tools. System-wide dynamic simulation provides a virtual test

bench and analysis tool for assisting in process and control design and operational issues. Proper character-

ization of the thermal fluids in simulation tools is critical for successful simulation studies. In this paper, we

report the experimental and modelling work related to counter-current heat exchange and free drainage test runs

in CIEMAT’s multi-purpose MS test loop at Plataforma Solar de Almería in Spain. We present a general method to

define MS and non-condensable gas within a homogeneous pressure-flow solver. We present modelling of an

indirect MS TES system connected to a thermal oil loop through TEMA type heat exchangers, model calibration

with half of the experimental data, and finally, validation simulations against rest of the data. All these ex-

perimental data are previously unpublished. The model predicts the system behaviour with good agreement

regarding temperatures, pressures, flow rates and liquid levels. The simulations suggest that the heat exchangers’

shell sides suffer from trapped non-condensable gas which significantly affects heat transfer, heat loss to ambient

air and hydrodynamic losses. Our results contribute to thermal-hydraulic, system-wide modelling and simulation

of MS processes. Furthermore, the results have practical implications for MS TES facilities with respect to system

design, analysis and operation.

1. Introduction

Thermal energy storage (TES) can increase flexibility and efficiency

for an application where thermal power generation is temporally mis-

balanced with the energy consumption or conversion. In Applied

Energy, 165 TES papers were published between 2009 and 2017 [1],

reflecting the importance of the topic. In concentrated solar power

(CSP) plants, a TES system enables dispatchable electricity production

during periods without sunlight (night hours, cloudy conditions). Ad-

ditionally, TES can provide stability to the electricity network in case of

high fraction of renewable production [2]. A properly sized TES de-

creases the specific cost of the solar field and may also increase the

revenues from the electricity market, since the electricity price often

rises after sunset hours [3]. Thereupon it is rational that majority of the
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recently installed CSP capacity has been integrated with TES [4].

Indirect two-tank molten salt (MS) storage system is the most widely

used TES solution [4]. Commercial examples are the Andasol 1–3 plants

in Granada, Spain, which couple solar fields using thermal oil as HTF to

two-tank MS storage systems [5]. The other emerging option is direct

molten salt (DMS) storage, which couples the storage system directly to

a solar field. The DMS storage approach has also been proposed as a

part of a hybrid solar-biomass combined cycle heat and power system

[6]. Regarding the MS composition, molten nitrate salt mixtures are

commonly used as heat transfer fluid (HTF) and storage media due to

their preferred properties: high density and specific heat capacity, low

chemical reactivity, vapour pressure, and cost [7]. However, the high

melting point of 120–220 °C poses a challenge for the operation.

Modelling and simulation of CSP applications has been done at

different levels of detail ranging from studies on a specific process

component to plant-level control and operation. In this work, we ap-

plied system-wide dynamic process simulation (hereafter system si-

mulation, for simplicity), which uses one-dimensional (1D) unit op-

eration models. In contrast, computational fluid dynamics (CFD)

models use significantly higher spatial resolution, which makes them

computationally heavy, and therefore they are typically used to study

phenomena within a single process unit, such as heat loss from a MS

storage tank [2,8]. A variety of different modelling approaches for

system simulation purposes exists, but altogether, the models typically

provide a faster simulation speed than real time, and can be used for

training, analysing and optimizing the plant operation and developing

new control solutions. They are advantageous when the system per-

formance in changing, realistic conditions is evaluated. Our modelling

approach positions itself in a rigorous end of the system simulation,

because we address both thermal phenomena and fluid dynamics.

Next, we give a brief review of the system simulation studies on CSP

applications including TES. The control and operation strategy affects

the performance and economics of the whole plant [9], which makes

the topic one of the most studied among the system simulation pub-

lications. The dynamic simulation study of the commercial Andasol II

parabolic trough plant in [10] indicated that the plant performance

could be improved by testing operation strategies in a simulation en-

vironment with respect to the operator’s decisions. Similar results are

presented in [11], in which three different operation strategies in a

DMS plant were compared using system simulation. Falchetta and Rossi

[12] modelled and studied the operation of a 9MWe MS parabolic

trough plant with two-tank indirect TES system, with a particular

Nomenclature

Symbol Description, Unit

A cross-sectional flow area, m2

c polynomial coefficient for heat capacity, –

Cp heat capacity, J/(kg K)

cn factor in Zukauskas formula, –

D diameter, characteristic length, m

f friction factor, –

h specific enthalpy incl. flow kinetic energy, J/kg

h specific enthalpy, J/kg

k heat transfer tuning factor, –

l polynomial coefficient for heat conductivity, –

m mass flow, kg/s

n data point in the loss function calculation, –

Nu Nusselt number, –

p pressure, Pa

Pr Prandtl number, –

Q heat flux, W/m2

r radial co-ordinate; polynomial coefficient for density, m; –

Re Reynolds number, –

s tube arrangement dimension, m

S source term for mass; momentum; energy, kg/(m·s); kg/s2;

kg·m/s3

t time, s

T temperature, °C

v fluid flow velocity, m/s

y coefficient for dynamic viscosity, –

V specific volume, m3/kg

x polynomial coefficient for compressibility; axial co-ordi-

nate, –; m

z spatial co-ordinate, m

Greek symbols

heat transfer coefficient, W/(m2 K)

μ dynamic viscosity, Pa·s

difference operator, –

thermal conductivity, W/m

density, kg/m3

Isothermal compressibility, Pa−1

Subscripts

avg average

b bulk

conv convective

CST cold salt storage tank

exp experimental

HEX heat exchanger

HST hot salt storage tank

i, j Indexes

in Inlet

K Kelvin temperature scale

loss heat loss to environment

MS molten salt

oil thermal oil

out outlet

s shell side

sf skin friction

sim simulated

t tube side

w wall

0 Initial, reference

Abbreviations

AUTO control loop automatic mode

CSP concentrated solar power

CST cold salt storage tank

DMS direct molten salt

HEX heat exchanger

HST hot salt storage tank

HTF heat transfer fluid

MAN control loop manual mode

MOSA Molten Salt Test Loop for Thermal Energy Systems at PSA-

Ciemat

MS molten salt

PSA Plataforma Solar de Almería

SSE sum of squared errors

TEMA Tubular Exchanger Manufacturers Association

TES thermal energy storage

UC user component

1D one-dimensional
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emphasis on draining. Also Zaversky et al. [13] studied transient op-

erational changes in an indirect two-tank MS TES system. Bonilla et al.

[14,15] focused their dynamic modelling on the thermal oil–MS heat

exchanger (HEX) system, the same one as we use in this study.

Flueckiger et al. [16] studied long-term operation of a 100MWe power

tower plant with a MS thermocline TES. Another model for MS ther-

mocline TES was developed and validated against literature-derived

theoretical and experimental data by Hernández et al. [17]. Vasallo

et al. [18] used a system model for developing a model predictive

control approach for optimal scheduling of a CSP plant with TES. Li

et al. [19] presented a study of MS TES with charging and discharging

simulations using rather simple, lumped parameter models. Li et al.

[20] constructed a dynamic model of CSP system with a receiver and

ceramic honeycomb TES, using air as HTF.

Recently, Rea et al. [21] introduced a novel CSP configuration with

TES and a power block directly on a tower receiver and used system

simulation for performance and techno-economic analysis. Cioccolanti

et al. [22] conducted system simulation analysis to assist the forth-

coming assembly and testing of a real prototype plant with a Fresnel

reflectors solar field and an ORC unit coupled with a phase change

material TES. Zhao et al. [23] developed and used CSP plant system

simulation to improve the utilization of the packed-bed TES from the

perspectives of a system-level operation and storage economy.

The dynamic process simulation software Apros, the platform used

in this study, has also previously been used for studying CSP concepts.

The different hybridization schemes of a direct steam generating linear

Fresnel solar field and a conventional steam power plant were studied

and compared in transient terms in [24,25]. A model for DMS two-tank

storage system together with solar field using MS as HTF was developed

in [26]. A dynamic model for commercial parabolic trough plant An-

dasol II was presented and validated by Al-Maliki et al. in [27] and

further used for studying the plant operation and control during

strongly cloudy periods in [10]. Study [28] examined a new concept

combining a linear Fresnel solar field with supercritical CO2 as HTF

directly with a closed Brayton cycle, and in [29], this concept was

compared to a concept combining a similar Brayton cycle to a MS solar

field with a DMS two-tank storage system. These studies have, however,

used the working fluid model without any quantitative assessment,

which in contrast, is the main emphasis of the current study.

