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A Globally-Implicit Computational Framework for
Physics-Based Simulation of Coupled
Thermal-Hydro-Mechanical Problems: Application to
Sustainability of Geothermal Reservoirs

Robert Podgorney, Hai Huang, Mitch Plummer, Derek Gaston

June 2012

1 Introduction

Numerical modeling has played an important role in understanding the behavior of
geothermal systems since as early as the 1970s. While capabilities of geothermal reservoir
simulators have grown since then, the prospect of simulating more challenging classes of
geothermal problems—such as reservoir creation and operation of engineered geothermal
systems (EGS), high enthalpy supercritical magmatic systems, etc—pose additional, and
very significant, computational challenges that the current generation of continuum or
dual-continuum hydrothermal models are ill-equipped to describe.

Interest in multiphysics simulation techniques is growing rapidly with a focus on more
realistic and higher fidelity analysis of geothermal and engineering systems. This in-
crease in activity is typically attributed to increasing computer power and more robust
computational schemes [9, 11, 12], but in truth, advanced numerical methods are play-
ing an equal role. The phrase “multiphysics simulation” is used to describe analyses
which include disparate physical phenomena—such as coupled multiphase, multicompo-
nent fluid flow, enthalpy transport, and geomechanics and their feedbacks—are examined
in a simultaneous manner. Examples of multiphysics problems in subsurface energy
applications are numerous and include pressure and temperature driven permeability
creation and evolution in geothermal reservoirs, temperature driven phase evolution of
in-situ kerogen processing of oil shale reservoirs, kinetically controlled reactive transport
in the flow of contaminants, etc. In addition to multiphysics coupling, most of these
problems also have multiscale issues to resolve.

Examining coupled physics for fluid flow, energy transport, and geomechanical deforma-
tion is a relatively new area for the geothermal community; however, simulating coupled
problems has been an important topic of study in the reactive transport community for
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decades. Yeh and Tripathi [21] and Steefel and MacQuarrie [16] cite three major ap-
proaches that differ in the way coupling transport and reaction have been considered for
reactive transport modeling: (1) GIA (fully-coupled) approach that solves all governing
nonlinear equations simultaneously at each time step using various forms of Newton’s
method, (2) sequential iteration approach (SIA) that subdivide the reactive transport
problem into transport and reaction subproblems, solves them sequentially, and then
iterates, and (3) sequential non-iteration approach (SNIA) that solves the transport and
reaction problems sequentially without iteration, which is often referred as operator-
splitting. The operator-splitting approach is perhaps the simplest to implement and
requires the least computational resources in terms of the memory and CPU time; thus,
it became the method of choice for subsurface reactive transport modeling during the
past three decades.

However, the drawback of the operator-splitting approach is the splitting error when the
physics (either reactions-transport or flow-mechanics) are tightly coupled; the solution
becomes inaccurate and requires very small time steps [17]. For most potential EGS
reservoirs fluid flow, heat transport, and rock deformation will be strongly nonlinearly
coupled. The changes in flow and energy transport properties due to fracturing and/or
dissolution add further complexity and nonlinearity to the problem. For such situations,
the global implicit approach (GIA) solves all solution variables simultaneously during
each time step by seeking the solution of a large system of nonlinear equations via some
form of Newton’s method and is a more robust solution than the other two approaches
[3, 8, 14].

One potential limitation of the GIA approach is the need to compute, store and invert
the Jacobian matrix. This could become problematic for large systems which would be
expected for reservoir-scale geothermal problems. As the number of solution variables
grows, the matrix holding the Jacobian entries also grows. The increased size of the Ja-
cobian matrix results in greater memory usage and more CPU time to solve the resulting
system of linear equations within the Newton iterations. For highly nonlinear processes
involving strong fluid-reservoir interactions and significant changes of flow and transport
properties due to fracturing, the true Jacobian is often difficult to describe in analytical
formulas. For reasons such as these, during the past three decades, despite its numerical
merits of greater robustness and the ability to take larger time steps, the fully-coupled
GIA method was considered to be too CPU-time and memory-intensive [21] or to be
computationally inefficient [16]. It has been used primarily only as a research tool for
small one- or two-dimensional problems with a few thousands of unknowns. Since the
first attempts of implementing the GIA approach in the early 1980s [17, 13], only a
handful of examples based on this approach have been reported in the literature, com-
pared with numerous examples of applications based on an operator splitting approach
[19, 20, 15].

This paper highlights the development of a fully-coupled and fully-implicit modeling tool
for predicting the dynamics of fluid flow, heat transport, and rock deformation using a
GIA named FALCON (Fracturing And Liquid CONvection). The code is developed
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on a parallel Multiphysics Object Oriented Simulation Environment (MOOSE) com-
putational framework developed at Idaho National Laboratory (INL) for providing finite
element solutions of coupled system of nonlinear partial differential equations. In this
paper, a brief overview of the governing equations numerical approach are discussed,
and an example simulation of strongly coupled geothermal reservoir behavior is pre-
sented.

2 Architecture and Design

FALCON has been designed for the simulation of geothermal reservoirs, both conven-
tional hydrothermal and EGS. The architecture of FALCON has a plug-and-play mod-
ular design structure based on representing each piece of the residual term in a weak
form of the governing PDEs as a ”"Kernel”. Kernels may be coupled together to achieve
different application goals. All kernels are required to supply a residual, which usually
involves summing products of finite element shape functions. The basic architecture
of the code allows convenient coupling of different processes and incorporation of new
physics.

Figure 1 shows the basic architecture of FALCON, with the Kernels at the uppermost
level, directly underlain by the numerical framework and solver libraries used to couple
the Kernels and perform reservoir simulations. Currently primary Kernels (primary
variables) have been written to describe the following physics:

Single-phase flow of water

Two-phase flow of water and steam

Conservative heat transport

Enthalpy transport

Fluid and Energy Sources/Sinks

Displacement (all mechanics are solved in terms of displacement)

For any given simulation, any combination of the primary kernels can be applied to
make the problem as simple or complex as necessary, with some exceptions. Single phase
flow of water problems must be cast in terms of temperature, while steam-water flow
problems must use enthalpy for energy transport. The option of single phase temperature
formulation was the basis for early versions of FALCON and have been retained because
of their computational and memory efficiency. As an example of the modular framework,
one can simply choose only a single phase pressure kernel, and solve a simple LaPlace
equation based on imposed boundary conditions, totally ignoring energy and mechanics
kernels.

An auxiliary variable system has been built into FALCON to handle solving most
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Figure 1: Kernel and Object Oriented Architecture used to develop the FALCON sim-
ulator.

all of the derived quantities and variables that are dependent on the primary kernels
mentioned above. The number of auxiliary kernels needed for a given simulation de-
pends on the choice of primary variables and whether they are formulated in terms
of pressure-temperature or pressure-enthalpy. In general, a simulation run with the
pressure-enthalpy formulation, considering geomechanical displacement and damaging,
requires the most auxiliary kernels and has the highest computational burden. The
auxiliary kernels consist of

e Equation of state calculations
— Steam and water density
— Steam and water viscosity

— Derivatives of steam and water density to pressure, temperature, or enthalpy
as required

e Stress and Strain
e Fluid Velocities

e Damage Mechanics (or fracturing)

WWW.Scansims.org Proceedings of the 53rd SIMS 10
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In addition to the primary and auxiliary physics kernels, other kernels are required for
the mesh, material properties (and some additional supporting calculations), boundary
conditions, code execution/solver parameters, and data output.

2.1 Code Uses and Limitations

As stated above, the FALCON code has been developed to support simulation of both
conventional hydrothermal and EGS reservoirs, with a primary design focus on EGS
resources. While we are using the TAPWS-97 formulation [18], which has an quite
an effective operating range of pressure (< 100M Pa) and temperature(< 800C'), code
development to date has focused on subcritical conditions.

Maximum mesh sizes are related to the number of kernels, and hence the total system
wide Degrees of Freedom (DoFs), used in a simulation. In practice, the true limitations
are based on computational power and available memory. The parallel scaling and
performance example testing used 1 million grid blocks and more than 20 million DoF's,
and showed remarkable scalability. Code tests have used computational meshes with
greater than 30 million elements and also showed excellent scaling performance [7]. For
any parallel simulation runs, a minimum of 20,000 DoF's per processor is recommended
for good scalability.

3 Numerical Methodology

FALCON has been developed using INL’s MOOSE framework [6]. This framework pro-
vides a strong numerical foundation for rapid development of multi-dimensional, par-
allel, fully implicit, fully-coupled, nonlinear simulation capabilities. MOOSE is based
on a finite element discretization strategy and utilizes state-of-the-art preconditioned
Jacobian-Free Newton-Krylov (JFNK) nonlinear solution method that requires only
residual evaluations of the discrete system. Strategic use of this feature results in a
modular, pluggable architecture that greatly simplifies adding new physics and cou-
pling them together. The MOOSE framework incorporates multiple parallel solution
capabilities including both Message Passing Interface (MPI) and threading utilizing the
Intel Threading Building Blocks (TBB), which allows application codes developed upon
MOOSE to run efficiently on multicore workstations, laptops and supercomputers. All
parallel activities are completely hidden from application developers, enabling scientists
and engineers to focus on the physics of problem they wish to solve instead of parallel
programing practices. In addition, applications developed upon MOOSE also inherit
many advanced computing capabilities such as dimension-independence, massive paral-
lelism, high-order finite elements and adaptive mesh refinement/coarsening with both
structured and unstructured meshes.

The MOOSE framework has a layered structure, as shown in Figure 2. The lower layer
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interfaces with several open-source libraries from multiple universities and national lab-
oratories. In particular, the libMesh finite element framework developed by the CFDLab
at the University of Texas at Austin [10] provides a core set of parallel finite-element
libraries. Coupled with interfaces to linear and nonlinear solvers from both PETSc [2]
and Trilinos [9] along with other packages such as Hypre [4], MOOSE and application
codes developed upon it provide considerable flexibility including the abilities to swap
out solver libraries and to utilize diverse large scale parallel computing resources. The
middle layer of MOOSE provides a set of core functionalities necessary for residual and
Jacobian (more precisely, the preconditioner) evaluations required by the preconditioned
JFNK approach, such as fetching the designated test and shape functions, numerical in-
tegration using Gaussian quadrature, and coupling physics. The top layer of MOOSE,

1t

Figure 2: Hierarchical framework used to build the FALCON simulator, based up the
INL developed MOOSE library [6]. The libMesh finite element framework developed by
the CFDLab at the University of Texas at Austin [34] provides a core set of parallel
finite-element libraries and couples with interfaces to linear and nonlinear solvers from
both Petsc [2] and Trilinos [9] along with other packages such as Hypre [4].

referred as the kernel, is the interface with physics where the FALCON application is
built (see Figure 2). It is convenient to think of a kernel as a piece of the residual term in
the weak forms of PDEs, for example, the diffusion term, advection term, time accumu-
lation term in the weak form of general enthalpy transport equations. Kernels may be
coupled together to achieve different application goals. All kernels are required to supply
a residual, which usually involves summing products of finite element shape functions.
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Kernels may also provide diagonal and off-diagonal blocks of the (approximate) Jacobian
matrix for the purpose of building certain preconditioners.

In order to further clarify the Kernel concept, we provide a simple example (single phase

Hw
equation, which contributes to the overall residual in the system is provided as an exam-

ple. Figure 3 shows the actual codes of the pressure diffusion kernel. In this figure, test
is the test function evaluated at the quadrature point _qp and _grad_phi is the gradient
of shape function evaluated at the quadrature point _gp (both provided by MOOSE), u
and _grad_u are the current solution variable and the gradient of the current solution
variable this kernel operates on evaluated at the quadrature point _gqp. _permeability
is the intrinsic material permeability defined in material kernel that the physics kernels
can access, _dens_water and _visc_water are the water phase fluid density and viscosity,
respectively, as returned from the equation of state auxiliary Kernel. Every other term
in the weak form of the general flow equation has similar kernel structure.

water pressure diffusion) kernel here. The diffusion of pressure written as V- <@ . pr>

Real WaterMassFluxPressure_PT::computeQpResidual() Real WaterMassFluxPressure_PT::computeQpJacobian()
_tau_water[gp] = _permeability[qp] * _dens_water / _visc_water; _tau_water[qp] = _permeability[qp] * _dens_water / _visc_water;
return _tau_water[_qp]*_grad_u[_qp] * _grad_test[ i][_qp]; return _tau_water[_qp]*_grad_phi[_j][_qp] * _grad_test[ i][_qp];
} }

Figure 3: Residual (left) and Jacobian (preconditioner, right) evaluations inside the
pressure diffusion kernel for single phase flow of water.

Based upon the MOOSE framework, the FALCON code has developed a set of "physics”
kernels handling the time derivatives, single- and two-phase flow equations, heat and en-
ergy transport, source-sink terms, geomechanics, as well as a set of ”Auxiliary” and
”Material” kernels for equations of state (EOS) and flow-transport-mechanical proper-
ties required for geothermal reservoir simulations. As shown and discussed in the sections
that follow, these kernels all have modular, pluggable structure, and can be coupled in
arbitrary ways depending on the type of problems of interest. It is also worth noting
that the MOOSE framework provides a material kernel. Flow and transport properties
such as porosity, permeability, and relative permeability can all be defined within this
material kernel and can be accessed by the physics kernels during each residual evalu-
ation. Furthermore, the material kernel has access to state variables if needed. This
feature is particularly useful for hydrofracturing applications where fracturing signifi-
cantly modifies the porosity and permeability of porous media.
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4 Example Applications

4.1 Comparison with Analytical Solution

Our first example problem is to solve a simple one-dimensional heat conduction-convection
problem using FALCON and compare the numerical solution with the analytical solu-
tion. In this particular example, only two equations, fluid flow and heat transport, are
solved.

The analytical solution compared in this example is derived from the solution by Faust
and Mercer [5], by omitting the heat exchange between confined aquifer and surrounding
rock matrix. In order to obtain the analytical solution, the thermodynamic and transport
properties, such as water density and viscosity are assigned as constants. Then the mass
conservation equation reduced to a Laplacian equation of pressure (Equation 1), which
gives a uniform velocity v,, along x-direction.

VP + ¢y =0 (1)
And the energy equation reads as:
0%u ou ou
me - Uwpwcw% = pmcma (2)

where py,¢m = dpwew + (1 — @) prer. The ¢ is specific heat capacity of water (subscripted
with w) or rock (subscripted with r). And u is normalized temperature u = %, T; and
Ty are the injection and initial temperature, respectively. K, is the heat conductivity
of wet rock.

The analytical solution for Equation 1 and 2 is given by Avdonin [1]:

1
X 1/2 X 2| ds
u(x,7) = ———— exp | —(sy(T ——)| = 3
() = s [ e |- - | G ®)
where y = 2%,7’ = 04{57"22, v = % ,Q is the injection rate, and b is the reservoir

thickness (1-m in this example).

In FALCON simulations, the geometry used for this example is a 100 meter long rectan-
gle, 1 meter in width, with a 1 meter grid resolution. The mesh consisted of 100 elements
and 102 nodes. Table 1 summarizes the parameters used for this example. Initial con-
ditions are set as pressure P = 10M Pa, temperature T" = 200°C', uniformly. The BC
are set as: injection pressure P; = 10.5M Pa, temperature T; = 150°C at left side, and
constant pressure 10M Pa, temperature 200°C'" are assigned at right side.

Figure 4 shows the comparison between numerical and analytical solutions after 5 years of
simulated transport. It is clear that the numerical solution agrees well with the analytical
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Table 1: Parameters used for the 1-dimensional convection-conduction problem
numerical-analytical comparison.

Parameter Value Units
Porosity 0.20 -
Permeability 1x10~1 m?
Rock Density 2.5 x 103 kg/m?
Rock Specific Heat 0.92 x 10> J/kg°C
Thermal Conductivity 1.5 W/m°C
Water Density 1 x 103 kg/m3

Water Specific Heat  4.186 x 103 J/kg°C

solution. The small discrepancy is caused by the pressure and temperature dependent
density and viscosity of water used in the FALCON simulations. The analytical solution
assumes a constant fluid density and viscosity, which essentially decouples the the flow
and transport problem.

N
[=]
o

| t=5 year

Analytical solution
—Falcon solution

-y
©o
o

180

170t

160

150

140 20 20 60 80 100

x (m)

temperature (degree centigrade)

Figure 4: Comparison of the numerical and analytical solutions for 1-dimensional heat
conduction-convection problem. Temperature profile calculated by FALCON and analyt-
ical solution at 5 years. The small discrepancy is caused by the pressure and temperature
dependent density and viscosity of water used in the FALCON simulations. The analyt-
ical solution assumes a constant fluid density and viscosity, which essentially decouples
the the flow and transport problem.
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4.2 Thermal Stimulation of a Geothermal Reservoir

Management of fluid reinjection is of critical importance for maintaining geothermal
reservoir performance. Reinjection has posed a problem for portions of the Hellisheidi
Geothermal Field, southwest Iceland, where a number of wells are drilled into active
faults. The Hellisheidi Geothermal Field is located in the southern part of the Hengill
Area, an active volcanic system consisting of Mt. Hengill and fracture/fault zones to the
north- and south-west (Smundsson, 1967; Franzson et al., 2005). Injection tests have
resulted in swarms of small earthquakes and with the injectivity of the wells exhibiting
a high dependence on temperature of the reinjected water. Strongly coupled thermo-
hydro-mechanical effects on fractures in the fracture-governed reservoir likely explain
the temperature dependent injectivity.

A number of injectivity tests have been conducted to support the development of the
Hellisheidi Power Plant. For several of the wells, injection experiments were conducted
using three types of water; 120°C untreated brine directly from the low-pressure boiler,
a 90°C mixture of brine and condense water (7:3) from the turbines, and 15°C cold
groundwater. These experiments were done in the three most promising wells in the
Hsmli Reinjection Zone, HN-09, HN-12, and HN-16. The injectivity vs. T is plotted for
all the wells in Figure 5. It should be mentioned here that the values for cold water in
wells HN-12 and HN-16 are inaccurate. The wells are so permeable that the pressure
changes in the pumping tests were not very clear.

The injection tests for estimating the injectivity were conducted as described below.
Maximum flow of water at preferred temperature was injected into the well for several
days. The wellhead pressure was monitored in order to estimate when the well had
reached equilibrium. A pressure and temperature sensor was placed in the well at the
depth of its main feed zone. The flow was lowered in three steps, each lasting for
approximately 3 hours to allow the pressure to equilibrate to the new injection rate.
Figure 6 is an example of pumping test results for the hot water injection into well
HN-09. The pressure and temperature are plotted over the duration of the injection
steps.

4.2.1 Model Setup

A radial structured mesh, with a radius of 250 meters, is being used to simulate the
injection into well HN-09. The simulation domain is 100 meters thick, with the produc-
tion zone begin represented as a 5-meter thick zone of fractured rock embedded in lower
permeability (unfractured) reservoir rock. Figure 7 shows the simulation domain and
the computational mesh.

Initial conditions being used in the simulations mimic those that exist in the reservoirs.
The initial temperature distribution used in the simulation is shown in Figure 8, with
the resulting water density, as calculated from the TAPWS-97 steam tables, shown on
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Figure 5: Injectivity at different values of temperature (T) in three wells in the Hsmli
Reinjection Zone. The injectivity values for the lowest temperatures in wells HN-12 and
HN-16 are not very accurate.

Figure 9. The temperature in the feed zone is approximately 264°C, with the temper-
ature ranging from 263°C to 265°C. The water density in the reservoir ranged from
approximately 772 to 776 kg/m? in the initial conditions.

The initial pressure in the reservoir was specified to a uniform 185 bars, and as the ma-
jority of the flow was expected to be primarily horizontal and limited to exist only within
the thin fracture zone, the effects of gravity of the fluid flow and heat transport were
neglected. This approach greatly simplified the specification of the boundary conditions
needed for the simulations.

Feedback between the geomechanics and fluid flow are being implemented by revising
the permeability of the feed zone by an effective fracture aperture, as calculated by
the thermo-mechanical deformation of the mesh resulting from the injection of cold
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Figure 6: Injection test in well HN-09 using 120°C water. The pressure sensor is placed
30m above the bottom of the well showing the pressure and temperature over the dura-
tion of the test.

fluid into the initially hot reservoir. As the host reservoir rock thermally contracts, the
effective permeability from the fractured feed zone increases using a cubic law approxi-
mation.

An initial modeling scenario, consisting of injecting approximately 30 1/s of 20°C pure
water into the approximately 260°C reservoir, is currently underway. Preliminary simu-
lation results are encouraging, where permeability increases on the order of 10X to 100X
are predicted in the vicinity of well HN-09’s feed zone. The reservoir matrix contraction
in the feed zone near the injection well is predicted to approach 10~ meters. Figure 10
shows the results of the geomechanical deformation in the vicinity of the injection well in
the feed zone, along with the mesh that is adaptively refined by FALCON to capture the
strong gradient in the temperature and resulting thermal deformation in the reservoir.
Final results will be presented at the workshop.
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Figure 7: Computational domain used for the numerical simulations of injection into
well HN-09. The red zone in the middle of the domain represents the fracture zone/fault
system comprising the feed zone of the well.
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Figure 9: Initial water density distributions used for the simulations.
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Figure 10: Predicted thermal contraction of the reservoir matrix in the feed zone in the
vicinity of well HN-09. Note that the deformation is greatly exaggerated for illustration
purposes.
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Abstract: Solar power plants should collect any available thermal energy in a usable form at
the desired temperature range, which improves the overall system efficiency and reduces the
demands placed on auxiliary equipment. In addition to seasonal and daily cyclic variations,
the intensity depends also on atmospheric conditions such as cloud cover, humidity, and air
transparency. A fast start-up and efficient operation in varying cloudy conditions is important.
Solar thermal power plants should provide thermal energy for use in an industrial process such
as seawater desalination or electricity generation. Unnecessary shutdowns and start-ups of the
collector field are both wasteful and time consuming. With fast and well damped controllers,
the plant can be operated close to the design limits thereby improving the productivity of the
plant. This study is based on tests done in Spain: the Acurex field supplies thermal energy in
form of hot oil to an electricity generation system or a multi-effect desalination plant. The field
consists of parabolic-trough collectors. Control is achieved by means of varying the flow pumped
through the pipes in the field during the operation. Solar power plants can collect energy only
when the irradiation is high enough. The nights and the heavy cloud periods need to come up
with the storage. The demand may also vary during the daytime. The operation mode should be
adapted to current operating conditions, weather forecasts and plans of the energy use. Different
scenarios are compared with an intelligent dynamic simulator based on case specific linguistic

equation models.

Keywords: Solar energy, intelligent control, nonlinear systems, adaptation, optimisation,

linguistic equations, modelling, simulation

1. INTRODUCTION

Solar power plants should collect any available thermal
energy in a usable form at the desired temperature range,
which improves the overall system efficiency and reduces
the demands placed on auxiliary equipment. In addition to
seasonal and daily cyclic variations, the intensity depends
also on atmospheric conditions such as cloud cover, humid-
ity, and air transparency. A fast start-up and efficient op-
eration in varying cloudy conditions is important. A solar
collector field is a good test platform for control method-
ologies (Camacho et al., 1997; Juuso, 1999; Johansen and
Storaa, 2002; Cirre et al., 2007; Limon et al., 2008; Roca
et al,, 2011; Ayala et al., 2011). The control strategies
include basic feedforward and PID schemes, adaptive con-
trol, model-based predictive control, frequency domain
and robust optimal control and fuzzy logic control.

Feedforward approaches based directly on the energy bal-
ance can use the measurements of solar irradiation and
inlet temperature (Camacho et al., 1992). Lumped pa-
rameter models taking into account the sun position, the
field geometry, the mirror reflectivity, the solar irradiation
and the inlet oil temperature have been developed for
a solar collector field (Camacho et al., 1997). A feedfor-
ward controller has been combined with different feedback
controllers, even PID controllers operate for this purpose
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(Valenzuela and Balsa, 1998). The classical internal model
control (IMC) can operate efficiently in varying time delay
conditions (Farkas and Vajk, 2002). Genetic algorithms
have also been used for multiobjective tuning (Bonilla
et al., 2012).

Linguistic equations (LE) have been used in various in-
dustrial applications (Juuso, 1999, 2004). Modelling and
control activities with the LE methodology started by
the first controllers implemented in 1996 (Juuso et al.,
1997) and the first dynamic models developed in 1999
(Juuso et al., 2000). The LE based dynamic simulator is
an essential tool in fine-tuning of these controllers (Juuso,
2005). The LE controllers use model-based adaptation
and feedforward features, which are aimed for preventing
overheating, and the controller presented in (Juuso and
Valenzuela, 2003) already took care of the actual setpoints
of the temperature. The manual adjustment of the working
point limit has improved the operation considerably.

Parameters of the LE controllers were first defined man-
ually, and later tuned with neural networks and genetic
algorithms. Genetic algorithms combined with simulation
and model-based predictive control have further reduced
temperature differences between collector loops (Juuso,
2006). Data analysis methods are based on generalised
norms, which have been developed for condition monitor-
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Fig. 1. Layout of the Acurex solar collector field.

ing (Juuso and Lahdelma, 2010), provide new data-driven
tools for intelligent modelling (Juuso, 2010). A recursive
version of the scaling approach was introduced in (Juuso,
2011).

New state indicators for detecting cloudy conditions and
other oscillatory situations by analysing fluctuations of ir-
radiation, temperature and oil flow (Juuso, 2012). The new
indicators react well to the changing operating conditions
and can be used in smart working point control.

This paper analyses the operation of new intelligent indica-
tors introduced for adapting the LE controllers for start-up
and operation in cloudy conditions and load disturbances.
The analysis is based on recent experiments carried out in
the Acurex Solar Collectors Field of the Plataforma Solar
de Almeria (PSA) in Spain.

2. SOLAR COLLECTOR FIELD

The aim of solar thermal power plants is to provide ther-
mal energy for use in an industrial process such as sea-
water desalination or electricity generation. Unnecessary
shutdowns and start-ups of the collector field are both
wasteful and time consuming. With fast and well damped
controllers, the plant can be operated close to the design
limits thereby improving the productivity of the plant
(Juuso et al., 1998).

The Acurez field supplies thermal energy (1 MW;) in form
of hot oil to an electricity generation system or a Multi—
Effect Desalination Plant. The field consists of parabolic—
trough collectors. Control is achieved by means of varying
the flow pumped through the pipes in the field (Fig. 1)
during the operation. In addition to this, the collector
field status must be monitored to prevent potentially
hazardous situations, e.g. oil temperatures greater than
300 °C'. The temperature increase in the field may rise up
to 110 degrees. At the beginning of the daily operation,
the oil is circulated in the field, and the flow is turned
to the storage system (Fig. 1) when an appropriate outlet
temperature is achieved. The valves are used only for open-
close operation, and the overall flow F' to the collector field
is controlled by the pump. (Juuso et al., 1997)

The energy balance of the collector field can be represented
by expression (Valenzuela and Balsa, 1998):

TeppAesr = (1 —mp)FpcTaiyy, (1)
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where I.s5 is effective irradiation (Wm™2), A.sy effective
collector area (m?), 7, a general loss factor, F' flow rate
of the oil (m3s~1), p oil density kgm ™3, ¢ specific heat of
oil (Jkg='K~1') and Ty; s temperature difference between
the inlet and the outlet (°C). The effective irradiation is
the direct irradiation modified by taking into account the
solar time, declination and azimuth.

3. MODELLING

The nonlinearities of the process is handled by nonlinear
scaling of the variables. The parameters of the scaling func-
tions are obtained by data analysis based on generalised
norms and moments.

3.1 Scaling functions

The generalised norm is defined by
N

Z 1/p (2)

z:l

17 M|, = (M])V/? =

where the order of the moment p € R is non-zero, and N
is the number of data values obtained in each sample time
7. The norm (2) calculated for variables z;, j = 1,...,n,
have the same dimensions as the corresponding variables.
The norm ||”M7||, can be used as a central tendency value
if all values x; > 0, i.e. [[TM7]|, € R. This norm combines
two trends: a strong increase caused by the power p and a

decrease with the power 1/p. (Lahdelma and Juuso, 2008,
2011).

The mean, the harmonic mean and the root mean square
(rms) are special cases of (2), which represents the norms
between the minimum and the maximum corresponding
the orders p = —oo and p = oo, respectively. The norm
values increase with increasing order. When p < 0, all the
signal values should be non-zero, i.e. z # 0. When the
order p — 0, we obtain from (2) the geometric mean. The
computation of the generalised norms can be divided into
the computation of equal sized sub-blocks, i.e. the norm
for several samples can be obtained as the norm for the
norms of individual samples. (Lahdelma and Juuso, 2008,
2011) The norm can be extended to variables including
negative values (Juuso, 2011).

Scaling functions, also known as membership definitions,
provide nonlinear mappings from the operation area of the
(sub)system to the linguistic values represented inside a
real-valued interval [—2, 2], denoted as the linguistic range,
see (Juuso, 2004). The membership definitions consist of
two second order polynomials: one for negative values, X €
[—2,0), and one for non-negative values, X € [0,2]. The
polynomials are configured with five parameters defined
by (2) and the generalised skewness,

N

LS ) — M (3)

Nak
J =1

()i =

The standard deviation o; is the norm (2) with the order
p = 2. The parameters of the scaling functions can be
recursively updated with by including new samples in
calculations. The number of samples K can be increasing
or fixed with some forgetting or weighting (Juuso, 2011).
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3.2 Working point model

The volumetric heat capacity increases very fast in the
start-up stage but later remains almost constant because
the normal operating temperature range is fairly narrow.
This nonlinear effect is handled with the working point LE
model

wp = arleys + asTaigs + azTump + aa, (4)

where Ior ¢, Taipp and Typmp, which are obtained by nonlin-
ear scaling of variables: efficient irradiation I.f¢, tempera-
ture difference between the inlet and outlet, Tg;f = Tour—
Tin, and ambient temperature Ty,,p, correspondingly. The
outlet temperature T,,; is the maximum outlet tempera-
ture of the loops. The ambient temperature is usually not
used. Interactions are defined by constant coefficients a1,
ag, az and as. Working point, wp, represents a fluctuation
from the normal operation.

The working point variables already define the overall
normal behaviour of the solar collector field, e.g. oscillatory
behaviour is a problem when the temperature difference is
higher than the normal. In the normal working point, wp =
0: the irradiation I.¢s and the temperature difference,
Tuif s, are on the same level. A high working point (wp > 0)
means low Ty ¢y compared with the irradiation level I.sy.
Correspondingly, a low working point (wp < 0) means high
Tyifr compared to the irradiation level I.;¢. The normal
limit (wppmin = 0) reduces oscillations by using slightly
lower setpoints during heavy cloudy periods. This is not
sufficient when the irradiation is high between cloudy
periods. Higher limits (wpm, = 1) shorten the oscillation
periods after clouds more efficiently.

3.8 Dynamic LE model

Conventional mechanistic models do not work, since there
are problems with oscillations and irradiation distur-
bances. In dynamic LE models, the new temperature dif-
ference Ty;77(t + At) between the inlet and outlet depends
on the irradiation, oil flow and previous temperature dif-
ference:

Taips(t+ At) = arTuigp(t) + asless (t) + asF(t) + a, ()

where coeflicients a1, a2, az and a4 depend on operating
conditions, i.e. each submodel has different coefficients.
The membership definition of the outlet temperature does
not depend on time; the bias term a4, = 0. Model coeffi-
cients and the scaling functions for Tg;r¢, Icfr and F are
all model specific.

The fuzzy LE system with four operating areas is clearly
the best overall model (Juuso, 2003, 2009): the simulator
moves smoothly from start-up mode via low mode to
normal mode and later visits shortly in high mode and low
mode before returning to low mode in the afternoon. Even
oscillatory conditions, including irradiation disturbances,
are handled correctly. The dynamic LE simulator predicts
well the average behaviour but requires improvements for
predicting the maximum temperature since the process
changes considerably during the first hour. For handling
special situations, additional fuzzy models have been de-
veloped on the basis of the Fuzzy-ROSA method (Juuso
et al., 2000).
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4. INTELLIGENT LE CONTROL

The intelligent control system consists of a nonlinear lin-
guistic equation (LE) controller with predefined adapta-
tion models. For the solar collector field, the goal is to
reach the nominal operating temperature 180 — 295 °C'
and keep it in changing operating conditions (Juuso, 2011,
2012). The feedback controller is a PI-type LE controller
with one manipulating variable, oil flow, and one con-
trolled variable, the maximum outlet temperature of the
loops. The controller provides a compact basis for ad-
vanced extensions. High-level control is aimed for manual
activating, weighting and closing different actions.