To computationally study the use of MSs as coolants, HTFs and

storage media require reliable information on their thermodynamic

properties. Basic information on the liquid phase of various molten salt

mixtures is generally available, see e.g. [30,31]. However, descriptions

of the fluid implementation in thermal-hydraulic codes with validation

results are surprisingly rare considering the important role of MS in TES

systems. Ferri et al. [32] implemented thermo-physical property func-

tions for a MS mixture (60% NaNO3 and 40% KNO3) into the RELAP5

thermal hydraulic code. They presented a comparison based on ex-

perimental steady-state data with an electrical heater, including tem-

perature and pressure information. They demonstrated the code per-

formance with three transient simulations with a model of the Prova

Colletori Solari (PCS) facility in Italy, but they did not present simu-

lations against the measured transient data. Davis [33] presented an

implementation of four different salt mixtures (Be, K, Li, Na, Zr fluor-

ides) in the RELAP5-3D/ATHENA code for novel nuclear power appli-

cations, but did not present any simulation examples.

Flexibility and simplicity are important aspects for describing the

working fluid in any simulation study, but especially in MS applica-

tions, where numerous MS mixtures are available, and new ones are

under development [7]. The code should allow the user to define the

fluid with the available limited property data. In this work, the fluid

definition is based on simple property equations, which the user can

parametrize. This is the first report, to the authors’ knowledge, pre-

senting a general fluid system for molten salts and applying it in a study

aimed at calibrating and validating a TES system with respect to hy-

drodynamics and heat transfer.

This paper is organized as follows: Section 2 describes the test fa-

cility where we conducted the experimental part of the study. Section 3

presents the general context used in the computational part of the

study, the new development for calculation of the working fluids, and

the principles we used in the system modelling. The calibration and

validation approach and the simulation results are presented in Section

4. Section 5 discusses and summarizes the main findings, while Section

6 briefly concludes the study.

2. Test facility description

In this study we used a MS test loop for thermal energy systems at

Plataforma Solar de Almería (PSA) in Spain, referred to here as the

MOSA facility, for producing data for model calibration and validation.

The facility was designed by CIEMAT to study and evaluate materials

and components, instrumentation and operation strategies with respect

to using MS for TES [34]. An overall view of the facility is shown in

Fig. 1, while Fig. 2 presents a simplified diagram of those parts relevant

Fig. 1. A view of the MOSA facility at PSA/

Ciemat in southern Spain, showing the boiler

(left, with chimney), hot salt tank with entering

pipelines, a pair of heat exchangers, and in-

sulated thermal oil and MS pipelines. The yellow

safety rail on the far right indicates the pit of the

cold salt tank. (For interpretation of the refer-

ences to color in this figure legend, the reader is

referred to the web version of this article.)
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in this study: cold salt tank (CST) and hot salt tank (HST) with cen-

trifugal pumps inside, applied piping routes and valves for MS and

thermal oil, two identical heat exchangers (HEX1, HEX2) in series, a gas

line connecting the tanks, and instrumentation. The MS tanks and pi-

pelines are mineral wool insulated. The tanks have electrical heaters

and the pipelines are equipped with electrical heat tracing for preven-

tion of MS freezing. The thermal oil loop exchanges heat with the MS

side through the TEMA NFU type HEXs, and has capabilities for flow

control by means of a centrifugal pump, and temperature control by

means of a diesel boiler and air cooler. Solar salt (60% NaNO3 and 40%

KNO3) is applied on the shell side, and Therminol VP-1 thermal oil on

the tube side.

This paper focuses on a typical operating mode, where MS is

pumped from CST to HST and heated/cooled by the oil loop using the

HEXs in a counter-current configuration. Additionally, the periods

when MS was drained from the HST to the CST via a connecting pi-

peline were analysed. The study thus investigates the most typical op-

erations of a TES plant: charging, discharging and draining the system.

The MS storages are cylindrical insulated tanks: CST is horizontal

and situated in a concrete pit below ground, HST is a vertical tank at

ground level. The total salt mass in the system is approximately 40

metric tons. MOSA can be operated in a temperature range of

290–500 °C in general and particularly up to 380 °C when the

MS–thermal oil HEXs are used. For details on the facility, see Refs.

[34,14,15]. Fig. 2 presents the instrumentation used in this study. The

terms ‘in’ and ‘out’ are used with respect to the HEX when the system is

operated counter-currently. Primary measured quantities, related

sensor types and measurement uncertainties are listed in Table 1. The

MOSA control system was used for data collection with a sampling time

of 5.0 s.

3. Methodology

3.1. Modelling and simulation environment

Apros is a commercial software platform [35] for system-wide

modelling and dynamic simulation of process, automation and elec-

trical systems. In this study, a new method to define a working fluid was

implemented for the 1D homogeneous two-phase pressure-flow model

[36], which is based on dynamic conservation equations for mass,

momentum, energy and component masses. At each time step, in each

calculation node, the thermodynamic state is solved from known en-

thalpy, composition and pressure to provide node temperature, gas

volume fraction (or liquid level), phase composition, and fluid prop-

erties: density, dynamic viscosity, heat capacity, thermal conductivity,

and density derivative with respect to pressure. See Appendix A for

details of the thermal hydraulic solution. The following section de-

scribes the fluid property calculation developed and used in this study.

A previous work for developing a new working fluid in the same en-

vironment is found in [37], targeted at seawater desalination

Fig. 2. Simplified process diagram of the MOSA parts used in this study. The colours indicate the cool (blue) and hot (red) sides of the system in a typical run in this

study. The measurements in black were used in this study. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

Table 1

Primary measured quantities, related sensors and uncertainties. Two values for

thermocoupleś uncertainty are shown: the first is based on the sensor calibra-

tion practise, the latter is the general accuracy for a K type thermocouple.

Quantity Type Uncertainty

Temperature, MS/

thermal oil

K type thermocouple in

thermowell

± 0.42/±0.75%

Volumetric flow,

thermal oil

Vortex type volumetric

flow meter

± 0.75%

Volumetric flow, MS Vortex type volumetric

flow meter

± 1%

Pressure, MS Resonant type gauge

pressure transmitter

± 0.1% of the calibrated

range (± 0.01 bar)

Liquid level, CST/

HST

Radar level transmitter ± 0.5mm
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applications.

3.2. Working fluid property calculation

In the case of MSs, there is a lack of information in the literature on

the properties of the vapour phase. The vapour phase can, however, be

neglected in typical solar power applications, because of the negligibly

low vapour pressure at the working temperatures. For practical reasons,

the systems use some non-condensable gas as a cover gas, which is

consequently required in the modelling to allow simulation of storage

tanks as well as start-up and shut-down procedures.

In the new fluid model, the user gives parameters for density, spe-

cific heat capacity, thermal conductivity, dynamic viscosity and com-

pressibility as function of temperature by setting the parameters ri, ci, li,

yi and xi in the equations below, where T is temperature, °C. Since

density is considered as function of temperature and pressure, the

equation below applies at the reference pressure. In the case of visc-

osity, an additive exponential term was provided to facilitate accurate

definition.

= =
=
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i i

i
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C T c T( )p i i
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i i

i
0

2
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The pressure-flow solution deals with compressible fluids, so we

need to capture the pressure effect in the density calculation. The

equation for density is deduced by starting from the definition of

compressibility factor:

=

V
V
p

1

T (6)

Considering density as the user-defined property (Eq. (1)), we ob-

tain

=

p
1

T (7)

Taking integrals on both sides gives

=dp d1
p

p

0 0 (8)

wherefrom we can solve the density, and substitute the user-given

density and compressibility equations to get:

=T p T( , ) ( )e T p p
0

( )( )0 (9)

Enthalpy can be expressed as follows:

= + +h h C dT V T V
T

dp
T

T
p p

p
K

p
0

0 0 (10)

where subscript 0 marks a reference state. Note that the multiplication

with temperature TK is in the Kelvin scale. Again, we use the user-given
coefficients for density, leading to

= + + +h T p h C dT T
T

dp( , ) 1
T

T
p p

p K

p
0 20 0 (11)

The derivative inside the brackets becomes

Fig. 3. Process model diagram including the parts of the facility relevant to the current study.
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Now we get an equation for enthalpy, which includes the user-given

polynomial functions, or their trivial derivatives and an integral:
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Besides the MS fluid, which is assumed to have no vapour phase, the

fluid system includes the cover gas. We used air in the implementation,

although the target facility uses nitrogen for this purpose. Air is justified

as a typical gas suitable for many different process systems. In the TES

system the pressures are moderate, so air, being mainly composed of

nitrogen, can be considered a good approximation of the cover gas. We

used the simulation platform’s existing calculation for air, based on

tabulated data from [38,39]. The properties of the mixture of liquid and

air are calculated according to the mixing rules. The mixture density is

an inverse of the sum of the specific volumes of liquid and gas, the

mixture specific heat is calculated as the mass-weighted arithmetic

mean, and viscosity and thermal conductivity as the mass-weighted

harmonic mean [40].

Table B1 in Appendix B shows the MS property functions that we

used, as given by [41], except compressibility, which was calculated as

the mass-weighted average of the NaNO3 and KNO3 values given in

[42]. The Therminol VP-1 properties, shown in Table B2, were im-

plemented according to the equations in [43], either directly or after

minor refitting. In the reference, no value was given for compressibility;

we selected a slightly higher value than water’s, since oils are generally

more compressible.

3.3. System modelling

Fig. 3 shows the graphical configuration of the process model, in-

cluding only those parts of the MOSA facility that were relevant in the

operational runs used in the current study. Control loops and mea-

surements are not shown for brevity. The heat exchanger modelling is

presented in Section 3.3.2.

For the model configuration we needed the equipment layout and

elevations, heat exchanger materials and dimensions, CST and HST tank

dimensions, piping material and dimensions (tube inside diameter and

thickness, roughness, length of sections, loss coefficients), insulation

material and thickness for heat exchangers, pipelines and tanks, pump

curves, position of sensors, and control loops. This information was

collected from the control display images, heat exchanger data sheet,

and manufacturing documents, and also by tape-measuring and visual

approximation at the facility. Most of this information can be found in

Fig. 4. Illustration of the HEX model structure applying two layers of User Components. The heat transfer correlations are defined in separate code scripts.
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Refs. [15,34]. The material properties for carbon steel, stainless steel,

and mineral wool were taken from literature and handbooks, see

Appendix B.

3.3.1. Assumptions

While the aim of a dynamic simulation model is to predict the target

process behaviour in a realistic way, calling for high fidelity in every

aspect of the modelling, there are practical incentives to keep the model

as simple as possible. Firstly, the effort required to build and para-

metrize the model should be reasonable. Secondly, the model should

calculate the targeted simulations in reasonable time. The broader the

scope of the simulation, the more emphasis is needed on maintaining a

balance between details for accuracy and simplifications for speed and

robustness. In this study, we used the following assumptions:

• Tanks are ideally mixed. In the facility, there are no mixers, but at
the beginning of the test runs, the tank content was mixed by

looping MS in a short circuit. This is common assumption in the

system simulation studies. Modelling the temperature distribution

and local heat losses, such as presented in [2], would dramatically

slow down the calculation speed.

• Transportation of enthalpy and concentrations in the pipelines is

based on sequential ideally mixed volumes. In this respect, also the

nodalization scheme has an effect.

• The HEX structure is simplified with respect to the shell side baffle-
separated volumes: 16 were used instead of 80 in the real system.

The HEX modelling is described in Section 3.3.2.

• Constant ambient temperature (20 °C) and convective heat transfer
coefficient (20W/(m2 K) were used in the convective heat loss cal-

culation. Radiative heat losses were considered negligible and

omitted.

Regarding nodalization of the pipelines, we used a maximum length

of 1.0m for those flow branches where dense discretization is relevant

to better achieve the pipe delay. Shorter branches were used, too, when

present in the real system, e.g. the valves. The model for a pipe section

includes the carbon/stainless steel wall structures and the mineral wool

insulation. The steel part is radially discretized into three layers, and

the insulation is represented by a single layer. Heat loss from the outer

surface to ambient air is calculated by convective heat transfer.

3.3.2. Heat exchanger modelling

The MOSA heat exchangers were pivotal equipment in our experi-

ments. As mentioned previously, there are two identical HEXs in series

where oil flows inside the tubes and MS in the shell side. Unfortunately,

there is no temperature measurement between them. Instead of using

the Apros standard HEX components, we designed and configured the

units using the Apros User Component (UC) method in order to test

effects of different nodalization schemes, heat transfer correlations, and

heat loss configurations. The structure used in the study is presented in

Fig. 4. The HEX component is composed of UCs at two levels, called

here UC-HEX and UC-CELL. UC-HEX (Fig. 4, top) features (i) tube-side

flow route, (ii) shell-side flow route, and (iii) thermal inertia and heat

transfer to ambient air and mounting structures. The fluid routes are

divided into 16 calculation volumes, which have been configured

within the UC-CELL structure (Fig. 4, bottom) including a section of the

tube bundle and shell volume, and heat transfer between them. In other

words, the heat transfer mechanism is composed of convective heat

transfer from oil to the tube wall, conduction through the wall, and

convective heat transfer from the tube outer wall to the MS. In the case

of cooling MS, the heat flow goes in the opposite direction.

The UC-CELL configuration includes the thermal mass of the tubes,

according to the given dimensions and material. Additionally, thermal

mass is introduced at the UC-HEX level as follows:

• Shell-side jacket, nozzles, head cover. Insulated, heat loss to ambient

air.

• Tube-side end with inlet/outlet nozzles. Insulated, heat loss to am-
bient air.

• Inside structures: baffles, longitudinal baffle, separator plate be-
tween the sides. The baffles are tightly connected with the tubes’

outer surface. We lumped together this mass for heat loss by con-

duction to HEX mounting/supporting structures (cold bridges). The

boundary temperature for the sink metal in the model was set at

100 °C.

The steel mass of the HEX model totalled approx. 1300 kg, which is

the documented mass given for one HEX unit.

The heat transfer correlations for the HEX tube and shell side are

presented in the following. For the tube side, we tested the Dittus-

Boelter, Sieder-Tate, and Gnielinski equations, and selected the latter

because it covers a wide Re and Pr range.

=

+

Nu f Re Pr
f Pr

( /8)( 1000)
1 12.7( /8) ( 1)

,b b

b
1/2 2/3 (14)

where the friction factor is

=f Re[0.79ln( ) 1.64] 2 (15)

The equation is valid for 2300 < Reb < 104 and

0.5 < Prb < 2000.

For the shell side, where staggered tube bundles are in crossflow, we

tested Dittus-Boelter, Donohue, Chilton-Colburn, and Zukauskas. We

selected Zukauskas, thus using the following group of equations:

= < <Nu Re Pr Pr
Pr

Re1.04c 1 500;n b b
b

w
b

0.4 0.36
0.25

(16)

= < <Nu Re Pr Pr
Pr

Re0.71c 500 10 ;n b b
b

w
b

0.5 0.36
0.25

3
(17)

= < <Nu Re Pr Pr
Pr

s
s
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b

w
b
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1
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= < <Nu Re Pr Pr
Pr

s
s

Re0.031c 2·10 2·10n b b
b

w
b

0.8 0.4
0.25

1

2

0.2
5 6

(19)

Considering the Re range, the Eq. (18) is usually applied in this

study. In Eqs. (18) and (19), the last term describes the arrangement of

staggered tubes, and we approximated the ratio ( )ss12 as 2.0 from the

design information. There are more than 16 tube rows, so value 1.0 was

used for the factor cn.

The convective heat transfer coefficient is obtained from the Nusselt

number by

= k Nu
Di (20)

where ki is the heat transfer tuning factor, ks for the shell side and kt for

the tube side. This factor is used in the model calibration.

The other convective heat transfer coefficients needed for the var-

ious wall surfaces are calculated as follows:

• For the metal surfaces which have heat loss through insulation to
air, the Apros default correlation (Dittus-Boelter, see Eq. (A8)) was

used for simplicity.

• A constant value of 20W/(m2 K) was used for the convective heat

transfer coefficient from the insulation surface to ambient air.

• For the metal involved in the cold bridges, we introduced a con-
vective heat transfer coefficient, which we used in the model cali-

bration as a dominant parameter for the heat losses, as described in

Section 4.1 below.
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4. Simulation results

4.1. Approach

Before the experimental period in October 2017, we had prepared

our first version of the MOSA facility model. We used the model for

preparing plans for the coming experiments. After the experiments, we

updated the model structure and parameters with the new information

received: observations, practical operation experience, discussions with

the plant personnel, and the measurement data. After these updates,

our model had sufficient readiness to simulate the experimental tests.

We continued with the following steps:

1. Define the scope and purpose of the present calibration and vali-

dation study.