4.1 Intelligent analysers

Intelligent analyzers are used for detecting changes in
operating conditions to activate adaptation and model-
based control and to provide indirect measurements for
the high-level control. Several improvements were tested
during a recent test campaign:

e The working point, which is obtained from the effec-
tive irradiation and the difference between the outlet
and the inlet temperatures, is the basis of the adap-
tation procedures.

e The predictive braking indication is activated when
a very large error is detected. A new solution was
introduced to detecting the large error.

e The asymmetry detection was changed drastically:
the calculation is now based on the changes of the
corrected irradiation. The previous calculation based
on the solar noon does not take into account actual
irradiation changes.

e The new fluctuation indicators, which were intro-
duced to detecting cloudiness and oscillations, are the
main improvements aimed for practical use.

e The intelligent indicators of the fast changes of the
temperatures (inlet, outlet and difference) were com-
pared with the intelligent trend analysis, which was
introduced. The trend analysis is based on the scaled
variables which are also used in the controller. New
and revised actions required updates of the parame-
ters.

4.2 Advanced control

Adaptive LE control uses correction factors which are
obtained from the working point value. The predictive
braking and asymmetrical actions are activated when
needed. Intelligent indicators introduce additional changes
of control if needed. The test campaign clarified the events,
which activate the special actions. Each action has a clear
task in the overall control system.

Model-based control was earlier used for limiting the ac-
ceptable range of the temperature setpoint by setting a
lower limit of the working point. The new fluctuation indi-
cators are used for modifying the lower working point limit
to react better to cloudiness and other disturbances. This
overrides the manual limits if the operation conditions
require that. This operated well in start-up and cloudy
conditions. Oscillations are reduced efficiently in cloudy
conditions and in the case of load disturbances. In heavy
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cloudy conditions, the controller keeps the field ready to
start full operation. Even a short sunny spell raised the
temperatures to the operating range.

Intelligent trend analysis was performed for temperatures,
irradiation and oil flow. These studies will be continued.
The controller contains several parametric scaling func-
tions for variables, errors, changes and corrections. The
parameters were tuned before the test campaign by using
previous test results. The parameters of the controller were
updated for the revised actions. Offline tuning with the
recursive approach will be done after the test campaign.

4.8 Optimisation

Energy collection depends on the oil flow, the temperature
difference and the properties of the oil, see (1). High
temperature differences are achieved by using low oil flow,
and high flow leads to low temperature differences. The
density decreases and the specific heat increases resulting
a nonlinear increase of the term pc (Fig. 2). In the start-
up, the flow is limited by the high viscosity. (Juuso et al.,
1998)

The highest energy collection in a time unit, i.e. the
collected solar power, is achieved by selecting the optimal
temperature difference, which depends on the irradiation
and less on the ambient temperature. The optimisation
is based on the oil properties and the inlet temperature,
Tin. Then the working point (4), which is defined by the
optimal Ty;rr and the irradiation, is used in the model-
based control to adjust the setpoint.
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Fig. 2. Oil properties (Santotherm 55).

5. RESULTS
The new features of the controller was tested on a solar
collector field at PSA in July 2012. The results are used in
developing optimisation solutions for the energy collection.

5.1 Normal operation

On a clear day with high irradiation, the setpoint tracking
was very fast: step changes from 15-25 degrees were
achieved in 20-30 minutes with minimal oscillation. The
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working point adaptation was operating efficiently. The
temperature was increased and decreased in spite of the
irradiation changes. The working point limit activated
the setpoint correction when the temperature difference
exceeded the limit corresponding to the irradiation level.
The oil flow changed smoothly: the fast changes were at
the beginning of the step. Also the braking action was
activated in these situations. Working point corrections
and limiting the fast change were negligible.
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Fig. 3. Test results of the LE controller on a clear day.

On a fairly clear day with a lower and slightly varying ir-
radiation, the setpoint correction was activated more often
throughout the day. The temperature followed the setpoint
well with smaller offsets. Working point corrections and
limiting the fast change were negligible.
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Fig. 4. Test results of the LE controller on a fairly clear
day.

5.2 Cloudy conditions

Three cloudy periods occurred on the third day: a long
period in the morning, a short light one close the solar
noon and a short, but heavy, in the afternoon. The tempo-
rary setpoint correction operated well in these situations.
In the first case, the temperature went down with 20
degrees but rose back during the short sunny spells, and
finally, after the irradiation disturbances, high tempera-
tures were achieved almost without oscillations with the
gradually changing setpoint defined by the working point
limit although the inlet temperature was simultaneously
rising. The same approach operated well for the other two
cloudy periods. The oil flow was changed smoothly also
during these periods. The working point corrections were
now very strong, but limiting the fast changes was hardly
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needed. Strong braking was used in the beginning and
in the recovery from the first cloudy period. There were
problems with some loops during that day.
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Fig. 5. Test results of the LE controller on a cloudy day.

The fourth day had two very different periods: the start
was very bright and the irradiation was rising smoothly,
but everything was changed just before the solar noon, and
the heavy cloudy period continued the whole afternoon.
The operation already started from low inlet temperature
with the minimum flow. The whole start-up was very
smooth despite the increasing irradiation and inlet temper-
ature. The offset was removed when the new asymmetry
correction of the controller. Also the small temperature
increase, which was caused when a new loop was taken
into use, was efficiently corrected. The working point cor-
rections were activated only in the beginning, and limiting
the fast change was negligible throughout this period.

The heavy clouds meant going back to the minimum flow,
but also lower setpoints. The field was ready for normal
operation and short sunny spells raised the temperature,
but also the oil flow. The controller was ready to prevent
a high overshoot, if the sky clears up. The field was
in temperatures 160 - 210 °C' for more than two hours
although the loops were not tracking the sun all the time.
The working point corrections were during this period very
strong, but limiting the fast changes was hardly needed.
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Fig. 6. Test results of the LE controller on a clear morning
followed by heavy clouds.

5.8 Load disturbances

On the fifth day, the start-up followed the setpoint defined
by the working point limit. In addition, there was an
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unintentional drop of 16.9 degrees in the inlet temperature.
The disturbance lasted 20 minutes. The controller reacted
by introducing a setpoint decrease of 19.8 degrees. The
normal operation was retained in 50 minutes with only
an overshoot of two degrees, but with some oscillations.
The setpoint correction was too early and too large. The
disturbance was repeated on the sixth day: maximum 13.5
degrees and 15 minutes. Now the setpoint was changed
when the inlet temperature reached the minimum. The
working point limit was changed to allow a higher setpoint
in the recovery. The temperature drop was smaller (7.5
degrees) but the overshoot slightly higher (2.5 degrees).
Also the recovery took less time (30 minutes). A third test
was planned, but it was not possible to realize.
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Fig. 7. Test results of the LE controller on a fairly clear
day including a load disturbance.

5.4 Asymmetry correction

The new asymmetry correction was activated in several
periods on the sixth day. There were good results on two
previous days, but now the operation was better tuned
for the afternoon as well. The setpoints were achieved
in the range 0.5 degrees with hardly any offset. The
change is considerable to the first days, when the outlet
temperature exceeded the setpoint with 0.5-1 degrees,
when the irradiation was increasing, and remained about
1.0 degrees lower when the irradiation decreased. Around
the solar noon, the setpoint was achieved very accurately.
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Fig. 8. Test results of the LE controller on a fairly clear
day: asymmetry action.
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5.5 Optimisation

The temperature increase in the collector field naturally
depends on the irradiation, which is the highest close to
the solar noon (Fig. 9). In this case, the inlet temperature
is slightly increasing during the day (Fig. 7), which brought
a possibility to use even higher outlet temperatures (Fig.
10). The temperatures increase with decreasing oil flow.
A trade-off of the temperature and the flow is needed to
achieve a good level for the collected power (Fig. 11). The
working point (Fig. 12) is chosen from the high power
range and used in the model-based control to choose or
limit the setpoint.

100 -

80
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w0l

Tdiff ( °C)

20
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o

Flow (Ifs ) 10 8

Time (h)

Fig. 9. Calculated temperature difference vs. oil flow on a
fairly clear day.

. )

Flow ( Ifs ) 10 8

Time (h)

Fig. 10. Calculated outlet temperature vs. oil flow on a
fairly clear day.

The power surface (Fig. 11) is highly nonlinear because of
the nonlinear properties of the oil (Fig. 2). Disturbances of
the inlet temperatures introduce similar fluctuation to the
outlet temperature (Fig. 10). The acceptable range of the
working point is limited: oscillation risks and high viscosity
of the oil during the start-up must be taken into account.
In the latest tests, the inlet temperatures are high already
in the start-up, since the oil flow was not first circulated in
the field. High irradiation periods would lead to too high
outlet temperatures, if the oil flow is too low, but this is
avoided by keeping the working point under two (Fig. 12).

WWWw.scansims.org

The maximum collected power is achieved when the oil
flow is close to 6 I/s. Another maximum area close to the
upper limit of the oil flow is achieved around the solar
noon on a clear day.

Flow ( Us ) 10 8 Time (h)

Fig. 11. Power vs. oil flow on a fairly clear day.

Flow (l/s )

Time (h)

Fig. 12. Working point vs. oil flow on a fairly clear day.

6. CONCLUSION

The intelligent LE control system is based on predefined
model-based adaptation techniques. The system activates
special features when needed. Fast start-up, smooth op-
eration and efficient energy collection is achieved even
in variable operating condition. The new state indicators
react well to the changing operating conditions and can be
used in smart working point control to further improve the
operation. The working point can be chosen in a way which
improves the efficiency of the energy collection. A trade-
off of the temperature and the flow is needed to achieve a
good level for the collected power.

ACKNOWLEDGEMENTS

Experiments were carried out within the project ”Intelli-
gent control and optimisation of solar collection with lin-
guistic equations (ICOSLE)” as a part of the project ”So-
lar Facilities for the European Research Area (SFERA)”
supported by the 7th Framework Programme of the EU
(SFERA Grant Agreement 228296).

Proceedings of the 53rd SIMS 28

October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

REFERENCES

Ayala, C.O., Roca, L., Guzman, J.L., Normey-Rico, J.E.,
Berenguel, M., and Yebra, L. (2011). Local model pre-
dictive controller in a solar desalination plant collector
field. Renewable Energy, 36, 3001-3012.

Bonmilla, J., , Yebra, L.J., Dormido, S., and Zarza, E.
(2012). Parabolic-trough solar thermal power plant
simulation scheme, multi-objective genetic algorithm
calibration and validation. Solar Energy, 86, 531-540.

Camacho, E., Berenguel, M., and Rubio, F.R. (1997).
Adaptive Control of Solar Plants. Springer, London.

Camacho, E., Rubio, F., and Hughes, F. (1992). Self-
tuning control of a solar power plant with a distributed
collector field. IEEE System Control Magazine, (April),
72-78.

Cirre, C.M., Berenguel, M., Valenzuela, L., and Cama-
cho, E. (2007). Feedback linearization control for a
distributed solar collector field. Control engineering
Practice, 15, 1533—-1544.

Farkas, I. and Vajk, I. (2002). Internal model-based
controller for a solar plant. In CD-ROM Preprints of
the 15th Triennial World Congress, 6 pp. IFAC.

Johansen, T.A. and Storaa, C. (2002). Energy-based
control of a distributed solar collector field. Automatica,
38, 1191-1199.

Juuso, E. and Lahdelma, S. (2010). Intelligent scaling of
features in fault diagnosis. In Proceedings of the 7Tth
International Conference on Condition Monitoring and
Machinery Failure Prevention Technologies, 22-24 June,
2010, Stratford-upon-Avon, UK, 15 pp. BINDT.

Juuso, E.K. (1999). Fuzzy control in process industry:
The linguistic equation approach. In H.B. Verbruggen,
H.J. Zimmermann, and R. Babuska (eds.), Fuzzy Algo-
rithms for Control, International Series in Intelligent
Technologies, 243-300. Kluwer, Boston.

Juuso, E.K. (2003). Intelligent dynamic simulation of a
solar collector field. In Simulation in Industry, 15th
European Simulation Symposium ESS 2003, 443—-449.
SCS, Gruner Druck, Erlangen, Germany.

Juuso, E.K. (2004). Integration of intelligent systems in
development of smart adaptive systems. International
Journal of Approximate Reasoning, 35, 307-337.

Juuso, E.K. (2005). Modelling and control of a solar
thermal power plant. In Proceedings of 16th Triennial
World Congress, Prague, July 3-8, 2005, 368-373. IFAC.

Juuso, E.K. (2006). Modelling and simulation in develop-
ment and tuning of intelligent controllers. In Proceedings
of 5th Vienna Symposium on Mathematical Modelling,
February 8-10, 20006, Vienna, Austria, Argesim Report
30, 6-1 — 10. Argesim Verlag, Vienna. ISBN 3-901608-
30-3.

Juuso, E.K. (2009). Dynamic simulation of solar collector
fields in changing operating conditions. In Proceedings
of SIMS 50 - the 50th International Conference of Scan-
dinavian Simulation Society, October 7-8, Fredericia,
Denmark, 341-348. DTU, Lungby, Denmark.

Juuso, E.K. (2010). Data-based development of hybrid
models for biological wastewater treatment in pulp and
paper industry. In Proceedings of the 7th EUROSIM
Congress on Modelling and Simulation, Prague, Septem-
ber 6-10, 2010, 10 pp.

Juuso, E.K. (2011). Recursive tuning of intelligent con-
trollers of solar collector fields in changing operating

WWWw.scansims.org

conditions. In Proceedings of the 18th World Congress
The International Federation of Automatic Control, Mi-
lano (Italy) August 28 - September 2, 2011, 12282—
12288. TFAC.

Juuso, E.K. (2012). Model-based adaptation of intelligent
controllers of solar collector fields. In Preprints of 7th
Vienna Symposium on Mathematical Modelling, Febru-
ary 15-17, 2012, Vienna, Austria, Argesim Report S38,
6 pp. Argesim, Vienna.

Juuso, E.K., Balsa, P., and Leiviskd, K. (1997). Linguistic
Equation Controller Applied to a Solar Collectors Field.
In Proceedings of the European Control Conference -
ECC’97, Brussels, July 1 - 4, 1997, volume Volume 5,
TH-E 14, paper 267 (CD-ROM), 6 pp.

Juuso, E.K., Balsa, P., and Valenzuela, L. (1998). Multi-
level linguistic equation controller applied to a 1 MW so-
lar power plant. In Proceedings of the ACC’98, Philadel-
phia, PA, June 24-26, 1998, volume 6, 3891-3895. ACC.

Juuso, E.K., Schauten, D., Slawinski, T., and Kiendl, H.
(2000). Combination of linguistic equations and the
fuzzy-rosa method in dynamic simulation of a solar
collector field. In Proceedings of TOOLMET 2000 Sym-
posium - Tool Environments and Development Methods
for Intelligent Systems, Oulu, April 13-14, 2000, 63-77.
Oulun yliopistopaino, Oulu.

Juuso, E.K. and Valenzuela, L. (2003). Adaptive intel-
ligent control of a solar collector field. In Proceedings
of Eunite 2003 - European Symposium on Intelligent
Technologies, Hybrid Systems and their implementation
on Smart Adaptive Systems, July 10-11, 2003, Oulu,
Finland, 26-35. Wissenschaftsverlag Mainz, Aachen.

Lahdelma, S. and Juuso, E. (2008). Signal processing
in vibration analysis. In Proceedings of the Fifth In-
ternational Conference on Condition Monitoring and
Machinery Failure Prevention Technologies, 15-18 July
2008, Edinburgh, UK, 867-878. BINDT.

Lahdelma, S. and Juuso, E. (2011). Signal processing
and feature extraction by using real order derivatives
and generalised norms. Part 1: Methodology. The
International Journal of Condition Monitoring, 1(2),
46-53.

Limon, D., Alvarado, I., Alamo, T., Ruiz, M., and Ca-
macho, E.F. (2008). Robust control of the distributed
solar collector field ACUREX using MPC for tracking.
In Proceedings of 17th IFAC World Congress, Seoul,
Korea, volume 17, 958-963. IFAC. Http://www.ifac-
papersonline.net /.

Roca, L., Guzman, J.L., Normey-Rico, J.E., Berenguel,
M., and Yebra, L. (2011). Filtered smith predictor with
feedback linearization and constraints handling applied
to a solar collector field. Solar Energy, 85, 1056—1067.

Valenzuela, L. and Balsa, P. (1998). Series and parallel
feedforward control schemes to regulate the operation
of a solar collector field. In Proceedings of the 2nd
User Workshop Training and Mobility of Researchers
Programme at Plataforma Solar de Almeria, November
10-11, 1998, 19-24. Ciemat.