2. Determine target quantities to compare the experimental and si-

mulated results, and the primary model parameters affecting these

quantities.

3. Divide the experimental data into two sets: calibration and valida-

tion.

4. Calibrate the selected model parameters to minimize discrepancy

between simulation results and measurements with respect to the

target quantities.

5. Run validation simulations according to the validation set, and fi-

nally, analyse the results.

Step 1. We defined the purpose of the model to adequately predict

the system behaviour during operation with changes in MS and oil flow

rates. In other words, the model had to be capable of capturing the

characteristics and predict phenomena related to (i) heat transfer be-

tween the oil and MS, (ii) thermal inertia, i.e. the dominant heat ca-

pacities in the system, (iii) hydrodynamic losses in the system, and (iv)

thermal losses.

The MOSA facility enables several different operating modes and

MS routes. The main modes relate to charging and discharging of the

TES system, but the route options and possibility to loop MS back to the

tank increase the number of available different test runs. In this study,

we focused on pumping MS from CST to HST while the oil loop heats

the salt counter-currently. Altogether, eight such experimental periods

were executed, all of which are included in this paper. One experiment

with the same route, but performing cooling via the oil loop was con-

ducted and included here. Occasionally, MS was drained from HST to

CST to enable the next test. We used these periods as additional cali-

bration and validation data with respect to the fluid friction forces. The

experimental data sets are characterized in Table 2. The number in the

test run name refers to a test day, and the letters a/b/c to a test section

within a day, and Dr to the drainage period. The role of the test runs

divides the data sets into calibration (Cal) and validation (Val) data.

We limited the model scope according to the target defined above.

On the MS side, we included the countercurrent line from CST to HST

via HEX, the gas line connecting the tanks, and the HST drainage line.

In simulation studies it is generally desirable to operate the model as

close to real operation as possible. Consequently, we replicated the use

of the MS flow control loop. For the oil mass flow and oil temperature

after the boiler, we used the measured values directly as the model

boundaries. Furthermore, we used simulation command scripts to

launch the same step changes as in the experiments. The conditions

before each experimental test run varied considerably, but we decided

to use an easy and consistent method for obtaining an initial state for

the simulations. We prepared the initial state by simulating the condi-

tions representing the start of the run period for 15min.

Step 2. Because the MOSA facility has been targeted for general TES

research purposes, it has fewer on-line measurements than research

facilities especially targeted at thermal hydraulic code validation.

Therefore, we could not conduct separate effect tests for friction, hy-

draulic losses or heat losses, instead the tests were integral in the

nature. Fluid temperatures and pressures are the most interesting target

quantities. We complemented this direct information with other, in-

direct measurements, to reach a better understanding of the system.

Tank liquid level measurements are good examples of this; we used

these to complement the flow measurements. Pump speeds provided

valuable operational details. Our selected target quantities are shown in

Table 3.

Heat loss from HEX, QHEX,loss, was estimated with the formula:

=Q m C T T m C T T· ( ) · ( )HEX loss oil p oil avg oil in oil out MS p MS avg MS out MS in, , , , , , , , ,

(21)

This is not temporally exact due to the system lags. Because heat

losses are significant in this case, we selected it as one of the target

quantities, but we used it only for such periods in the data that re-

present close to a steady state operation.

Step 3.We divided the CST-HST-counter data (9 runs) into two sets,

calibration and validation, using simple rules. Firstly, we distributed

the runs to both sets, considering both the number of data points, and

the test day. Secondly, when there were two sets with approximately

the same temperature range, they were separated. We also separated

the two runs with fluctuating inlet oil temperature. Thirdly, we left our

main experiment mimicking cloud cover (7a) for the validation set due

to its wide temperature range. Also, the only run where MS was cooled

was left to the validation set. The HST-drainage data (6 runs) was di-

vided based on the initial MS level and temperature in HST: the run

with the highest values, the one with the lowest values, and one with

intermediate values were chosen for the calibration set. Altogether, we

ended up with the division presented in Table 2.

Step 4. We planned the calibration simulations using full factorial

experimental design. We defined the loss functions given in Table 4 to

assess the goodness of the tuning parameters. As described previously,

we selected the start and end times of each run so that we could include

all sound data points that represent the selected operation mode. The

data points included in the loss function calculation were not necessa-

rily all points of the run. Due to the significant thermal inertia in the

system, each CST-HST-counter run is influenced, for some time, by the

conditions before the run. This period is not reasonable to include in the

temperature loss functions, so we left out the first 10min of the runs.

This was not needed for the pressure or for the liquid levels, because

thermal inertia does not play any role in those. With respect to heat

Table 2

Characteristics of the experimental runs used in this study.

Run Start time Operation Duration Role

1a 17.10.2017 10:58:00 CST-HST-counter, heating

MS

3 h 22min Cal

1b 17.10.2017 15:21:00 CST-HST-counter, heating

MS

33min Val

3a 19.10.2017 10:46:00 CST-HST-counter, heating

MS

1 h 33min Val

5a 23.10.2017 11:04:45 CST-HST-counter, heating

MS

3 h 10min 45 s Cal

5c 23.10.2017 14:38:30 CST-HST-counter, heating

MS

59min Cal

6c 24.10.2017 15:24:45 CST-HST-counter, cooling

MS

33min Val

7a 25.10.2017 11:11:00 CST-HST-counter, heating

MS

2 h 7min 5 s Val

8b 26.10.2017 13:15:00 CST-HST-counter, heating

MS

1 h 25min 15 s Cal

8d 26.10.2017 15:46:55 CST-HST-counter, heating

MS

22min 5 s Val

1Dr 17.10.2017 14:45:40 HST-drainage 13min 20 s Cal

3Dr 19.10.2017 16:21:40 HST-drainage 9min 20 s Val

4Dr 20.10.2017 13:05:30 HST-drainage 43min 20 s Cal

5Dr 23.10.2017 14:16:10 HST-drainage 15min 30 s Val

6Dr 24.10.2017 16:03:15 HST-drainage 26min 45 s Cal

7Dr 25.10.2017 16:05:35 HST-drainage 24min 50 s Val
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loss, we selected periods that were close to steady state. The liquid level

loss function was used only in the drainage runs; it was applied to all

data points.

We used the following tuning parameters in the calibration:

1. HEX tube side heat transfer efficiency

2. HEX shell side heat transfer efficiency

3. Convective heat transfer coefficient from the HEX oil side to metal

connected with the cold bridge

4. HEX shell side pressure loss coefficient

5. Drainage piping pressure loss coefficient

Regarding the HEX parameters, we used equal values for both HEX

units. The parameters 1–3 all affect the costs SSE1, SSE2 and SSE3, so

they were variated together by the full factorial design. These SSE va-

lues were calculated over the calibration runs (1a, 5a, 5b, 8b), and fi-

nally summed up to form a value representing total SSE. Parameter 3

(heat loss tuning) dominated the total SSE, and we were able to select a

proper value for it. Then we repeated simulations with full factorial

design for parameters 1 and 2, and achieved values for those too. It is

worth mentioning that parameters 1 and 2 are strongly coupled. For

example, reducing the tube-side efficiency and simultaneously in-

creasing the shell-side efficiency results in comparable total SSE values.

Parameter 4 was selected simply by summing up the SSE4 values from

the four calibration runs. In the drainage run calibration, we variated

parameter 5 and summed up SSE5 values over the three calibration runs

(1Dr, 4Dr, 6Dr) and selected the value that provided the minimum total

SSE.

Step 5. After the calibration, the model configuration and para-

meters were frozen, and simulations according to the validation test

runs were executed. The calibration and validation results are presented

in the next section.

4.2. Calibration results

The following figures present the calibration runs, measured (exp)

values in red, and simulated (sim) results in blue. Fig. 5 presents the MS

and oil mass flow rates. The flow sensors measure volumetric flow,

which was converted into mass flow using the fluid temperature and the

density formulas (Tables B1 and B2 in Appendix B). Since the MS fluid

was our major interest, the changes were done predominantly on the

MS side. The changes were executed stepwise, either by manual op-

eration (MAN) of the flow control loop by means of the CST pump

speed, or in automatic (AUTO) mode by changing the flow set point.

The simulated and measured oil flow lines are congruent, because the

measured signal was fed into the model as a mass flow boundary. Note

that runs 1a and 5a are clearly longer than 5c and 8b.

Fig. 6 shows the MS tank liquid levels. As the runs are all from CST

to HST, the levels evolve similarly. The good alignment between the

measured and simulated levels shows that the model represents the

tank volumes and dimensions accurately. As the levels are driven by the

MS flow in the real system and in the model, this result also indicates

that the MOSA level and flow measurements are in good agreement.

Fig. 7 presents the inlet and outlet temperatures of the thermal oil.

The oil heats the MS in these runs. It was characteristic to the boiler that

under certain conditions the temperature controller suffered fluctua-

tions; this behaviour can be seen in runs 1a and 5a. The simulation

follows the measured values rather well. The discrepancy in the early

phase of the simulation is partly due to the fact that the model was

oblivious of the operations before the start time. The simulation shows

somewhat too fast responses, suggesting that the oil side modelling

might lack some thermal inertia.

Fig. 8 presents the MS inlet and outlet temperatures. Generally, the

simulation results follow the measured values. However, the 1a and 5a

runs show a tendency that appeared in this study: the model over-

estimates the heat exchange to MS in low MS flows (see the flows in

Fig. 5), and underestimates it in higher flows. Several heat transfer

correlations were tested without success in this respect. The shell side

heat transfer tuning factor could not remove this discrepancy. We

Table 3

Target quantities and related physical phenomena.

Target

quantity

Heat transfer

between oil and

tube inside

Heat transfer

between tube

outside and MS

Heat

losses

Hydro-

dynamic

losses

TMS out, X X X

Toil out, X X X

QHEX loss, X X X

pMS X

LCST , LHST X

Table 4

Loss functions used in the model calibration (SSE= sum of squared errors).

SSE Equation Number

SSE1
=

T t T t{( ( ) ( )}i n
n

MS out exp i MS out sim i0 , , , , 2 22

SSE2
=

T t T t{( ( ) ( )}i n
n

oil out exp i oil out sim i0 , , , , 2 23

SSE3
=

Q t Q t{( ( ) ( )}i n
n

loss exp i loss sim i1
2

, , 2 24

SSE4
=

p t p t{( ( ) ( )}i
n

MS in exp i MS in sim i1
2

, , , ,
2 25

SSE5 +
=

L t L t L t L t[{( ( ) ( )} {( ( ) ( )} ]i
n

CST exp i CST sim i HST exp i HST sim i1 , , 2 , , 2 26

Fig. 5. Calibration results of the CST-HST-counter run: MS and thermal oil mass flows.
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noticed that this issue is also connected with the heat losses from the

HEXs. Instead of extending our study to develop new correlations, we

accepted this and used the Zukauskas and Gnielinski correlations, be-

cause their validity ranges (Re, Pr) cover the prevailing conditions. The

large discrepancy in the initial periods of 1a and 5a are discussed fur-

ther in the Discussion section.

Fig. 9 uses Eq. (21) to estimate the heat loss, i.e. it shows the dif-

ference between the heat flows that thermal oil delivers and MS re-

ceives. Thermal inertia in the HEXs and the dead times in the piping

cause the anomaly of negative heat losses; this illustrates that this

quantity gives a proper estimate only during steady states.

Fig. 10 shows all available information on the pressure on the MS

side in this operation mode. The sensor is located before the HEXs, so it

exposes the driving pressure needed to achieve the prevailing flow rate.

No valves were throttled in these experiments.

The runs exhibit interesting events as indicated with the arrows in

Fig. 10:

• 1a at 13:36: the experimental pressure suddenly drifts towards a
new, lower level (from 2.01 to 1.88 bar g) without a set point

change. Fig. 5 shows a simultaneous bump in the MS flow. The flow

control is on AUTO, and thus corrects the flow rate back to the set

point; to reach the same flow rate the pump needs 64.49% speed

instead of 65.96% before the event (not shown in the figures). The

model does not have any similar mechanism, so a clear discrepancy

appears between the pressures (Fig. 10) and remains for the rest of

the run.

• 8b at 13:53 repeats this anomalous behaviour: the pressure shifts to

a new level and a simultaneous small bump occurs in the flow

(Fig. 5).

• 5a at 11:53 and 5c at 16:06: the experimental pressure remains

approximately constant, but the model prediction experiences a shift

upwards. Fig. 5 reveals that the MS flow bumps up – in both runs. In

both cases, the flow control loop is on MAN, so the pump speed stays

at a constant value during the event. The simulation, in contrast,

was run according to the measured flow rate, so we had this change

included in the simulation script.

• The occurrence in 5a at 13:44 is also interesting. In the experiment,
we manually set the pump speed to a low value, which collapsed the

flow. This was soon noticed, and a higher speed was set, scarcely

maintaining the flow. When comparing the pressure and flow levels,

it seems that this occurrence returned the same level of hydro-

dynamic losses as at the beginning of the run.

It seems that a high enough MS flow suddenly decreases hydro-

dynamic losses in the MS flow path. It is noteworthy that the second

high flow period in 5a did not repeat this pattern, probably because the

lower pressure loss level did not return during the lower flow period.

One interpretation of the phenomenon could be that gas is trapped

inside a HEX and the gas bubbles resettle in the baffle-separated vo-

lumes in a way that reduces the hydrodynamic losses in the flow

channel. Another explanation could be a release of a salt plug, although

the return to the previous flow pattern goes against this interpretation.

The response times from the flow increase to the pressure loss decrease

in cases 1a, 5a, 5c and 8b are about 2, 7, 3 and 37min, respectively.

Thus, the timing is difficult to predict.

Fig. 6. Calibration results of CST-HST-counter run: CST and HST tank liquid levels.

Fig. 7. Calibration results of the CST-HST-counter run: thermal oil temperatures.
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Fig. 11 shows the three calibration simulations for the HST drai-

nage. The volumetric flows (top row) were calculated from the CST and

HST liquid level measurements (bottom row). The level signals were

moving averaged (3 points before and after) and then converted into

volumes (m3), the gradients of which are presented here as estimated

flow rates. The temperature of the drained MS was approximately 342,

330 and 318 °C in 1Dr, 4Dr and 6Dr, respectively. The results show that

the optimized loss coefficient in the drainage pipeline is somewhat too

large in case 1Dr, good in 4Dr, but too small in 6Dr.

4.3. Validation results

Here we present simulations with the calibrated model against the

fresh measurements of the validation runs. The simulation experiments

were conducted using the same initialization approach and boundary

conditions. Fig. 12 shows the MS and oil mass flow rates in the runs.

Again, as oil mass flow was used as a boundary, the measured and si-

mulated values are on top of each other. Of the runs, 3a and 7a are the

longest. Run 6c differs in that the oil side cools the MS. In 7a, we

conducted so-called cloud cover experiments, i.e. caused a distinct re-

duction in heat production from the solar field, or in this case, from the

boiler. For this reason, after an initial brief high flow period, the flow

was reduced close to the nominal value and the control loop was set to

MAN, thus maintaining a constant pump speed for the rest of the run.

We can see the MS flow drifts downwards as expected due to the de-

creasing hydrostatic pressure in CST.

The tank liquid levels are shown in Fig. 13. There is good alignment

between the measured and simulated levels.

Fig. 14 presents the MS inlet and outlet temperatures. The inlet

remains almost constant due to thorough tank homogenization prior to

each run, although a slight lowering takes place due to thermal losses.

We can see that the model is capable of predicting the MS outlet tem-

perature fairly well. Some observations:

• MS outlet temperature fluctuates in 1b, driven by substantial, reg-
ular fluctuation in oil inlet temperature, see Fig. 15. The simulation

reproduces the behaviour, but with a smaller amplitude and a phase

shift.

• The largest discrepancy in MS outlet temperature occurs in the first
half of the short 1b run. Again, the beginning of the run is influenced

by the different conditions prior the reference data. The over-

estimated heat transfer in this low flow (Fig. 12) period is aligned

with the observation from the calibration runs. Run 3a further

confirms that the heat transfer is overestimated in the low flow,

which is best seen at 11:02.

• The model adequately reproduces the cooling run 6c. It is worth
noting that the selected heat transfer correlations do not have any

special treatment for cooling.

• 7a demonstrates how boiler shut-down drops the MS temperature

two times in Fig. 14. Fig. 15 shows that the oil temperature de-

creases firstly by 69 °C and secondly by 93 °C. MS responds with dips

of 38 and 49 °C in the measured, and 38 and 47 °C in the simulated

data.

Fig. 15 presents the thermal oil inlet and outlet temperatures with

respect to HEXs. Again, the inconsistency of the initial condition causes

Fig. 8. Calibration results of the CST-HST-counter run: MS temperatures.