Proceedings of the 53rd SIMS 29

October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

Scripting Modelica Models Using Python

Bernt Lie and Finn Haugen
Telemark University College, Porsgrunn, P.O. Box 203, N-3901 Porsgrunn, Norway
Corresponding author: Bernt.Lie@hit.no

September 13, 2012

Abstract

Modelica has evolved as a powerful language for encoding models of complex systems. In control
engineering, it is of interest to be able to analyze dynamic models using scripting languages such as
MATLAB and Python. This paper illustrates some analysis and design methods relevant in control
engineering through scripting a Modelica model of an anaerobic digester model using Python, and
discusses advantages and shortcomings of the Python+Modelica set-up.

1 Introduction

Modelica is a modern language for describing large scale, multidisciplinary dynamic systems (Fritzson,
2011), and models can be built from model libraries or the user can develop her own models or libraries
using a text editor and connect the submodels either using a text editor or a visual tool. Several
commercial tools exist, such as Dymola', MapleSim?, Wolfram SystemModeler?, etc. Free/research based
tools also exist, e.g. OpenModelica* and JModelica.org®. More tools are described at www.modelica.org.

For most applications of models, further analysis and post processing is required, including e.g. model
calibration, sensitivity studies, optimization of design and operation, model simplification, etc. Although
Modelica is a rich language, the lack of tools for analysis has been a weakness of the language as compared
e.g. to MATLAB, etc. Two commercial products are thus based on integrating Modelica with Computer
Algebra Systems (MapleSim, Wolfram SystemModeler), while for other tools the analysis part has been
more cumbersome (although Dymola includes possibilities for model calibration, an early but simple way
of controlling models from MATLAB, etc.). A recent development has been the FMI standard®, which
promises to greatly simplify the possibility to script e.g. Modelica models from MATLAB or Python
(FMI Toolbox for MATLAB"; PyFMI for Python®). Several Modelica tools now offer the opportunity
to export models as FMUs (Functional Mock-up Units), whereupon PyFMI can be used to import the
FMU into Python. Or the FMU can be directly generated from PyFMI. PyFMI is integrated into the
JModelica.org? tool. More extensive integration with Python is under way for other (free) tools, too.

Python 2.7 with packages Matplotlib, NumPy, and SciPy offer many tools for analysis of models; a
simple installation is EPD Free!'?, but many other installations exist.

It is of interest to study whether the combination of (free software) releases of Modelica and Python
can serve as useful tools for control analysis and design studies, and what limitations currently limit the
spread of such a package. This paper gives an overview of basic possibilities for doing model based control
studies by scripting Modelica models from Python. As a case study, a model of an anaerobic digester
for converting cow manure to biogas is presented in Section 2. Section 3 presents various examples of
systems and control analysis carried out by Python scripts using the model encoded in Modelica. Finally,
the results are discussed and some conclusions are drawn in Section 4.

www.3ds.com/products/catia/portfolio/dymola
www.maplesoft.com/products/maplesim
www.wolfram.com/system-modeler
www.openmodelica.org

www. jmodelica.org

www.fmi-standard.org

www.modelon.com
www.jmodelica.org/page/4924
www.JModelica.org

www.enthought.com
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Figure 1: System for converting cow manure to biogas at Foss Biolab, Skien, Norway. Figure by F.
Haugen and K. Vasdal.

2 Case study

2.1 Functional description

Figure 1 illustrates the animal waste conversion system at Foss Biolab in Skien, Norway, which converts
cow manure into biogas utilizing Anaerobic Digestion (AD). In this case study, we consider the reactor
only (blue box), where the Feed is described by a volumetric feed rate Vi [L/d] (control input) with a
given concentration pg ., of volatile solids (disturbance).

The “liquid” level of the reactor is made constant by the use of a weir system, and it is possible
to control the reactor temperature T' accurately using electric heating (potential control input). The
main product considered here, is the mass flow rate of methane out of the reactor, rmcmu, x (controlled
variable).

2.2 Model summary

A model of the reactor is presented in Haugen et al. (2012); in this paper, the same model is used but with
a modified notation. The operation of the bio reactor is described by four states j € {prvsv PSopas PX.0 PX,, }:

d 1 Vi
whi = @V (Pj,f - Pj) + R;

where V' is constant due to perfect level control, the residence time correction fs; = 1 and x; may differ
from 1, and furthermore:

Rs,.. = _YSbvs/XaRa
Rsvfa = stfa/Xa Ra‘ - YSvfa/Xm Rm
Rx, Ra — kipx,
RXm Rm - kfnpxm
WWW.Scansims.org Proceedings of the 53rd SIMS 31
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Table 1: Nominal operational data for biogas reactor at Foss Biolab.

Quantity Value

Unit Comment

Py, (0) 581
ps... (0) 113

px. (0) 132
px.. (0) 0.39
Vi 50
T 35
PS¢ 32.4

g/L  Initially dissolved substrate biodegradable volatile solids
g/L  Initially dissolved substrate volatile fatty acids

g/L  Initial concentration of acetogenic bacteria

g/L  Initial concentration of methanogenic bacteria

L/d  Volumetric feed flow of animal waste/manure

°C Reactor temperature

g/L  Feed concentration of volatile solids

Table 2: Nominal model parameters for biogas reactor at Foss Biolab.

Parameter Value Unit

Comment

|4 250 L Reactor volume
Ox, = 0x,, 2.9 - Correction of residence time for bacteria due to nonideal flow
Ys,../X. 3.90 % (Inverse) yield: consumption of bvs per growth of bacteria
Y8, 0/ 1.76 g{fa (Inverse) yield: production of vfa per growth of bacteria
Y8, i /X 31.7 %fa (Inverse) yield: consumption of vfa per growth of bacteria
Yeu, /xam 26.3 % (Inverse) yield: production of methane per growth of bacteria
Ks, .. 15.5 g/L  Half-velocity constant for bvs substrate
Ks,,. 3.0 g/L  Half-velocity constant for vfa substrate
fl3s5 0.326 d~'  Maximal growth rate at T = 35°C,
ap 0.013 % Temperature sensitivity of maximal growth rate, valid 7' € [20,60] °C
kd = k4 0.02 d~ Death rate constants for acetogenic and methanogenic bacteria
bo 0.25 ggklvss Fraction biodegradable volatile solids in volatile solids feed
ay 0.69 gg\fg Fraction volatile fatty acids in biodegradable volatile solids feed
with
R'l = p“aan
Rm = HMmPX,,
and
fha
Ha = T 7 1
1+ Kspyepp —
P
m 1
14 Ksor 5o —
fio = [l = figs + o (T — 35), with units °C for T

The production (exit) rate of methane is given by

mCH4 X = RCH4 V

RCH4 = YCH4/Xm Ry,.

Feed concentrations of states are given as

PSpvs,f = bops, .

VS

PSyta,f = AfPSyf

Nominal operating conditions for the system are given in Table 1.

Model parameters are given in

Table 2.

2.3 Systems and Control problems

A number of control problems

WWW.Scansims.org

are relevant for this system:
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e simulation of the system for validation,

e study of model sensitivity wrt. uncertain parameters,

e tuning model parameters to fit the model to experimental data,
e state estimation for computing hidden model states,

e operation of control system,

e optimal control and model predictive control,

o ctc.

Only a selected few of these problems are considered in the sequel.

3 Control relevant analysis

3.1 Basic Modelica description

The following Modelica encoding in file adFoss.mo describes the basic model:

model adFossModel
// Simulation of Anaerobic Digestion Reactor at Foss Biolab
// Author: Bernt Lie

// Telemark University College, Porsgrunn, Norway
// August 31, 2012
//

// Parameter values with type and descriptive text

parameter Real V = 250 "reactor volume, L";

parameter Real theta_X = 2.9 "residence time correction for bacteria,
dimensionless";

parameter Real Y_Sbvs_Xa = 3.9 "Yield, g bvs/g acetogens";

parameter Real Y_Svfa_Xa = 1.76 "Yield, g vfa/g acetogens";

parameter Real Y_Svfa_Xm = 31.7 "Yield, g vfa/g methanogens";

parameter Real Y_CH4_Xm = 26.3 "Yield, g methane/g methanogens";

parameter Real K_Sbvs = 15.5 "Half-velocity constant for bvs, g/L";

parameter Real K_Svfa = 3.0 "Half-velocity constant for vfa, g/L";

parameter Real muhat_35 = 0.326 "Maximal growth rate at T=35 C, 1/d";

parameter Real alpha_muhat = 0.013 "Temperature sensitivity of
max growth rate, 1/(C d)";

parameter Real k_d = 0.02 "Death rate constants for bacteria, 1/d";

parameter Real bO = 0.25 "Fraction biodegradable volatile solids in
volatile solids feed, g bvs/g vs";

parameter Real af = 0.69 "Fraction volatile fatty acids in bvs feed,
g vfa/g bvs";

// Initial state parameters:

parameter Real rhoSbvsO = 5.81 "initial bvs substrate, g/L";

parameter Real rhoSvfa0 = 1.13 "initial vfa, g/L";

parameter Real rhoXa0 = 1.32 "initial acetogens, g/L";

parameter Real rhoXmO = 0.39 "initial methanogens, g/L";

// Setting initial values for states:

Real rhoSbvs(start = rhoSbvs0, fixed = true);

Real rhoSvfa(start = rhoSvfal, fixed = true);

Real rhoXa(start = rhoXa0, fixed = true);

Real rhoXm(start = rhoXmO, fixed = true);

// Miscellaneous variables

Real rhoSbvs_f "feed concentration of bvs, g/L";

Real rhoSvfa_f "feed concentration of vfa, g/L";

Real rhoXa_f "feed concentration of acetogens, g/L";

www.scansims.org Proceedings of the 53rd SIMS
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Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real

rhoXm_f "feed concentration of methanogens, g/L";
R_Sbvs "generation rate of Sbvs, g/(Lxd)";
R_Svfa "generation rate of Svfa, g/(Lxd)";

R_Xa "generation rate of Xa, g/(Lxd)";

R_Xm "generation rate of Xm, g/(L*xd)";

R_CH4 "generation rate of CH4, g/(Lxd)";

R_a "reaction rate acetogenesis, g/(Lxd)";

R_m "reaction rate methanogenesis, g/(L*d)";
mu_a "growth rate acetogenesis, 1/d";

mu_m "growth rate methanogenesis, 1/d4";

muhat_a "maximal growth rate acetogenesis, 1/d";
muhat_m "maximal growth rate methanogenesis, 1/d";
mdot_CH4x "mass flow methane production, g/d";

// Defining input variables:
input Real Vdot_f "volumetric feed flow -- control variable, L/d";

input Real T "reactor temperature -- possible control input, C";
input Real rhoSvs_f "feed volatile solids concentration -- disturbance, g/L";
equation

// Differential equations

der (rhoSbvs)
der (rhoSvfa)

Vdot_£f/V*(rhoSbvs_f - rhoSbvs) + R_Sbvs;
Vdot_£f/Vx(rhoSvfa_f - rhoSvfa) + R_Svfa;

der (rhoXa) = Vdot_f/V/theta_X*(rhoXa_f - rhoXa) + R_Xa;
der (rhoXm) = Vdot_f/V/theta_X*(rhoXm_f - rhoXm) + R_Xm;

// Feed

rhoSbvs_f = rhoSvs_£f*Db0;
rhoSvfa_f = rhoSbvs_f*af;
rhoXa_f = 0;

rhoXm_f = 0;

// Generation rates
R_Sbvs = -Y_Sbvs_Xa*R_a;
R_Svfa = Y_Svfa_Xa*R_a - Y_Svfa_Xm*R_m;

R_Xa
R_Xm

= R_a - k_d*rhoXa;
= R_m - k_d*rhoXm;

R_a = mu_a*rhoXa;
R_m = mu_m*rhoXm;

mu_a =

mu_m

muhat_a/(1 + K_Sbvs/rhoSbvs);
= muhat_m/(1 + K_Svfa/rhoSvfa);

muhat_a = muhat_35 + alpha_muhat*(T-35);
muhat_m = muhat_a;

// Methane production

mdot_CH4x = R_CH4x*V;

R_CH4 = Y_CH4_Xm*R_m;

end adFossModel;

3.2 Basic Python script

The following Python script adFossSim.py provides basic simulation of the Anaerobic Digester reactor
at Foss Biolab starting at the nominal operating point, and performing some step perturbations for the

inputs:
#
# Python script for simulating Anaerobic Digester at Foss Biolab
#
# script: adFossSim.py
# author: Bernt Lie, Telemark University College, Porsgrunn, Norway
# location: Telemark University College, Porsgrunn
# date: August 31, 2012
www.scansims.org Proceedings of the 53rd SIMS
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# Importing modules

# matplotlib, numpy
import matplotlib.pyplot as plt
import numpy as np

# JModelica
from pymodelica import compile_fmu
from pyfmi import FMUModel

# Flattening, compiling and exporting model as fmu
adFoss_fmu = compile_fmu("adFossModel", "adFoss.mo")

# Importing fmu and linking it with solvers, etc.
adFoss = FMUModel (adFoss_fmu)

# Creating input data

t_fin = 100

adFoss_opdata = np.array([[0,50,35,32.4],[10,50,35,32.4],[10,45,35,32.4],
[30,45,35,32.4],[30,45,38,32.4],[60,45,38,32.4],
[60,45,38,40], [t_fin,45,38,40]1]1)

adFoss_input = (["Vdot_f", "T", "rhoSvs_f"], adFoss_opdata)

# Carrying out simulation
adFoss_res = adFoss.simulate(final_time = t_fin, input = adFoss_input)

# Unpacking results

rhoSbvs = adFoss_res["rhoSbvs"]
rhoSvfa = adFoss_res["rhoSvfa"]
rhoXa = adFoss_res["rhoXa"]

rhoXm = adFoss_res["rhoXm"]
mdot_CH4x = adFoss_res["mdot_CH4x"]
Vdot_f = adFoss_res["Vdot_f"]

T = adFoss_res["T"]

rhoSvs_f = adFoss_res["rhoSvs_f"]

t = adFoss_res["time"]

# Setting up figure with plot of results

plt.figure(1)

plt.plot(t,rhoSbvs,"-r",t,rhoSvfa,"-g",t,rhoXa,"-k",t,rhoXm,"-b",linewidth=2)

plt.legend ((r"$\rho_{S_{bvs}}$ [g/L1",r"$\rho_{S_{vfa}}$ [g/LI1",
r"$\rho_{X_a}$ [g/L]1",r"$\rho_{X_m}$ [g/L]"),ncol=2,loc=0)

plt.title("Anaerobic Digestion at Foss Biolab")

plt.xlabel(r"time $t$ [d1")

plt.grid(True)

plt.figure(2)
plt.plot(t,mdot_CH4x,"-r",linewidth=2)
plt.title("Anaerobic Digestion at Foss Biolab")
plt.ylabel(r"$\dot{m}_{CH_4}$ [g/d]l")
plt.xlabel(r"time $t$ [d1"™)

plt.grid(True)

plt.figure(3)
plt.plot(t,Vdot_£,"-r",t,T,"-g",t,rhoSvs_f,"-b",linewidth=2)
plt.axis(ymin=30, ymax=55)

plt.title("Anaerobic Digestion at Foss Biolab")
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Figure 2: Nominal evolution of inputs at Foss Biolab, with perturbation.

plt.legend ((r"$\dot{V}_£$ [L/d]",r"$T$ [${} {\circ}$Cl",
r"$\rho_{S_{vs,f}}$ [g/L]1"),loc=0)

plt.xlabel(r"time $t$ [dl")

plt.grid(True)

plt.show()

Running this Python script leads to the results in figs. 2 — 4:

3.3 Uncertainty analysis

Suppose the value of parameters by and ay are uncertain, but that we “know” they lie in intervals
by € 0.25 x [0.9,1.1] and ay € 0.69 x [0.9, 1.1]. We can study the uncertainty of the model by running a
number Nyc of Monte Carlo simulations were we draw values at random from these two ranges — e.g.
assuming uniform distribution. The following modifications of the Python code will handle this problem,
excerpt of script adFossSimMC. py:

#

# Python script for Monte Carlo study of Anaerobic Digester at Foss Biolab
#

# script: adFossSimMC. py

# author: Bernt Lie, Telemark University College, Porsgrunn, Norway

# location: Telemark University College, Porsgrunn

# date: August 31, 2012

# Importing modules

# matplotlib, numpy, random
import matplotlib.pyplot as plt
import numpy as np

import numpy.random as nr
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Figure 3: Nominal production of methane gas at Foss Biolab, with perturbation.
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Figure 4: Nominal evolution of states at Foss Biolab, with perturbation.
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# Carrying out simulation
adFoss_res = adFoss.simulate(final_time = t_fin, input = adFoss_input)

# Setting up figure with plot of results

plt
plt
plt.

plt
plt
plt

.figure(1)
.plot (t,rhoSbvs,"-r",t,rhoSvfa,"-g",t,rhoXa,"-k",t,rhoXm,"-b",linewidth=2)

legend ((r"$\rho_{S_{bvs}}$ [g/L1",r"$\rho_{S_{vfal}}$ [g/LI1",
r"$\rho_{X_a}$ [g/L]1",r"$\rho_{X_m}$ [g/L1"),ncol=2,loc=0)

.title("Anaerobic Digestion at Foss Biolab")
.xlabel(r"time $t$ [d1")
.grid(True)

# Monte Carlo simulations

Nmc

= 20

bOnom = adFoss.get("b0")
afnom = adFoss.get("af")

for

plt.