Fig. 9. Calibration results of the CST-HST-counter run: difference between heat flows from/to oil/MS (heat loss estimate).
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discrepancy (especially 1b, 3a and 7a) in the beginning of the runs. Run

6c differs due to the cooling mode. Run 7a reveals that the simulated oil

side reacts faster than the experimental counterpart does. The calibra-

tion runs 1a and 5a already raised a suspicion of this.

Heat loss estimates according to Eq. (21) are shown in Fig. 16. Since

the cooling run 6c used the same equation, now it is MS that delivers

more heat than the oil side receives.

Fig. 17 reveals the pressure needed to move MS to HST. Again, no

valve throttling was applied. The results are good in the sense that most

changes are replicated with corresponding magnitude. It is interesting

to reflect the previous observation of the sudden changes in hydro-

dynamic losses. Runs 6c and 8d feature this, i.e. constant pressure but

Fig. 10. Calibration results of the CST-HST-counter run: MS pressure before the HEXs. Arrows indicate sudden changes in hydrodynamic losses.

Fig. 11. Calibration results of the HST-drainage runs: estimated MS flows and tank liquid levels.

Fig. 12. Validation results of the CST-HST-counter run: MS and thermal oil flows.
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increased flow, at 15:43 and 15:51 (Fig. 12), respectively. The flow

control was on MAN, so we increased the CST pump speed in these

spots to mimic this event in the simulations. Instead, run 3a reaches

comparable MS flow rates (Fig. 12), but no abrupt effect can be seen.

However, a sudden change does actually also take place there, si-

multaneously when moving to the highest flow (and pressure). We can

infer this from the significantly changing flow-pressure ratio of the

periods before and after the high flow part. In 7a, the flow is reduced in

AUTO mode and it approaches the set point and then suddenly drops

(Fig. 12), requiring the controller to increase the pump speed. As a

consequence, a 0.16 bar higher pressure is required to reach the same

flow.

Fig. 13. Validation results of the CST-HST-counter run: CST and HST tank liquid levels.

Fig. 14. Validation results of the CST-HST-counter run: MS temperatures.

Fig. 15. Validation results of the CST-HST-counter run: thermal oil temperatures.
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Finally, Fig. 18 shows the validation simulations for the HST drai-

nage runs. The average temperatures in these runs 3Dr, 5Dr and 7Dr

were 323, 340 and 332 °C, respectively. The weakest prediction is for

5Dr, where the experimental drainage rate is higher than the simulated

rate. Altogether, the results indicate that the fluid model and the

homogeneous pressure-flow solver can predict the gravitationally

driven flow reasonably well.

Fig. 16. Validation results of the CST-HST-counter run: difference between heat flows from/to oil/MS (heat loss estimate).

Fig. 17. Validation results of the CST-HST-counter run: MS pressure before HEX. Arrows indicate sudden changes in hydrodynamic losses.

Fig. 18. Validation results of the drainage runs: estimated flows and tank liquid levels.
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5. Discussion

We presented a method for incorporating a user-defined liquid and

air within the 1D thermodynamic calculation, and applied the method

in a dynamic TES system for describing molten salt (60% NaNO3 and

40% KNO3) and thermal oil (Therminol VP-1). The numerical method

proved to work well in the test cases conducted. This method assumes

that the liquid does not have vapour pressure; this is not an issue for MS

with the typical temperature range used in CSP and TES systems.

Therefore, we can generalize this method to be applicable across vir-

tually all solar power applications.

Comparison of the experimental and simulation results did not in-

dicate any need to modify the friction calculation in the homogeneous

pressure-flow model used. In contrast, the heat exchanger modelling

was more challenging. We constructed different HEX structures and

tested them with various heat transfer correlations from the literature.

The MOSA HEXs proved to have two special characteristics: a weakly

performing shell side and occasionally surprisingly high heat losses to

the environment.

Tables C1 and C2 list statistical metrics – mean error, mean absolute

error and maximum absolute error – for numerical comparison of the

experiments and simulations. Both calibration and validation runs are

represented. The tank liquid levels are given for all runs, while the MS

and oil temperatures as well as the MS pressure are relevant only to the

CST-HST-counter runs. For temperature, the values were calculated by

excluding the first 10min of the data, since approximately this period is

biased by the different history prior to the initial state in the experi-

mental and computational experiments. The metrics are not given for

the heat losses because the values are reasonable only for steady states,

which were not consistently available. On average, the ratio between

simulation time and real time was 17 with a standard laptop (2.6 GHz,

16 GB RAM).

Most of the runs are within the uncertainty with respect to the mean

error and/or mean absolute error between the experimental and si-

mulated temperatures, while the maximum deviation exceeds the

measurement uncertainty (Table 1). We considered here the general

relative accuracy for K type thermocouples, for example± 2.25

and±3.00 °C in temperatures of 300 and 400 °C, respectively. In re-

spect to tanks’ liquid level, we noticed that the sensors cannot provide

the given high accuracy in practise due to the demanding conditions of

the installation and fluctuation in the liquid surface. We consider it as a

very good result that the levels deviate only by a few millimetres in the

best runs. The pressure results are good keeping in mind that the system

featured a sudden change in hydrodynamic losses for which only

speculative physical interpretations can be found. The MS and oil flow

measurements were used as reference to conduct the simulation runs, in

other words they were trusted as such. Regarding the comparison

against measurement uncertainty, it is worth emphasizing that the

uncertainty values given represent steady state conditions, and the

metrics in Tables C1 and C2 were calculated from the transient condi-

tions. Also, a small inaccuracy in timing of a step change in the simu-

lation run can cause a large momentary deviation, causing a high value

of maximum absolute error; this applies especially to rapidly re-

sponding quantities such as pressure.

The comparison metrics show similar results for both data sets,

calibration and validation data. In the CST-HST-counter runs, the va-

lidation runs have even smaller deviations for the liquid levels. The

other quantities show slightly higher error values in the validation set.

This similarity in prediction capability is an encouraging result.

The modelling studies by Bonilla et al. [14,15] included two tran-

sient cases that are comparable to this study: (i) MS and oil flow rate

changes, and (ii) cloud cover. We had several runs with flow rate

changes, part of which reached comparable prediction accuracy with

[14,15]. Their cloud cover experiment included one boiler stop, while

we had two: a similar size and a larger one. They reported somewhat

smaller maximum deviations than this study. However, it is worth

noting the different approaches: they used the same data set to tune the

model, while we tested with the fresh validation data, also including the

case with ‘clouds’. Our work also covers the larger scope of the MOSA

facility. To summarize the comparison of this work with the earlier

published simulations, we consider our model reached at least the same

accuracy level than Bonilla et al. [14,15] with respect to thermal phe-

nomena. Regarding the MS hydrodynamics, we did not find any com-

parable studies in the literature.

Our findings support the previously reported [14] finding that the

shell-side results in poor performance of the HEXs. Our calibrated

tuning factor for heat transfer was only 0.037 for the shell side, while

1.0 would correspond to the theoretical prediction by Zukauskas. In-

stead, for the tube side, our calibration resulted in a high heat transfer

tuning factor of 2.0. The shell side dominates the overall heat transfer

so strongly that the theoretical prediction (value 1.0) by Gnielinski

could have been used with only minor changes in the results.

A plausible reason for the reduced heat exchange on the MS side is

that the upper part of the shell side is not hydraulically full of MS, but

has a substantial amount of cover gas. This was discussed in [34],

emphasizing that the gas bubbles inside the HEX reduce the effective

heat transfer surface, and that the drainage inclination and the baffles

inherently trap some gas. We propose that in these runs, an even bigger

contributor to gas trapping was the HEX filling from the top instead

form the bottom when preparing for the counter-current runs. Practical

reasons necessitated this unfavourable practise.

The applied heat transfer correlations, and the other ones tested,

showed a tendency that the model overpredicts the heat transfer at low

flow rate conditions, and underpredicts it at high flow rates. The lit-

erature correlations naturally assume the flow channel and heat

transfer surface remains the same when the flow rate changes. In the

case of gas inside the shell side, there are two reasons why the surface

changes: the gas volume depends on the pressure, and the gas may

resettle between the baffles due to changing hydrodynamic forces and

MS liquid level. The former mechanism influences the observed direc-

tion, since a higher pressure decreases the gas volume and accordingly

increases the MS volume, thus increasing the heat transfer surface. We

found clear signs that also the latter mechanism is possible in the MOSA

HEXs, as discussed below in the hydrodynamic loss paragraph.

Contrary to the findings of Bonilla et al. [14], our results show

significant variation in the HEXs heat losses, perhaps because we stu-

died a wider set of experimental data. The outside temperature and

wind conditions were monitored during the tests: no clear correlation

with heat loss was observed. Not all runs had clear steady state periods,

but the results from the three selected runs give an implication of an

inverse dependency between the HEX heat losses and the heat flow that

MS receives, see Fig. 19. The open questions regarding heat losses lead

us to propose that temperature sensors should be installed in the

Fig. 19. Averaged heat loss estimates from three experimental and simulation

runs. The averages represent periods where heat loss has practically reached a

steady state.
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support structures of TES facilities of this kind; this would give valuable

information for the analysis and modelling of the heat losses. Also

temperature sensors in the MS and oil pipes between the HEXs would be

very beneficial for modelling studies like this.

Fig. 19 also shows the respective heat loss values for the simula-

tions. The result reveals that the model substantially deviates from the

experimental results in this respect and, additionally, it is less re-

sponsive to changes in the heat flow to MS. As described in Section

3.3.2 and 4.1 (Step 4), we tuned and fixed a parameter value for de-

scribing the heat transfer from the oil side to the HEXs walls and sup-

porting structures, and then used it for all simulation runs. It seems that

this simplification deteriorates the prediction capability, and is worthy

of future development.

Our simulations showed a too rapid response from the oil inlet

temperature to the oil outlet temperature, which was well aligned with

the results of Bonilla and co-workers [14]. To overcome this issue, we

tested several ways to divide the HEX model’s thermal inertia between

the oil and shell sides, while maintaining the actual total mass. Al-

though we were able to improve the results, we did not achieve sa-

tisfactory alignment with the experimental temperature. After the ca-

libration and validation study, we therefore conducted some additional

simulation experiments to further investigate this aspect. Because run

7a shows best the discrepancy in response speed, we repeated it with

additional thermal mass in the oil side pipelines. An increase in the tube

wall thickness until approximately two tons of extra carbon steel ac-

crued was needed to repeat the desired slowness with the model.

However, this modelling solution is difficult to justify, and moreover, it

affects the MS side making it overly slow. Another root cause for the

slowness could be that the temperature measurement itself is ex-

cessively slow for some reason. This could be due to the T-branch lo-

cated next to the sensor in MOSA. Again, we tested with 7a and found

that similar slowness is reached if the temperature sensor’s time con-

stant is increased from our original 10–300 s.

Although not fully addressed in this paper, we also modelled the

heat losses in the MS and oil pipes and MS tanks, leading to a minor

downward drift in temperature. The share of the pipelines in the total

heat exchange is minor compared to the HEXs. The simulated tank

temperatures showed good agreement with the experimental ones.

Large deviations were noticed only in the HST temperature during some

drainage runs, probably due to the low mixing forces and the liquid

level dropping below the sensors. We omitted the trends of these results

for brevity.

We used the MS pressure after the CST tank in the CST-HST-counter

run and the MS tanks’ liquid levels in the HST drainage runs as re-

ference in the calibration and validation of the hydrodynamic losses.

The prevailing tank pressures are not measured, but the facility’s ex-

perts assume the pressure always remains close to atmospheric. Some

pressure variation might, however, take place, which causes a direct

error source for our CST-HST-counter results. Namely, if the tanks’

pressure level increases or decreases, it also influences the reading of

the MS pressure sensor; there is currently no means of separating this

phenomenon from possible real altering of the pressure loss in the MS

line. This uncertainty could be reduced with new pressure sensors in the

tanks.

The drainage results showed clear deviation in the drainage flow

rates in half of the runs, seen as a growing difference between the si-

mulated and experimental liquid levels. We could not fully identify

reasons behind the discrepancy. Three aspects are worth mentioning.

Firstly, it was noticed that during 1Dr, 4Dr and 5Dr there was addi-

tional activity around the CST: either CST homogenization or some MS

returning to the CST from the earlier run. These both use a common, yet

short pipe section with the HST drainage route. When reflecting this

information against the drainage results, a minor pumping effect of the

additional salt might be possible. Secondly, the role of MS temperature

is worth further investigation as it affects the drainage rate and the HST

temperature sensors showed altering temperature in some runs.

Thirdly, the pressure balancing nitrogen line between the tanks has an

important role: it maintains approximately equal pressures in the tanks,

which influences operations where both CST and HST are used. Our

simulations showed a maximum gas flow velocity of 1.5m/s (CST-HST-

counter) and 3.5 m/s (HST-drainage). The values are modest, so we

conclude that the gas line is not a limiting factor for the MS flow.

However, if additional routes for balancing the gas are open via the MS

lines, the drainage flow could be affected; unfortunately we did not

record this condition during the tests.

This work is the first modelling study using the pressure-flow ap-

proach in the modelling of the MOSA facility. In respect to pressure, the

main rationalization behind the occasional deviation between the ex-

perimental and simulated values is that the model calibration com-

promised the two operational modes expressed by the hydrodynamic

losses. The sudden, anomalous changes repeated when the operation

moved from low MS flow rates to high, or vice versa. It is noteworthy

that we noticed this couple of times during the actual MOSA experi-

ments, but considered it as stochastic disturbances caused by solidified

salt plugs in the connected pipelines (not shown in Fig. 3 for simplicity).

According to the plant manager, the root cause for this behaviour was

previously unknown. We managed to analyse it with a systematic

method which can be applied in any similar process. This highlights the

invaluable role of the first principles system model to analyse dynamic

behaviour and uncover abnormal operation modes.

The MOSA facility was not designed for validating thermal hy-

draulic codes, which naturally limited the present study. However, our

study shows that also a general research facility produces valuable in-

formation for such validation, especially when information from the

primary sensors is complemented with other available measurements.

The model proved to be a useful tool for understanding the mutual

relationships of the system key quantities, assessing the reliability of

existing measurements, and proposing advantageous new in-

strumentation for future studies.

6. Conclusions

In this study, we focused on two thermal energy storage system

related cases: (i) pumping molten salt (MS) from cold tank to hot tank

via a counter-current heat exchanger, and (ii) free drainage from the

upper (hot) tank to the lower tank. We divided our experimental data

into seven calibration and eight validation sets, and used the first set to

tune the model and the latter set to test the model performance. Both

sets are previously unpublished data. Using the presented working fluid

calculation for the Apros pressure-flow solver, we built a system model

and studied its capability to predict temperatures, pressures, flows and

liquid levels in transient operations.

The dynamic system model showed good agreement when subjected

to variations in MS and thermal oil flow rates and temperatures. It is

notable that the prediction capability was similar among the calibration

and validation data sets. We identified anomalous sudden changes in

the hydrodynamic losses of the main MS flow route, and suggest that

this is due to trapped gas inside the heat exchangers that resettles when

the flow and/or pressure changes. The sudden change takes place to the

direction of lower hydrodynamic losses when the flow rate (and pres-

sure) reaches approximately 4 kg/s (and 2 bar g). The higher losses re-

turn after a hysteresis, when the flow and pressure come down to ap-

proximately 2 kg/s and 1.5 bar g. The phenomenon is stochastic in its

timing.

In the test facility used, accurate predicting of the fluid tempera-

tures after the heat exchanger was especially challenged by (i) reduced

heat transfer on the shell side, (ii) heat losses to environment, and (iii)

slow response of the thermal oil temperature after the heat exchanger.

We suggest that the shell side’s poor heat exchange (i), which also

behaves against the commonly used correlations with respect to flow

rates, and the variating heat losses (ii) are both connected with the

cover gas that gets trapped inside the device in the filling phase. The
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thermal oil efficiently exchanges heat to the tube walls and, apparently,

the numerous baffles lead excess heat to the device walls and its sup-

ports if MS is not capable of sufficiently cooling the surfaces. We also

discussed the oil-side slowness (iii) and proposed a slow sensor as a

plausible explanation.

The findings we demonstrated, and similar that our method could

potentially reveal, can significantly support engineers and plant owners

in their discussions with equipment providers and system integrators.

Malfunctioning process systems may have very large economic impact,

which makes it important to pinpoint and prove the issues observed.