The

3.4

Suppose that the reactor gets

i in range(Nmc):

b0 = bOnom*(1 + 0.1*(nr.rand()-0.5)*2)

af = afnom*(1 + 0.1*(nr.rand()-0.5)*2)

adFoss.set(["bO","af"], [bO,af])

# Carrying out simulation

adFoss_res = adFoss.simulate(final_time = t_fin, input = adFoss_input)

# Unpacking results

rhoSbvs = adFoss_res["rhoSbvs"]
rhoSvfa = adFoss_res["rhoSvfa"]
rhoXa = adFoss_res["rhoXa"]

rhoXm = adFoss_res["rhoXm"]
mdot_CH4x = adFoss_res["mdot_CH4x"]
t = adFoss_res["time"]

# Setting up figure with plot of results

plt.figure(1)

plt.plot(t,rhoSbvs,":r",t,rhoSvfa,":g",t,rhoXa,":k",t,rhoXm,":b",
linewidth=1.5)

plt.figure(2)
plt.plot(t,mdot_CH4x,":m",linewidth=1.5)

show ()

result are as shown in figs. 5 and 6.

Wash-out and recovery of reactor

[43

washed out” by accidentally applying too high a feed rate Vi, e.g. Vi =

120L/d, while T" and pg__, are as in Table 1. It is of interest to see whether the original production
can be recovered. Figures 7 — 9 indicates the behavior over a period of more than 4 years (1500d) of
operation.
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Figure 5: Monte Carlo study of methane production at Foss Biolab, with variation in by and ay.

Anaerobic Digestion at Foss Biolab
T T T

| — ps, [OL]  — px [g/L]
[g/L]

m

— g, lo] — g

0 20 40 60 80 100
time ¢ [d]

Figure 6: Monte Carlo study of evolution of states at Foss Biolab, with variation in by and ay.
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Figure 7: Evolution of inputs at Foss Biolab leading to wash-out/recovery.
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Figure 8: Production of methane gas at Foss Biolab during wash-out/recovery.
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Figure 9: Evolution of states at Foss Biolab during wash-out/recovery.

As seen, although increasing V4 initially leads to a significant increase in the methane production, the
bacteria are washed out of the reactor leading to a dramatic fall in the methane production. Furthermore,
it takes an inordinate long time to recover after a wash-out if the input is simply set back to the original
flow rate. The steady state values at wash-out (¢ = 400d) can be found to be

8.0999999985826001
PS.pwashoout = 3:96160944436781

X, washoont = 1.3193454767561001 x 10~°
X, washout = 0.13282069444970099

prVS ,wash—out

3.5 Optimal recovery of methane production

The accidental wash-out of bacteria is a serious problem in the operation of Anaerobic Digesters. It is
thus of interest to see whether it is possible to recover the operation in an optimal way. We consider the
possibility of recovering the operation in the 1100d horizon spent to wash-out the bacteria, fig. 7 — 9.
We thus seek to maximize the production of methane, but without using too much feed of animal waste.
The following criterion is thus sought mazimized:

7= [ (e~ ece) a

where ¢y, is a cost parameter. We add the following constraints to make sure that the solution has
physical meaning.

pi =
McH,, =
Vi € [0,120]L/d.

We assume that the temperature T" and the disturbance Ps,.; are as in Table 1.

To solve this problem, we use the Modelica extension class optimization in JModelica.org. In Model-
ica, the criterion function is minimized, so the criterion in Modelica needs to be —J where J is as above.
The essence of the Modelica code for this problem is as given below:
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optimization adFossOpt(objective = J(finalTime), startTime=0, finalTime=T_h)
// Optimal recovery of Anaerobic Digestion Reactor at Foss Biolab
// Author:  Bernt Lie

// Telemark University College, Porsgrunn, Norway
// September 2, 2012
//

// Instantiating model adf from class adFossModel
adFossModel adf;
// Additional parameters
parameter Real T_h = 1100 "time horizon in optimization criterion, 4";
parameter Real cost_V = 1 "relative cost of animal waste";
parameter Real Vdot_max = 120 "maximal allowed feed rate, L/d";
parameter Real T_nom = 35 '"nominal reactor temperature, C";
parameter Real rhoSvs_f_nom = 32.4 "nominal feed concentration
of volatile solids, g/L";
// Defining cost function
Real J(start=0, fixed=true);
// Defining input variable:
input Real Vdot_f(free=true, min=0,max=Vdot_max) "max feed flow, L/d";
equation
// Passing on inputs to model instance
adf.Vdot_f = Vdot_f£;
adf.T = T_nom;
adf.rhoSvs_f = rhoSvs_f_nom;
// Computing cost function
der(J) = - adf.mdot_CH4x + cost_V*Vdot_f;
constraint
// Constraining states
adf.rhoSbvs >= 0;
adf.rhoSvfa >= 0;
adf.rhoXa >= 0;
adf.rhoXm >= 0;
// Constraining methane production
adf .mdot_CH4x >=0;
end adFossOpt;

With ¢y, the result is as in figs. 10 — 12. With ¢y, the result is highly oscillatoric time evolutions.

4 Discussion and Conclusions

Comparing Python to MATLAB for use in control studies reveals clear advantages and clear disadvan-
tages for Python. Python is a free tool, and a rich programming language. However, there is (currently)
no control toolbox for Python, the various packages and sub packages are not so well documented, and
the quality of some tools are far from perfect. Yet, the combination of Python and Modelica/PyFMI of-
fers ample opportunities for analysis of models and control studies. This paper illustrates this by showing
how natural models can be encoded in Modelica, and how easy Modelica models can be accessed from
Python using e.g. PyFMI. Furthermore, it is shown how natural and powerful Python is as a scripting
language, e.g. for doing uncertainty/sensitivity analysis of dynamic models. Finally, a simple optimal
control problem illustrates on-going research and development in extending the Modelica language using
JModelica.org; similar extensions of the Modelica language are also studied in e.g. Bachmann et al.
(2012). And yet, in this paper, only the most rudimentary use of Modelica and Python has been touched
upon.
Currently, some key problems with the Python+Modelica combination are:

e There is no equivalent of MATLARB’s Control Toolbox. This is such a shortcoming that many
control engineers will not seriously consider the Python 4+ Modelica combination. Some work at
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Figure 10: Evolution of optimal input V; at Foss Biolab after wash-out (solid lines), with initial guess
(dotted lines).
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Figure 11: Evolution of optimally recovered methane production at Foss Biolab after wash-out (solid
lines), with initial guess (dotted lines).
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Figure 12: Evolution of optimally recovered states at Foss Biolab after wash-out (solid lines), with initial
guess (dotted lines).

CalTech!!' aims to resolve this problem by developing a Python control toolbox, but there does not
appear to be a clear timeline for such a toolbox. Within the Modelica groups, some on-going work
addresses this by developing a '? Linear Systems library within Modelica.

e Although there are a number of powerful (and free) optimization solvers, it is not trivial to inte-
grate these into Python, and those which already have simple Python installers are often poorly
documented and/or uses non-standard array packages. A minimal package should include LP, QP,
NLP, and NLS solvers of high quality, and they should be equally simple to install in the main OS
platforms.

e The FMI is a very positive initiative, and well suited to scripting using either Python or MATLAB.
More work is needed in order to make FMI export from the various tools more standardized.

e The initiative of extending Modelica with optimization (and model calibration) possibilities is very
interesting for the control society. It would be even more interesting if some standards evolve.

The evolution of alternatives to MATLAB + SIMULINK is very interesting, and Python 4+ Mod-
elica holds promise to be such a tool. There are advantages with commercial tools such as MATLAB
+ SIMULINK and similar tools for Modelica such as MapleSim and Wolfram SystemModeler, but in
academia with limited resources for buying software, free software is of interest.
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Abstract

Offshore processes are associated with significant energy consumption and large CO2 emissions. Conven-
tional North Sea oil and gas facilities include the following operations: crude oil separation, gas compression
and purification, wastewater treatment, gas lifting, seawater injection, oil and gas export, and power gen-
eration. In this paper, a generic model of a North Sea oil and gas platform is described and the most
thermodynamically inefficient processes are identified by performing an exergy analysis. Models and simula-
tions are built and run with the tools Aspen Plus®), DNA and Aspen HYSYS®). Results reveal that the total
exergy destruction of the system is particularly sensitive to the gas-to-oil ratio and amounts to 55-65 MW,
while the total exergy losses amount to 15-20 MW. The gas compression train and the production manifold
module are the most exergy-destructive operations of the oil and gas processing system, consuming 4-6 MW

and 3-7 MW respectively, while the power generation system alone is responsible for 54-63 MW.

Keywords:

Modelling, Energy Systems, Exergy Analysis, Oil and Gas platforms

1. Introduction

North Sea oil and gas platforms were responsible
for about 26% of the total gross COs emissions of
Norway in 2011 [1]. It is generally assumed that the
energy intensity and environmental impact of these
offshore facilities will increase in the coming years, as
a direct consequence of larger energy use to enhance
hydrocarbon production [2, 3.

Concerns exist about the possible ways of evalu-
ating and increasing the performance of these oper-
ations and thus reducing their environmental foot-
print. Exergy analysis is a method based on the 2"¢
law of thermodynamics which has been widely used
to characterise the efficiency of various industrial pro-
cesses. Exergy is defined as the maximum theoreti-
cal useful work that can be extracted from any given
system, in reference to a specific environment. Un-
like energy, exergy can be destroyed; this enables lo-
cating and quantifying sources of thermodynamic ir-
reversibilities. Exergy can also be interpreted as a

*Principal corresponding author. Tel.: +4545254129
Email address: tungu@mek.dtu.dk (Tuong-Van Nguyen)
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quantification of primary energy and exergy destruc-
tion account thus for use of fuel throughout a process
[4, 5].

Only a few studies have been conducted on the
modelling and thermodynamic performance assess-
ment of offshore platforms.  Oliveira and Van
Hombeeck [6] simulated a Brazilian petroleum plant
with HYSIM and focused exclusively on the separa-
tion, compression and pumping modules. Their study
showed that the most exergy-consuming steps were
the petroleum heating operation taking place within
the separation module, and the gas compression pro-
cess. The separation step had the worst exergetic
efficiency (22.2%) of the overall plant, which had by
itself an exergetic efficiency of 9.7%. The authors sug-
gested that the large exergy destruction taking place
in the heating step was due to the high difference be-
tween the temperatures of the exhaust gases and of
the petroleum, and that newer separation technolo-
gies could improve the thermodynamic performance
of the platform.

Voldsund et al. [7, 8] simulated a specific North
Sea offshore platform by using Aspen HYSYS®. The
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Nomenclature

Acronyms

DN A Dynamic Network Analysis
NHYV Net Heating Value, kJ/kg
NRTL Non-Random Two Liquid
Greek Letters

15} chemical exergy correction factor
n efficiency

Latin Letters

é specific exergy (molar), J/mol

R ideal gas constant, J/(mol.K)

E exergy, J

e specific exergy (mass), J/kg

h specific enthalpy (mass), J/kg

s specific entropy (mass), J/(kg.K)

x partial pressure
z pollutant mass fraction

Subscripts and superscripts

* relative

¥ fuel

» product

0 dead state
ch chemical

d destruction
kn kinetic

k component
I loss

ph physical

ot potential

platform investigated in their study included sepa-
ration, recompression and reinjection trains as well
as fuel gas and export pumping systems. Results
showed that the largest exergy destruction occurred
in the gas re-injection trains (44.4%) and in the re-
compression process (17%). The authors reported an
overall exergetic efficiency of 32% in the baseline case
and suggested that the thermodynamic losses of the
platform could be greatly reduced by avoiding anti-
surge recycling and using more efficient compressors
[8]. However, these previous studies considered spe-
cific inflow conditions and focused on the oil process-
ing plant exclusively. The impacts of variations in
production flows have not been thoroughly estimated
and the utility systems for heat and power generation
have not been assessed.

The present paper aims, on the one hand, to in-
troduce models describing the full- and part-load be-
haviour of typical offshore platforms, which include
the processing plant and the utility sub-systems. On
the other hand, it attemps to assess the thermody-
namic performance of the complete system and to
quantify the effects of variations in the well-fluid com-
position. A generic process model of a North Sea
oil platform is thus presented and analysed with re-
spect to the 2" law of thermodynamics. In contrast

WWW.Scansims.org

to the previous works undertaken within this field,
the production manifolds, the glycol dehydration and
wastewater treatment processes, as well as the power
generation systems with their part-load characteris-
tics, are considered and analysed.

2. System description

Petroleum by itself is relatively dry and has a low
content of light hydrocarbons, but is extracted along
with gas and water. Offshore separation of these
three phases is required to maximise the oil produc-
tion and to minimise its gas and water content, for
economical and process requirement issues. Crude oil
is shipped onshore, while gas and water are either val-
orised or rejected into the environment. Factors such
as the well-fluid thermo-physical properties, chemi-
cal composition, gas-to-oil (GOR) and water-to-oil
(WOR) ratios, reservoir properties (e.g temperature,
pressure, permeability) may strongly differ from one
field to another, which implies that different techni-
cal considerations (e.g pressure and temperature lev-
els) and technological choices (e.g number of trains,
gas export, system configuration) apply for different
cases. In addition, production flows vary significantly
with time, affecting the plant performance [2].

Proceedings of the 53rd SIMS 47

October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

However, although design differences exist amongst
various North Sea oil platforms, it is worth noticing
that gas purification and exportation, waste water
treatment and seawater injection, have become the
most preferred gas and water processing routes in this
region [3]. Since the North Sea crude oil and natural
gas are characterised by a low content of salt, hydro-
gen sulphide and carbon dioxide, neither desalting
nor sweetening units are necessary. Typical offshore
processing on North Sea oil platforms consists of 8
different sub-systems, namely:

e Production manifolds

e Crude oil separation

e Oil pumping and export

e Gas re-compression and purification

e Gas compression — lifting and exportation —
o Wastewater treatment

e Seawater injection

e Power generation

Hence, the generic platform model developed
within this study includes the aforementioned pro-
cesses and is based on the system configurations pre-
sented in the open literature for the crude oil process-
ing [3, 9-12], for the gas treatment process [11-13],
and for the water processing [14, 15]. A conceptual
layout of the platform model, illustrating schemati-
cally material flows and interactions between the var-
ious parts of the plant, is shown in Figure 1. Internal
system configurations, such as condensate recycling
and anti-surge control, are not shown but are consid-
ered in the system modelling.

3. System modelling and simulation

3.1. System inputs

Crude oil contains a large inventory of multiple
chemical compounds such as alkanes, alcenes and
aromatics, ranging from light to heavy, branched to
cyclic and saturated to unsaturated hydrocarbons.
Complete compositional analyses are rarely carried
out, which implies that the exact chemical composi-
tion of crude oil — nature of chemical compounds and
amounts — is usually unknown. In general, crude oil
is characterised by conducting a true boiling point

WWW.Scansims.org

(TBP) analysis: crude oil is separated into distil-
late fractions with different hydrocarbons composi-
tion and boiling points. The distribution of the boil-
ing point range as a function of the fraction of crude
oil distilled is called the true boiling point curve and
gives an approximation of the crude oil properties
and composition. Molecular weight, viscosity, specific
density and gravity are measured for each distillate
fraction, and thermal properties such as heating value
and thermal conductivity are estimated by empirical
correlations [9, 16].

Hence, it is not possible to define crude oil as an
exact mixture of known components with known pro-
portions. Crude oil is therefore represented by a
group of known and hypothetical (also denominated
pseudo-) components whose properties are created
from the true boiling curve [9, 16]. In this study,
crude oil is modelled as a mixture of 83 chemical com-
pounds: CO2, HyO, O2, Na, Ar, HsS, 47 hydrocar-
bons and 29 pseudo-components. Bulk properties of
the crude oil mixture are given in Table 1.

Table 1: Crude oil properties

Crude Oil
API 39.9
Specific gravity 0.826
Density (kg.m™3) 825.5
Light ends cut (%,07) 27.2

Gas may either be mixed with oil and enter the
platform system through the same wells (associated
gas) or be processed apart through specific wells (non-
associated gas). In this paper, only associated gas
was considered since it is the most encountered case
in oil offshore processing, according to Bothamley et
al. [3]. As seen in Table 2, North Sea natural gas
has a low content of hydrogen sulphide and carbon
dioxide, which justifies its appellation of sweet gas.

Table 2: Associated natural gas composition

Chemical Compound Natural Gas
(%omot)

No 4.37
COy 1.34
H,S 0.2
CHy4 73.7
CoHg 6.10
C3Hg 6.70
n-C4Hjg 2.48
i-C4Hyg 1.41
Cs+ 3.70

Standard air, with a molar composition of 77.29%
No, 20.75% O2, 1.01% H-0, 0.92% Ar and 0.03%
CO9, and standard seawater are processed in the off-
shore platform.

Proceedings of the 53rd SIMS 48

October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

Seawater (cooling)

Offshore platform

Fuel air

e
. i Thermal oil

|
|
I , Exhaust gases
|
|
Power )

Gas (associated)

Recompression ™ Dehydration

f Gas (pipelines)
|
|

|
|
——F— Gas (lift)
|
|
|

Injection ——— Gas (injection)

Export

Lifting

Crude Oil n Manifold Separation oil
| —
|
I
Seawater (associated) _f U
Chemicals Treatment

Pumping

Flaring ——— Gas (flared)

I
f

Qil (export)

1Y
% Water (overboard)

Water L
Water (injection)

Purification —\

3 Impurities

) Seawater (cooling)

Figure 1: Conceptual layout of offshore processes on North Sea oil platforms

3.2. System sub-models

The overall platform system was divided into sub-
systems which were at first modelled separately and
integrated afterwards in an overall model. The main
aim of this system decomposition into sub-models was
to investigate the steady-state behaviour of each pro-
cess, to evaluate their thermodynamic performances
and their sensitivity to operating parameters. Sub-
systems and corresponding mathematical models cre-
ated within this study are described in the following
sections. Unless something else is stated, operating
parameters of each process model are fixed by the
user and the models return the energy demand as
well as the flow rates and compositions of the mate-
rial streams. Modelling and simulation assumptions
are presented in Table 3. Values in brackets [-] in-
dicate several components of the specified type, each
value corresponding to a particular component at a
given location in the process.

Simulations based on case studies available in the
open literature [6-8, 11, 12] were performed to vali-
date the separation, gas re-compression and injection
process models and showed a deviation smaller than
5%. The maximum difference is found in the pre-
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diction of the gas volumic flowrate at the outlet of
the offshore platform system. Comparisons between
manufacturer data and model predictions were con-
ducted to validate the models developed for simulat-
ing the behaviour of the power generation units. For
loads above 50%, which is the region of interest, the
maximum relative error is found in the prediction of
the gas turbine thermal efficiency and is around 3.7%.

3.2.1. Crude oil processing

Petroleum extracted through the several wells is
transferred to the platform complex via a network of
pipelines and a system of production manifolds. The
individual well-streams are mixed and de-pressurised
by choke boxes, which consist of valves and chokes,
and fed afterwards into the separation train. Crude
oil separation is promoted by gravity and takes place
in four stages operating at four different pressure lev-
els. The first three stages consist of three- and two-
phase separators while the last stage comprises an
electrostatic coalescer [3, 11, 12].

Pressure is decreased along the train by a series of
throttling valves and the temperature of the separator
feeds is increased by heat exchange with thermal oil
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Table 3: General system specifications

Process Component Parameter Unit Value
Reservoir Temperature °c 71
Pressure MPa 7
Production Manifold Throttle Outlet pressure MPa [12,7]
Mixer Pressure drop MPa 0.12
Separation 3-Phase Separator Heat losses MW -
Pressure level MPa [7,2.9,0.72]
Pressure drop bar [0.5,0.3,0.05]
Electrostatic coalescer Heat losses MW -
Pressure level MPa 0.18
Mixer Pressure drop bar [0.05,0.02]
Crude oil/glycol heat exchanger Pressure drop bar [0.25,0.25]
Temperature increase (cold side) K 5
Minimum temperature approach K 10
Re-compression Centrifugal compressor Outlet pressure MPa [2.95,7
Isentropic efficiency % (64,67
Mechanical efficiency % [93,93
Gas/seawater heat exchanger Outlet temperature °C [20,20,20
Pressure drop bar [0.25,0.1,0.025
Throttle Outlet pressure MPa [2.93,0.75,0.18
Flash Heat losses MW -
Pressure drop bar [0.5,0.3,0.05]
Oil pumping Pump Outlet pressure MPa [0.545;3
Pump efficiency % [59,61
Driver efficiency % [90,90
Cooler Outlet temperature °c 15
Pressure drop bar 0.1
Waste water treatment Throttle Outlet pressure MPa 0.12
Cooler Outlet temperature e [25,15]
Pressure drop bar [0.1,0.1]
Hydro-cyclone Separation Efficiency % 97
Skim vessel Pressure level bar 1.2
Temperature level °c 25
Glycol dehydration Absorption column Pressure level MPa 7
Temperature level °c 31
Minimum glycol-gas temperature approach °c 18.5
Flash drum Temperature level °c 37.8
Throttle Outlet pressure bar 1.2
Glycol/Thermal oil heat exchanger Outlet temperature (cold side) °c 165
Pressure drop bar 0.025
Glycol/Seawater heat exchanger Outlet temperature (hot side)
Pressure drop bar 0.025
Desorption column Number of stages - 5
Stage efficiency - 100%
Condenser pressure bar 1.2
Condenser pressure drop bar 0.2
Condenser temperature °c 98.9
Reboiler pressure bar 1.25
Reboiler pressure drop bar 0.2
Reboiler temperature °c 204.4
Waste heat recovery system Temperature level (glycol side) °c [200,210,220]
Seawater injection system Oxygen level ppb 10
Solids content ppm 5
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Figure 2: Flow sheet of the separation and gas re-compression train
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Figure 3: Flow sheet of the export pumping section

to increase the separation efficiency, as depicted in
Figure 2. It is assumed that the gravity separators
are continuously operated, that physical equilibrium
is reached and that no liquid is entrained in the gas
vapour phase. Power needed to sustain the electric
field in the coalescer is neglected.

3.2.2. Gas re-compression

Product gas from the separators and recovered
from the oil pumping train is led through the re-
compression train. Temperature is decreased by sea-
water cooling and liquid droplets are separated and
removed by scrubbing, resulting in a relatively dry
gas which is then re-compressed. Condensate from
the scrubbers is mixed with crude oil at the inlet
of the separators, while pressurised gas is sent to
the purification process. It is assumed that the gas
re-compressors are run at a sufficient load, close to
their design point, which avoids the need for recycling
around these components to prevent surge issues.

3.2.3. Oil export and pumping

Oil from the separation train enters the export
pumping system, shown in Figure 3, where it is mixed
with oil and condensate removed in other steps of the
plant. It is then cooled, pumped gradually, stored
and exported to the coast via shipping.

3.2.4. Gas purification

In addition to the re-compression train, there are
needs for a dehydration unit to prevent corrosion is-
sues in gas pipelines, as illustrated in Figure 4, and for
additional flash units to reduce the content of heavy
hydrocarbons. Gas dehydration on offshore plat-
forms is conventionally achieved by a glycol absorp-
tion/desorption system. Wet gas enters at the bot-
tom of an absorption column, modelled as a packed
absorber, and water is captured by liquid glycol by
physical absorption. The glycol-water-natural gas
mixture thereby enters a flash separator at an in-
termediate pressure to minimise the amount of nat-
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Figure 4: Flow sheet of the dehydration train

ural gas entrained with the circulating glycol. It
is then pre-heated to ease the water-glycol separa-
tion in the desorption column. A small fraction of
dry natural gas is sent for stripping in order to in-
crease the molar purity of glycol to 99.9%. Regener-
ated glycol is pumped to the absorber pressure and
heated to ensure a minimum temperature difference
of 20°C with the natural gas stream entering the sys-
tem [12, 16, 17].

In contrast of the other process sub-models, in
which operating parameters and inflows were set by
the user or returned by other sub-models, and out-
flows derived by mass and energy balances, the gas
dehydration sub-model calculates the optimal oper-
ating parameters (glycol and stripping gas flow rates,
boilup and reflux ratios, heating demand) for a set of
given constraints (water content, temperature level)
on the outflows. The gas purification sub-model cal-
culates the amount of circulating glycol required to
reach a purity of 99.9% of natural gas at the outlet
of the dehydration unit as well as the stripping gas
flowrate.

3.2.5. Wastewater treatment

In the North Sea region, downstream cleaning of
the produced water is essential for environmental and
legislation reasons [18]: suspended particulates and
dissolved hydrocarbons are removed by use of hydro-
cyclones. Wastewater flows then through a succession
of throttles and enters a skimmer tank to recover oil
traces before it is released to the environment.

3.2.6. Seawater injection

Seawater for re-injection must meet several quality
requirements to avoid pipe corrosion and bacteria for-
mation due to sediments, sulphides and oxygen com-
pounds [19, 20]. It is processed in filtering units and
deaeration towers before being pumped and injected
into the petroleum reservoir. The seawater injection
model calculates the chlorine and coagulants loading
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required to decrease the concentration of oxygen and
particulates to the desired level. It is at first assumed
that the volume of water which should be injected
into the reservoir is nearly constant. The impact of
this assumption is evaluated later within this study
by means of a sensitivity analysis.

3.2.7. Gas compression, lifting and exportation

A first fraction of the dry gas is used for lifting,
which consists of injecting gas at high pressure into
the reservoir via the oil wells to increase crude oil
recovery. Lifting gas is cooled and scrubbed to fur-
ther remove heavy hydrocarbons and to decrease the
power requirements of the compressors. A second
fraction of the dry gas is also cooled and compressed
before being sent onshore through a network of sub-
sea pipelines.

3.2.8. Power generation utility system

Electric power required at the different process
modules is usually produced by gas turbines directly
running on-site. They are selected considering the
maximum expected power requirements over the off-
shore facility’s life cycle. However, for reliability mat-
ters and in order to prevent unexpected plant shut-
down, power generation is usually shared amongst
multiple gas turbines running at part-load, which im-
plies that their maximum thermal efficiency is not
reached. In this study, the power utility system
is modelled as two twin-spool gas turbines comple-
mented by power turbines sharing equally the elec-
trical power supply, with characteristics based on the
SGT-500 engine developed by SIEMENS [21]. As
shown in Figure 5, the gas turbine is connected to
a waste heat recovery system: the thermal fluid is
assumed to be a glycol/water mixture with a mass
ratio of 40/60.

Combustor

F =

Figure 5: Flow sheet of the twin-spool gas turbine system

Exhaust gases

C% Thermal oil

Fuel gas
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The developed power generation sub-model takes
as input the electrical power demand from the other
plant sections and derives the compressor and tur-
bine off-load characteristics by application of a stage-
stacking analysis [22-24]. Air and gas flows, oper-
ating conditions and isentropic efficiencies of the gas
turbine components are calculated for the required
load and are returned to the waste heat recovery sub-
model.

3.2.9. Heating and cooling utility systems

Heating on-site is ensured by the waste heat recov-
ery system connected to the gas turbines. In general,
the highest temperature level of the platform is found
at the reboiler of the desorption column [3]. The
waste heat recovery sub-model is based on the heat-
ing demand from the platform processes. It is used
to calculate the stack temperature of the exhaust flue
gases of the power generation system, based on the as-
sumption that the temperature of the thermal fluid is
200°C and 220°C at the inlet and outlet of the waste
heat recovery system.

Cooling water is utilised to decrease the amount
of heavy hydrocarbons entrained with natural gas
and to prevent foaming and low loads in the sepa-
ration system. This system sub-model is based on
the cooling demand of the separation and gas pro-
cessing trains, and returns the required flow rate of
seawater used for cooling. The rejection temperature
to the environment is constrained to a maximum of

25°C.

3.8. System simulation

3.8.1. Simulation basis

All processes, at the exception of the power gen-
eration and glycol dehydration processes, were sim-
ulated with Aspen Plus® version 7.2 [25]. Simula-
tions of production manifolds, petroleum separation,
oil pumping, gas re-compression, flaring and lifting
were based on the Peng-Robinson equation of state,
while simulations of the water purification and injec-
tion processes were based on the Non-Random Two
Liquid (NRTL) model, usually more suited for elec-
trolyte system modelling. Glycol dehydration was
simulated with Aspen HYSYS®) [26], using the glycol
property package, claimed to predict more accurately
the behaviour the tri-ethylene glycol-water mixture
[17, 27]. Power generation was simulated by using
the tool Dynamic Network Analysis (DNA), devel-
oped at the Technical University of Denmark [28].
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3.8.2. Case studies and sensitivity analysis

Three cases have been investigated within this
study, corresponding to the same platform — iden-
tical processes and operating conditions — but with
different well-fluid compositions and loads. Specifi-
cations for each simulation are listed in Table 4. As
emphasised by Svalheim et al. [2], production flows
are strongly time-dependent. It is thus unlikely to
find, for the same platform, three distinct situations
with sensibly similar flow rates and sensibly differ-
ent gas-to-oil (GOR) and water-to-oil (WOR) ratios.
However, in order to provide a basis for comparison
and to assess the impact of the gas and water con-
tents of the well-fluid, each simulation case is defined
on the same well-fluid molar flow rate.

Case 1, referred as the baseline case in the rest of
this study, aims to represent a regular operation of an
offshore platform, with oil, gas and water extracted
along. Gas- and water-to-oil ratios have been chosen
based on the production data of different oil platforms
operating in the North Sea [29]. In the second case,
the water-to-oil ratio is reduced by 50%, in order to
describe the early life of an oil field, when only a small
amount of water enters the platform system. Finally,
the last case (Case 3) is featured by the same water-
to-oil ratio as in the baseline case, but the gas molar
fraction is increased by 33%, which corresponds to an
intermediate situation in the lifespan of an oil field.

Table 4: Simulation specifications

‘Well-fluid properties Case 1 Case 2 Case 3
Molar flow rate (kmol/hr) 18446 18446 18446
Associated gas % 48.60 50.71 64.80
Associated water % 42.90 27.34 17.47
Crude oil % 8.45 10.76 3.44
Gas-to-oil ratio molar 5.75 4.71 18.85
Water-to-oil ratio molar 5.08 2.54 5.08
Mass flow rate (103 kg/hr) 618.3 696.5 490.8
Actual volume flow rate (m3 /hr) 1484 1841 2079

Operating parameters such as seawater flow rate
and gas export pressure differ from platform to plat-
form depending on the physical properties of the oil
field and on the pipeline network requirements. These
design set-ups are varied one-at-a-time: default states
set in the baseline cases and variation ranges in this
parametric study are shown in Table 5.

Table 5: Sensitivity analysis parameters

Parameter Unit Default value Variation range
Seawater injection flowrate (Sm3 /hr) 1245.3 [900-2900]
Gas export pressure (MPa) 17 [15-25]
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4. Exergy analysis

4.1. Ezergy balance

The concept of exergy derives from both the 15
and 2" laws of thermodynamics and illustrates the
potential of a system to bring change to its environ-
ment. Unlike energy, exergy is not conserved in non-
ideal processes, which, in other words, means that the
exergy entering a system is always larger than the ex-
ergy exiting it. The difference between the inlet E;
and outlet exergy E, flow rates is called the exergy
destruction rate Fj;, which indicates thus the loca-
tions and amplitudes of energy degradation [4]. The
general exergy balance for a given system at steady-
state can be expressed as follows:

Ei=) Ei-) E, M
For a control volume at steady state, the exergy
destruction rate becomes:

E; = Z (1 - ;:3) Qj - ch“‘zmiei - Zmeee
(2)
Where e and 1 are the specific exergy and mass
flow rate of a material stream, respectively, and Qj
and W,, the time rates of energy transfer by heat
and work. The subscript 0 indicates the reference
conditions, the subscripts ¢ and e denote inlet and exit
and the subscript j the boundary of the component
of interest.