The improved system understanding also benefits planning of experi-

ments and system upgrades. Our results give a good basis for using the

simulation code and the system model, or coming similar models, for

studying the transient operation of thermal energy storage systems

using MS. Besides the concentrated solar power applications, MS is used

as a coolant in novel nuclear power concepts. Possible applications

include system analysis, integrated process and control design, operator

assistance and training. Online use as a tracking simulator could serve

as a useful tool for fault diagnosis and performance assessment.
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Appendix A

The Apros user configures the system model with component models that are conceptually analogous with the actual devices, such as pipes,

valves, tanks, controllers, etc. These components can be configured to form new component models, so-called User Components. Accordingly, the

system creates a network of thermohydraulic nodes, i.e. control volumes, and branches, i.e. connections between the nodes. This study used the

Apros 1-D homogeneous two-phase model to solve the system pressures, enthalpies/temperatures, mass flows, mass fractions, and heat transfer

between fluids and structures. The model can be written as partial differential equations with one axial co-ordinate z and time t as the independent

variables. In a homogeneous two-phase model only conservation equations of the two-phase mixture are needed [36], as given by Eqs. (A1)–(A4), see

Table A1. It is worth mentioning the specific enthalpy with flow kinetic energy is used. The S-terms on the right side of Eqs. (A1)–(A4) describe the

sources of mass, momentum and energy. For the momentum equation, the source term may include pressure changes due to wall friction, pump,

valves, and form loss coefficients. For the energy equation, it may include heat flows, energy dissipation due to friction, and pressure derivative in

respect to time [36].

The dynamic balance equations are discretized with respect to the spatial co-ordinate using a staggered grid approach: the mass and energy

solution deals with the centre points of the mesh (nodes), and the momentum solution uses the intermediate positions (branches) between the mesh

centres. The non-linear terms are linearized for the solution. The time integration method is backward Euler. The simulation time step is auto-

matically decreased in case of large process transients to achieve convergence and to maintain accuracy in results. In the simulation, the mixture of

substances moves along the process paths, driven by the pressure difference. Depending on the pressure conditions, the flow direction can also

change. In the phase separated nodes, such as tanks, the quality of the outlet flow depends on the liquid level in respect to the elevation of the outlet

stream connection [36].

The pressure loss due to friction or form losses in the piping network is calculated with Eq. (A5). The skin friction factor is calculated based on the

surface roughness and current flow conditions, using the same approach as in [44].

The user defines construction materials (such as carbon steel) for the model components, where it is generally required (such as heat exchangers),

or required due to targeted high accuracy (basic equipment such as pipes, tanks, valves, etc.). The heat structures introduce the dynamic features

coming by means of thermal mass and heat conduction. 1-D heat conduction in a radial direction (e.g. through pipe wall) is calculated as given in Eq.

(A6). Heat flow between fluid and the equipment wall is calculated with Eq. (A7). By default, the heat transfer coefficient of one-phase forced

convection is calculated with the Dittus-Boelter correlation (A8). This study used other correlations as was described in the main text.

Table A1

Main equations of the homogeneous pressure-flow solution used in this study.

Description Equation No

Conservation of mass [36]
+ = SA

t
A v
z j

( ) ( ) A 1

Conservation of mass fractions
+ = SA xi

t
A vxi
z j

( ) ( ) A 2

Conservation of momentum [36]
+ + = SA v

t
A v
z

Ap
z j

( ) ( 2) ( ) A 3

Conservation of energy [36]
+ = SA h

t
A vh
z j

( ) ( ) A 4

Pressure loss due to friction or form losses
=p

ksf v v
DH

1
2

| | A 5

Heat conduction
= +C r qp w

T
t r r

T
r,

1 A 6

Convective heat transfer =Q A T T( )c conv w A 7

Heat transfer coefficient for one-phase

forced convection (Dittus-Boelter)
= Re Pr0.023conv D

0.8 0.4 A 8
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Appendix B

See Tables B1–B3 for the properties of the fluids and materials.

Appendix C

Tables C1 and C2 present statistics on the error between experimental and simulated quantities. Each table presents one or two target quantities.

All relevant calibration runs are listed first, followed by the relevant validation runs. The metrics are:

• ME=average error

• MAE=mean absolute error

• maxAE=maximum absolute error

Table B1

Thermodynamic and transport properties of the MS.

Variables Description Constant/Correlation Unit

T0 Solidification temperature [41] 221 °C

h0 Reference enthalpy 161,000 J/kg

ri (i= 0, 1) Density = T2090 0.636· kg/m3

ci (i= 0, 1) Specific heat capacity [41] = +c T1443 0.172·p J/(kg°C)

li (i= 0, 1) Thermal conductivity [41] = +k T0.443 1.9·10 ·4 W/(m°C)

yi (i= 0–3) Dynamic viscosity [41] = +μ T T T22.714 0.120·10 · 2.281·10 · 1.474·10 ·3 7 2 10 3 Pa s

xi Compressibility 2.124·10 10 Pa−1

Table B2

Thermodynamic and transport properties of the thermal oil Therminol VP-1 [43].

Variables Description Constant/Correlation Unit

T0 Solidification temperature 12 °C

h0 Reference enthalpy 0 J/kg

ri (i= 0–2) Density = +T T T1083.25 0.90797· 7.8116·10 · 2.367·10 ·4 2 6 3 kg/m3

ci (i= 0, 1) Specific heat capacity = +c T T1492 2.846· 3.238·10 ·p 4 2 J/(kg°C)

li (i= 0, 1) Thermal conductivity = + +k T T T T0.137743 8.19477·10 · 1.92257·10 · 2.5034·10 · 7.2974·10 ·5 7 2 11 3 15 4 W/(m°C)

yi (i= 6–8) Dynamic viscosity
= +( )μ e3.781·10 · T5

821.1
153.3

Pa s

xi Compressibility 6. 0·10 10 Pa−1

Table B3

Material properties of the equipment walls and insulation were considered constant or described as polynomial functions of temperature (T, °C).

Material Density, kg/m3 Heat capacity, J/(m3 °C) Thermal conductivity, W/(m°C)

Mineral wool 80 67,200 + T0.062 0.000102·
Stainless steel 7800 + T T3811000 1233· 0.08591· 2 + T12.74 0.0189·
Carbon steel 7800 + +T T T3315000 6029.4· 13.182· 0.017316·2 3 T54 0.0333·

Table C1

Statistical comparison between experiments and simulations: CST and HST liquid level.

LCST LHST

Run Role ME MAE maxAE ME MAE maxAE

1a cal 9.5 9.5 22.2 −20.3 20.4 33.0

5a cal 12.2 12.3 29.6 −15.1 16.4 36.4

5c cal −2.7 2.7 5.4 0.7 2.8 9.0

8b cal 16.1 16.1 26.9 −23.0 −23.0 38.9

1Dr cal 15.4 15.4 34.7 −27.7 28.2 62.2

4Dr cal −9.7 13.3 38.0 −0.5 14.0 40.0

6Dr cal −18.3 18.4 43.7 46.0 46.1 99.5

1b val −5.1 5.1 8.7 4.4 4.6 16.5

3a val −6.4 7.3 23.2 0.4 5.3 22.3

6c val 3.7 4.8 18.9 −6.3 6.3 16.6

7a val 7.8 8.6 21.3 −14.0 15.1 27.6

8d val −3.7 3.7 8.7 8.4 8.8 18.7

3Dr val 1.9 2.2 10.8 −14.4 15.9 60.8

5Dr val 38.9 38.9 68.8 −66.6 67.5 148.2

7Dr val −7.0 10.4 30.8 21.9 29.6 69.8
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Table C2

Statistical comparison between experiments and simulations: MS and thermal oil temperature, and MS pressure. Quantities are relevant only in the CST-HST-counter

runs.

TMS Toil pMS

Run Role ME MAE maxAE ME MAE maxAE ME MAE maxAE

1a cal −5.1 5.7 16.5 −0.2 2.3 6.9 0.014 0.032 0.201

5a cal −3.0 4.3 11.0 0.1 2.5 18.9 0.012 0.092 0.384

5c cal −0.6 1.4 5.7 3.7 3.7 6.2 0.032 0.063 0.123

8b cal 1.9 2.0 4.2 −2.4 2.4 4.8 −0.035 0.043 0.089

1b val −6.8 6.8 14.9 0.7 1.1 2.7 0.083 0.083 0.164

3a val 0.6 3.2 9.6 −1.4 3.6 6.3 −0.006 0.037 0.248

6c val −1.5 1.5 2.9 3.9 3.9 4.7 0.088 0.093 0.413

7a val −4.5 5.1 17.4 0.7 3.8 13.2 0.059 0.067 0.240

8d val 0.6 1.1 2.5 −4.1 4.1 4.8 −0.017 0.041 0.083
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