4.2. Ezergy components

Alike enthalpy and entropy, exergy is an extensive
property which can be defined for every stream of
matter. The specific exergy of a material stream e
is a function of its physical ey, chemical e, kinetic
ern and potential e, components and is defined as:

e =eph + Ech + €pn + Ept (3)

In this study, the kinetic and potential effects on
the exergy associated with material streams are as-
sumed negligible compared to the physical and chem-
ical contributions. Physical exergy is related to
temperature and pressure differences with the dead
state, while chemical exergy is related to deviations
in chemical composition with reference substances

Proceedings of the 53rd SIMS 53

October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

present in the environment. The specific physical ex-
ergy per mass of a given stream e, can be calculated
with the following formula:

eph = (h — ho) — To(s — So) (4)

Where h and s are the specific enthalpy and en-
tropy of a stream of matter per unit-of-mass, re-
spectively. By applying the Peng-Robinson and
Non-Random-Two-Liquid thermodynamic equations
of states, physical exergy values can be computed
and deduced from the process simulations. Values
of chemical exergy for pure substances are extracted
from the reference models of Szargut and Morris
[30, 31]. Chemical exergy of hypothetical components
contained in crude oil is calculated with the following
formula from Rivero [32] when their chemical compo-
sition is approximatively known:

Eopi = BNHV; + Y 2Ea (5)

Where NHYV; stands for the Net Heating Value,
zj the mass fraction of metal impurities, E.,; the
corresponding chemical exergy and S the chemical
exergy correction factor, expressed as:

B =1.0401 + 0.1728 12 1 0.043220, 2c+
zC

0.2169z52¢ + (1 — 2.06282p,2¢) + 0.0428°Y2  (6)
zC

In the case that the chemical structure of an hypo-
thetical component is unknown, the following relation
is used, and gives, according to Rivero [32], less than
1% deviation:

Ecni = NHV; (7)

Finally, the specific chemical exergy of a mixture
€ch,mixz, ON a molar basis, becomes:

éch,mi:): = Z xkéch,k + RTO Z xkln(wk) (8>

Where zj, is the partial pressure of the k gas and
R the ideal gas constant.

4.8. Exergy efficiency

Applying an exergy balance on a specific process
component k and calculating its exergy destruction
rate E'dJﬁ, provides information on its thermodynamic
inefficiencies. The exergy destruction rate of this
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component can then be related to the exergy destruc-
tion rate of the whole system E,; by calculating the
exergy destruction ratio y;, defined as:

Sk (9
Eq

Exergetic efficiency n for a sub-system k, which is
a measure of its thermodynamic performance, can be
defined by identifying fuel and product of interest. It
should be emphasised that fuel and product exergies
E'fjk and E'p,k of the sub-system of interest are not

necessarily equal to its input E; ;, and output exergies
E, ;.

Yp =

= 22 (10)
Eka
Definitions of exergetic fuels and products for the
components and sub-systems investigated within this
study are extensively discussed in Bejan et al [4] and
in Kotas [5].

5. Results

5.1. System simulation

This section introduces and discusses the results
of the oil offshore platform modelling, which was de-
scribed in detail in Section 3. Results of the process
plant simulation are presented in Table 6, with flows
expressed in standard cubic meters (Sm?), which
stands for volume measurements in standard condi-
tions (temperature of 15°C and pressure of 1 atm).
The power requirements of the offshore platform are
shown in Table 7, with values expressed in MW.

Table 6: Processing plant simulation results - Outflow streams

System outputs Case 1 Case 2 Case 3
Gas (export) (103 Sm? /hr) 166.4 213.4 279.4
Gas (lift) (10% Sm? /hr) 24.36 31.24 40.89
Water (overboard) (Sm3 /hr) 123.3 90.00 50.41
Water (injected) (Sm? /hr) 1245 1245 1245
Oil (export) (Sm3 /hr) 359.2 457.4 156.3

Results indicate that the power consumption of the
offshore platform ranges from 18 to 23.5 MW and is
strongly correlated to the energy demand of the gas
lifting and exportation trains. In any case, this spe-
cific process is the major electricity consumer of the
offshore plant and is responsible for 50% to 65% of the
total power demand. This power consumption, both
in absolute and specific terms, is larger in case 3 than
in cases 1 and 2, as the power required to compress
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Table 7: Processing plant simulation results — Power consump-
tion (MW)

Power consumption Case 1 Case 2 Case 3
Gas lifting and exportation 9.234 11.95 15.09
Seawater injection 6.973 6.973 6.973
Gas recompression 1.234 2.132 1.111
Oil pumping 0.530 0.674 0.230
Glycol dehydration 0.004 0.005 0.005
Wastewater treatment - - -
Total (MW) 17.98 21.30 23.41
Total (N[J/SmBOil) 180.2 167.6 539.2
Total (IVIJ/Smsoil,eq) 117.7 109.2 176.8

the surplus of gas overcomes the decrease of power in
the crude oil pumping and wastewater treatment sec-
tions. Additionally, gas compressors on offshore plat-
forms are characterised by a relatively low isentropic
efficiency and the use of anti-surge gas recycling has
also an impact on the train power consumption.

Another important aspect of the power consump-
tion profile of oil offshore platforms is the great de-
mand associated with the seawater injection process,
as a large amount of seawater must be pumped from
atmospheric pressure to 11.5 MPa. This process de-
mand accounts for 29% to 39% of the total power
consumption and reaches nearly 7 MW. Seawater
pumped for injection is not extracted through the
same wells as oil and natural gas and does not enter
the crude oil separation train. Conversely, oil, asso-
ciated water and gas do thus not enter the water pu-
rification train, and variations in the well-fluid com-
position do therefore not directly affect the pumping
work for seawater injection.

The third largest power demand of the offshore
facility is the gas re-compression process, in which
gaseous streams from the two- and three-phase sepa-
rators are re-compressed to the original pressure level
of 7 MPa. The electrical energy consumption of this
system is larger by a factor two in the second case
than in the first one, due to the larger fraction of
crude oil and associated gas in the well-stream en-
tering the separation train. Consequently, a greater
amount of gas is recovered in the separation train
and flows through the two booster compressors. How-
ever, although the associated gas flow rate is larger
in case 3 than in case 2, the power demand of the
re-compression train is much smaller, which suggests
that most of the associated gas, rich in light-weight
hydrocarbons, exits the separation train at the first
separator and bypasses the booster compressors. In
other words, the gas recompression power consump-
tion is mostly dependent on the crude oil flow rate
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and composition, which contains medium-weight hy-
drocarbons such as propane and butane, more likely
to vaporise in the second and third stages of the sep-
aration process.

In contrast, the variations of the associated water
and oil flows in cases 2 and 3 have a limited impact
on the process plant power consumption, because the
oil pumping and water treatment processes have by
themselves a low power demand. The power con-
sumption of the dehydration unit is slightly higher in
the case 3. As a result of a larger gas flow rate at the
outlet of the recompression train, a greater amount
of tri-ethylene must be processed to decrease the wa-
ter content to the same purity level. However, as the
main natural gas stream only flows through the ab-
sorption unit, electricity required by this process is
only needed to compensate the pressure drops in the
desorber column and to pump the liquid glycol from
the desorber to the absorber pressure.

Table 8: Utility system simulation results — Characteristics (for
1 twin-spool turbine)

Case 1 Case 2 Case 3
Air Gas turbine inlet
m (kg/s) 75.5 78.1 82.9
Gas Combustion chamber inlet
m (kg/s) 0.73 0.78 0.87
T (°c) 15 15 15
p (bar) 10.8 10.8 10.8
Flue Gases Gas turbine outlet
m (kg/s) 76.2 78.9 83.7
T °c) 316.1 324.6 330.6
p (bar) 1.02 1.02 1.02
Flue Gases Waste heat recovery outlet
T (°c) 266.9 277.6 286.3

5.2. Sensitivity analysis

The total power consumption of the oil and gas pro-
cessing plant is, as seen in Table 7, strongly depen-
dent on the power demands of the gas compression
system and of the seawater injection process. Corre-
lation between seawater volume and injection system
power consumption is shown in Figure 6. Power con-
sumption of the seawater injection train varies lin-
early with the volume of seawater to inject in the
reservoir and increases by about 1 MW for each in-
crement of 200 Sm? /hr.

This result suggests that, as time goes on, since
a larger seawater volume must be injected into the
oil reservoir and a lower volume of gas is extracted,
the power consumption of the water injection train
may exceed the power demand of the gas compression
process.
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Figure 6: Effect of seawater injected volume on injection system
power consumption

The gas export pressure is a parameter fixed by
the requirements of the pipeline network system —
since this value is subject to variations depending
on the network and pipelines to which the offshore
platform is connected, the effect of different pipeline
constraints is illustrated in Figure 7. It is observed
that the total compression train power consumption
is clearly affected by the pressure level at which gas
must be compressed. However, it is more likely that
the operating pressure of the pipeline network sys-
tem is between 18 and 22 MPa, which corresponds to
a window of around 20% of the power demand of this
process.
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Figure 7: Effect of pipeline pressure requirement on compres-
sion train power consumption

5.3. Exergy analysis

In this study, an exergy analysis was undertaken
based on dead state conditions of 5°C and 1 atmo-
sphere. Exergy associated with each stream of mat-
ter present in the system is calculated and exergy
destruction rates are examined for the three simula-
tion cases. Based on the exergy analysis results calcu-
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lated from the process simulation results, a simplified
Grassmann diagram of the overall offshore platform
system, which illustrates the input and output exergy
flows for the baseline case, is shown in Figure 8.

Exergy is introduced in the form of raw materials
(crude oil, associated gas and water, fuel air, seawa-
ter, chemicals) and exits in the form of valuable prod-
ucts (e.g crude oil and gas sent onshore) and waste
streams (e.g wastewater and exhaust gases). The
Grassmann diagram shows that the input and output
exergies of this system are largely dominated by the
exergy associated to the crude oil and gas streams,
because of their high chemical exergy content. In the
baseline case, the chemical exergy content of crude
oil and gas are respectively 44.6 and 46.3 MJ/kg, and
the exergies of these two materials are responsible for
nearly 97% of the total exergy input. In compari-
son, the main contributors to exergy losses are mate-
rial streams rejected to the environment without any
practical use, such as flared gases, discharged seawa-
ter, wastewater and exhaust gases from the gas tur-
bine systems, which represent in total less than 1%.
Exergy associated with lifted gas and injected water
is not considered as a loss, since these streams pro-
vide the benefit of increasing oil recovery. The exergy
destruction rate accounts for about 1.3% of the total
exergy input of the overall platform system: contri-
butions of each sub-system are given in Table 9 for
the three simulation cases and the distribution of the
total exergy destruction over the various sub-systems
is illustrated in Figure 9.

Results demonstrate that the total destroyed ex-
ergy on the overall offshore platform totals from 54.8
to 63.3 MW, with a share of 65-70% for the utility
system (gas turbines and waste heat recovery) and
30-35% for the oil and gas processing system. This
analysis shows that, although the production flows
are significantly different from case to case, most of
the total exergy destruction takes place within the
power generation system, because of the large ther-
modynamic irreversibilities associated with chemical
reactions occurring in the combustors.

When considering exclusively the oil and gas pro-
cess plant, it is observed that the total exergy destruc-
tion of the latter is comprised between 15.5 and 19.1
MW. The exergy destruction within the production
manifolds (3.05-7.18 MW) is particularly high, due
to the pressure decrease from 16.5 to 7 MPa with-
out generation of any useful product. Conversely, the
exergy destruction within the gas compression and
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Figure 8: Grassmann diagram of the offshore oil and gas platform — Baseline Case

Table 9: Exergy destruction rates (MW) of the analysed simu-

lation cases for an oil offshore platform

Case 1 Case 2 Case 3
Production manifold 4.61 3.05 7.18
Separation 2.22 2.83 1.39
Heaters 0.95 1.12 0.72
Throttles 1.02 1.33 0.51
Separators 0.11 0.17 0.07
Mixers 0.14 0.21 0.09
Recompression 2.31 2.13 2.09
Coolers 1.36 1.15 1.39
Throttles 0.29 0.08 0.12
Compressors 0.42 0.66 0.35
Mixers 0.18 0.18 0.18
Flashes 0.06 0.06 0.06
‘Wastewater 0.49 0.17 0.09
Gas compression 4.17 5.20 6.39
Compressors 3.74 4.56 5.59
Coolers 0.39 0.60 0.76
Throttles 0.02 0.02 0.02
Mixers 0.02 0.02 0.02
Glycol dehydration 0.01 0.01 0.01
Oil pumping 0.26 0.23 0.07
Seawater 1.92 1.92 1.92
Processing plant 16.0 15.5 19.1
Waste heat recovery 2.85 2.96 3.15
Power generation 36.0 39.0 41.0
Compressors 3.18 3.51 3.76
Combustion chamber 28.0 30.4 32.0
Turbines 4.80 5.07 5.24
Utility plant 38.8 42.0 44.2
Offshore platform 54.8 57.5 63.3
Total (MJ/Sm?oil) 549 452 1458
Total (MJ/Sm?>oil,eq) 359 295 478
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Figure 9: Exergy destruction share of the analysed simulation
cases for an oil offshore platform
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lifting process is in the same order of magnitude and
is mainly due to the inefficiencies of the gas compres-
sors (3.74-5.59 MW for the compressors alone).

The amount of exergy destruction is significantly
greater in the case 3 than in the other cases, because
of the higher content of gas in the well-fluid. This
results in a larger flow rate to process in the produc-
tion manifold and a higher volume of gas to compress
to 15-20 MPa for exportation and lifting. Nearly
equal exergy destruction takes place in the separa-
tion and re-compression steps, which is mainly due
to the large inventory of mixers and recycles to en-
hance the hydrocarbon recovery. The smallest total
exergy destruction of the process plant occurs in the
case 2, where the crude oil fraction in the well-fluid
is the largest and the water fraction the smallest of
all studied cases. Although a larger flow rate is pro-
cessed in the separation and pumping trains, which
implies a higher amount of destroyed exergy in this
sub-system, the exergy destruction in the production
manifold is greatly reduced, which presents benefits
at the scale of the overall processing plant.

Besides being responsible for large exergy destruc-
tion, the gas turbine system is also associated with
large exergy losses, amounting from 15 to 18 MW,
as shown in Table 10. The exergy losses are higher
in the third case than in the two first ones because
of the greater power demand of the process plant,
which leads to a larger mass flow rate of flue gases
and a higher stack temperature at the outlet of the
waste heat recovery system.

Exergy losses associated with rejection of cooling
water and wastewater overboard are comparatively
small, since these streams are released at nearly at-
mospheric pressure and at a relatively close temper-
ature to the ocean. Seemingly, exergy losses associ-
ated with flaring are negligible, since only gas venti-
lated from the glycol purification process is directly
rejected into the environment without any valorisa-
tion. These losses increase with the amount of as-
sociated gas present in the well-fluid, as a larger gas
flow rate leads to an increase in the amount of strip-
ping gas required in the dehydration process, which
is purged and discharged to the surroundings. The
exergy losses in the investigated system total from
16.8 to 20.4 MW. About 90% of them is associated
with rejection of high temperature exhaust gases to
the environment. The remaining 10% is related to the
exergy content of cooling and wastewater discharged
overboard, as well as flared gases.
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Table 10: Exergy losses (MW) of the analysed simulation cases
for an oil offshore platform

Case 1 Case 2 Case 3
Exhaust gases 15.5 17.3 18.7
Cooling water 1.1 1.4 1.3
Flared gases 0.21 0.25 0.33
Wastewater treatment 0.15 0.09 0.08
Total 16.8 19.0 20.4

Exergy efficiencies of the different sub-systems
analysed in the baseline case are given in Table 11,
with exergy rates expressed in MW. Since the produc-
tion manifold, separation, and wastewater treatment
consist mainly of throttles and mixers, the exergetic
product is equal to null, which leads to the conclusion
that the exergetic efficiency of these sub-processes is
0%.

Power generation and waste heat recovery are con-
sidered separately since they may be strongly dissim-
ilar from platform to platform and since that they act
as energy sources for the other processes. Exergy effi-
ciency of this overall utility system is shown in Table
12, with exergy rates given in MW.

Table 11: Exergy efficiencies of the different process modules —
Baseline Case

Re-compression Compression Injection Oil pumping
Eq . (MW) 0.42 4.17 1.92 0.26
Eg . (MW) 1.67 9.23 6.97 0.68
Ep, . (MW) 1.25 5.06 5.05 0.42
M5 (%) 74.8 54.8 72.4 61.7

Table 12: Exergy efficiency of the power generation and waste
heat recovery system — Baseline Case

Power Generation

By (MW) 85.7
Ep i (MW) 26.4
Mg (%) 30.8

Results show that, apart from the production
manifold and separation trains which are inherently
exergetic-inefficient, the gas compression and the oil
pumping sections have the lowest 2"?-law efficiency.
However, the oil pumping section has a much smaller
power demand, for both low and high gas-to-oil ra-
tios, than the gas compression train. For this reason,
concentrating efforts on improving the gas compres-
sion train may be more cost- and exergy-effective.
Moreover, a higher efficiency of the gas compression
train would result in a lower power consumption, de-
creasing thus the amount of exergy destroyed in the
gas turbine systems.
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6. Discussion

Process simulation results are in accordance with
the findings of Svalheim et al. [2], who stated that the
largest power demand corresponds to the gas com-
pression step and may rise with time, as the gas-to-oil
ratio may increase at the beginning of the life span of
an oil field. Moreover, since the amount of produced
water increases in any case, using wastewater from
the crude oil separation process has become one of the
focus of several studies from literature [14, 15, 20]. It
is nevertheless emphasised that the hydrocarbon con-
tent of the wastewater emulsion may result in plug-
ging issues, and therefore further research and quality
control of the treated water are necessary.

Despite the differences in terms of process config-
urations and well-fluid composition with the work of
Voldsund et al. [7, 8], the application of exergy anal-
ysis reveals that, in general, for North Sea oil plat-
forms, the compression-lifting process is, when the
utility system and the production manifold are not
considered, the most exergy-destructive step, with a
calculated exergy destruction rate of 4 to 6 MW. The
main discrepancy lies in the accounting of the ex-
ergy associated with overboard discharge of cooling
water, which is considered as an exergy loss in this
study, but assumed as an exergy destruction in their
work, due to differences in the choice of the system
boundaries. Similarly, the re-compression and sepa-
ration steps rank as the second and third most exergy-
destructive sections, while the exergy destruction tak-
ing place in the oil export pumping is negligible.

The work of Voldsund et al. [7, 8] suggests to focus
on the gas compression train. Improving this part of
the offshore platform system is indeed of particular
importance, since a more efficient gas process would
lead to a reduction of the power consumption, and
to a lower exergy destruction in the oil processing
plant and in the power generation system. However,
it should be added that operating the gas turbines in
part-load mode is a key issue, and that therefore a
compromise on the peak efficiency for a higher part-
load efficiency may be beneficial over the life span of
the oil field.

Oliveira and Van Hombeeck [6], who investigated a
Brazilian oil platform, also emphasised the large ex-
ergy demand and destruction associated with the gas
compression step. However, the authors pointed out
the importance of the crude oil heating operations
taking place before the separation module. The con-
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siderable exergy consumption in the feed pre-heating
is responsible for a furnace demand of about 25 MW
exergy for a feed of 450 t/hr, which differs strongly
from the findings of Voldsund et al. [7] and the
present results. These discrepancies are mainly due
to the temperature differences between the North Sea
and the Brazilian feeds flowing out of the oil reservoir.

Oliveira and Van Hombeeck assumed feed charac-
teristics of 7.4°C and 10.78 bars at the inlet of the
separation train, whilst the well-fluid temperature is
assumed here to 71°C at the inlet of the production
manifold, which leads to a temperature of about 65°C
at the inlet of the first-stage separator. These differ-
ences in results and conclusions suggest that oil off-
shore platforms located in different oil regions (North
Sea, Gulf of Mexico, Brazilian Basin) may, with re-
spect to exergy considerations, present highly differ-
ent characteristics.

7. Conclusion

A generic North Sea offshore platform model was
developed and presented, and predicts the material
outflows and energy requirements under different sets
of operating conditions and production flows. This
overall model includes power generation, oil and gas
processing, gas purification and seawater injection
sub-models. The first sub-model was calibrated by
use of published data from SIEMENS while the oth-
ers were verified by comparison with open literature.

The performance of this integrated plant was as-
sessed, based on the exergetic analysis method. Ex-
ergy is destroyed at a rate of 55-65 MW within the
overall platform, with a share of 70-30% for the util-
ity system (power generation and waste heat recov-
ery) and the oil, gas and water processing, respec-
tively. Exergy losses are also significant, amounting
to about 17-20 MW, and are mostly due to the re-
jection of high-temperature exhaust gases from the
cogeneration plant to the environment. However, the
exergy destruction and loss rates represent only 0.5
to 1.5% of the total input exergy, due to the inher-
ently large chemical exergy content of crude oil and
natural gas.

Three simulation cases were investigated to anal-
yse the effects of different gas-to-oil and water-to-
oil ratios on the thermodynamic performance of this
system, and to evaluate the exergy destruction share
amongst the several system modules. The gas-to-oil
ratio is the most important variable: a larger gas frac-
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Recovering more thermal exergy from the exhaust ronmental Impact of Energy Systems. Lausanne; 2010, p.
gases, improving the part-load efficiency of the gas 303-310. ' ]
turbine components and of the gas compression trains [8] V(_)ldsund’ M., He, W" R¢Sjorde’, A., Ertesvag, IZS"

. . K Kjelstrup, S.. Evaluation of the Oil and Gas Processing
could significantly increase the thermodynamic per- at a Real Production day on a North Sea Oil Platform
formance of conventional oil and gas offshore plat- Using Exergy Analysis. In: Proceedings of ECOS 2012
forms. Higher pressure levels in the separation train - The 25th International Conference on Efficiency, Cost,
would lead to smaller exergy destruction rates in Optimization, Simulation and Environmental Impact of

. . . . Energy Systems. 2012, p. 260-274.
the manifold and re-compression trains, although this [9] Jones, D.S.J.. An introduction to crude oil and its pro-
might result in a lower hydrocarbon recovery and con- cessing. In: Handbook of Petroleum Processing; chap. 1.
flict with the process constraints of other system sec- Springer; 2006, p. 1-45.
tions. [10] Baker, R.O.N.. Oil and Natural Gas : Offshore Opera-
. . tions. 2004.

Conventional exergy analysis does not allow eval- [11] Manning, F.S., Thompson, R.E.. OILFIELD PROCESS-
uating interactions and cost flows between the sys- ING OF PETROLEUM. Tulsa: PennWell Books:; 1991.
tem components and processes present on the whole [12] Plisga, W.C.L.G.J.. Standard Handbook of Petroleum &
offshore platform. Future work will address this is- Natural Gas Engineering. Gulf Professional Publishing;

. . second ed.; 2004. ISBN 0750677856.

sue by conducting an advanced exergy analysis, an [13] H. K., Abdel-Aal; M. A., Fahim; Mohamed, A.. Overview

exergoeconomic assessment and an evaluation of the of Gas Field Processing. In: Petroleum and Gas Field Pro-

uncertainties associated with the crude oil and gas cessing; chap. 10. New York: Marcel Dekker, Inc.; 2003,

compositions. p. 1-6.

[14] H. K., Abdel-Aal, M. A., Fahim; Mohamed, A.. Pro-

duced Water Treatment. In: Petroleum and Gas Field

Acknowledgements Processing; chap. 9. Gulf Professional Publishing; 2003,
p. 1-31.

. 15] Vik, Eilan Arctander; Dinning, A.J.. Produced Water

The authors gratefully acknowledge the funding - Re-Injection The Potential to Become an Improved Oil
from the Norwegian Research Council through the Recovery Method. Tech. Rep.; Aquatem A/S; Oslo; 2009.
Petromaks programme, within the project 2034/E30  [16] Abdel-Aal, H. K.; Aggour, Mohamed; Fahim, M.A.. Com-
led by Teknova, and the technical support of Mari position and Characteristics of Crude Petroleum - A brief

. . . . review. In: Petroleum and Gas Field Processing; chap. 2.
Voldsund from the Norwegian University of Science New York: Marcel Dekker, Inc.; 2003, p. 42-52.
and Technology (NTNU7 Trondheim)' [17] Ryba, A.. Optimization of Natural Gas Dehydration.
Ph.D. thesis; AGH University of Science and Technology;
2005.
References [18] Awal, M.R., Herd, B.L., Engineering, P.. Extent of
Environmental Impact of Petroleum. In: Environmentally
[1] Sentralbyra, S.. Lavere klimagassutslipp i 2011 (in Norwe- Conscious Petroleum Engineering; chap. 2. 2009, p. 12-15.
gian). 2011. URL http://www.ssb.no/klimagassn_en/. [19] Puntervold, T., Austad, T.. Injection of seawater and
[2] Svalheim, S., Directorate, N.P., King, D.C., Exploration, mixtures with produced water into North Sea chalk for-
B.P.. Life of Field Energy Performance. In: Offshore mation: Impact on wettability, scale formation and rock
Europe. July; Aberdeen: Society of Petroleum Engineers mechanics caused by fluid-rock interaction. In: Proceed-
Inc.; 2003, p. 5. ings of SPE/EAGE Reservoir Characterization and Simu-
[3] Bothamley, M., Campbell, J.M.. Offshore Processing lation Conference. Society of Petroleum Engineers; 2007,
Options for Oil Platforms. In: SPE Annual Technical p- 1-12.
Conference and Exhibition. Houston; 2004, p. 1-17. doi: [20] Patton, C.C.. Injection-Water quality. Journal of
10.2118/90325-MS. Petroleum Technology 1990;42(10):1238-1240.
[4] Bejan, Adrian; Tsatsaronis, George; Moran, M.. Thermal [21] SIEMENS, . SGT-500 Industrial Gas Turbine. Tech. Rep.;
Design and Optimization. John Wiley & Sons, Inc.; 1995. Siemens Industrial Turbomachinery AB; Finnspong; 2011.
[5] Kotas, T.J.. The Exergy Method of Thermal Plant Anal- [22] Song, T. W.; Kim, T. S.; Kim, J. H.;; Ro, S.T.. Per-
ysis. London: Butterworths; 1985. formance prediction of axial flow compressors using stage
[6] Oliveira Jr., S.D., Van Hombeeck, M.. Exergy Anal- characteristics and simultaneous calculation of interstage
ysis of Petroleum Separation Processes in Offshore Plat- parameters. In: Proceedings of the Institution of Mechan-
forms. Energy Conversion and Management 1997;38(15- ical Engineers. Institution of Mechanical Engineers; 2001,
17):1577-1584. p- 89-98.
WWW.Scansims.org Proceedings of the 53rd SIMS 60

October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

[23] Muir, D.E., Saravanamuttoo, H.I.LH., Marshall, D.J..
Health Monitoring of Variable Geometry Gas Turbines
for the Canadian Navy. Transactions of the ASME
1989;111(April):244-250.

[24] Spina, P.R.. Gas Turbine performance prediction by using
generalized performance curves of compressor and turbine
stages. In: Proceedings of the ASME Turbo Expo 2002.
2002, p. 1073-1082.

[25] Technology, A.. Aspen Plus - Modelling Petroleum Pro-
cesses. Moutain View: Aspen Technology, Inc.; 1999.

[26] Technology, A.. Hysys 2004.2 Simulation Basis. Cam-
bridge: Aspen Technology, Inc.; 2004.

[27] Dimian, A.C.. Integrated Design and Simulation of Chem-
ical Processes. Amsterdam: Elsevier B.V.; first ed.; 2003.
ISBN 0444829962.

[28] Elmegaard, B., Houbak, N.. DNA A General Energy
System Simulation Tool. In: Proceedings of SIMS 2005 -
46th Conference on Simulation and Modeling. Trondheim:
Tapir Academic Press; 2005, p. 1-10.

[29] Directorate, N.P.. Fact Pages. 2012. URL
http://factpages.npd.no/factpages/.

[30] Szargut, J.. Chemical exergies of the elements. Applied
Energy 1989;32(4):269-286.

[31] Morris, D.R., Szargut, J.. Standard chemical exergy of
some elements and compounds on the planet earth. En-
ergy 1986;11(8):733-755.

[32] Rivero, R., Rendon, C., Monroy, L., Group, E.,
Mexicano, I.. The Exergy of Crude Oil Mixtures
and Petroleum Fractions: Calculation and Applica-
tion. International Journal of Applied Thermodynamics
1999;2(3):115-123.

16

www.scansims.org Proceedings of the 53rd SIMS
October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

SIMS 53rd conference
Reykjavik, Iceland, October 3-5 2012

Optimizing the design of hydropower stations
Jonas Eliasson and Guomundur Ludvigsson

Abstract

State of the art: Local optimization is common kiedge but leads to difficult calculations and tiosmsuming
search for an optimum. Global optimization is diffit in spreadsheets or matlab software but becaasgin a
software using Genetic Algorithms. An Objective Etion is built by finding the net present valuetlod future
income from energy sales and subtracting the fiahaad running costs. The basic equations areestud
different objectives, resource utilization policesd environmental considerations are discussddregpect to
their influence on the result. In the final phag@emetic Algorithm routine search out an optimurd #ns is
demonstrated on a case study example.
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Introduction

Local optimization of individual structures suchtasnel diameters is common knowledge in
design of hydropower stations. The calculationsvarg difficult however. The search for an
optimum is also very time consuming.

Global optimization is very difficult, even fullyomputerized in spreadsheets or matlab
programs. The software application HYDRA overcornmgs difficulty by using Genetic
Algorithms.

The HYDRA software produced by Univ. of Icel. iaaperation with NPCI and Tech. Univ.
of Vienna. In the reference list the 5 first refeces discuss this application. In this lecture is
focusses on the special principles that are th&iwgmechanism of this application and also
shows a case study.

One principle used, is the mathematical maximizatban objective function is (Eliasseh

al 1997):
max f(x, X,...,Xn) as<x<bfori=1lton (2)
gi(X1,X2,....%0) < ¢ fordj (2)

In this chapter the principle of optimal profitirgroduced as our objective, so {f%,...,X,) IS

the profit, depending on the vector,&,...,X,), that stores all the necessary variables needed
to compute the power production and investmentscagtis leads to a method that in fact
includes many of the conventional local optimizatimethods used so far, and can yield the
same results.

By assuming an infinite energy demand and a fixestgy price, k the present value of the
revenue of energy sale becomes (Eliasson & Ludeig4996):

NPV:T_G:keDE[Eﬂj_CWEEﬂJ_C (3)

Where T is total income, G gross expenses, r isirttexest rate, N is the lifetime of the
investment, C is the project investmeniis the annual operation and maintenance css, k
the unit price of energy, and E is the annual eneegacity of the hydrostation.

As all costs and revenues are included in the tibgedunction, the optimization can be
considered global. Inserting NPV for f(%>,...,Xn) In (2) gives:
dNPvzzaNﬂdxi:O = aglﬂzo foralli=1ton  (4)

i=1 Xi Xi

The optimization that Mosonyi (1991), and sincentbéher authors, presents for tunnels, may
be deduced from (4). This is local optimizationtedf variable costs of other project items
than the conduit itself are not taken into accowttich results in a larger tunnel diameter
than the optimal one.

Example 1: Local optimization of,xhe diameter of a headrace tunnel
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_ -N _ -N
agp\/:o NPV=keDEEE1 (L+7) j_cmﬁl (L+7) ]—c
X; r r

Speculations on how long the economic lifetime Nt we and what the interest rate r and

the annual maintenance cosshould be is outside our topic so we put N vergda40 — 60

years), v <r <10 % and get:
ke

NPV = ¢ [E-C G\/[ri:(ke (E +CL{v Gkr))%:(ke [E+C[3)

1

r

The tunnel diameterponly affect the energy losses in the E term amdctinstruction costs
of the tunnel itself in the C term. We differenéigdartially with respect to;x

ONPV dE__dC
=0=k,—=a—
0x, dx, dx;

We take x to be the diameter of the tunnel. Now E dependa enm x;%, the tunnel area, as
smaller tunnel diameter means greater flow restst@md less energy output. We also take C
= ksA L where L is the tunnel lengthzKkhe tunnel construction cost per cubic meter so
construction costs decrease with decreasing tuthaeheter. Somewhere there must be an
optimum.

Choosing Chezy’s formula to represent the flowstasice will result in the following formula

3 217
A =(Tk k, 25210, J

k;da  C’O

Where G is Chezy’s coefficient of flow resistance, e ifi@éncy of power stationy is unit
weight of water angl is the ratio of hydraulic radius over square robA, it is 0,25 — 0,28
for most tunnel cross-sections.

What have we got here? It is one of many formsefformula for optimal size of a headrace
tunnel cross section in a hydroelectric power plaltw several questions arise. First: is the
formula explicit and ready to use ? Answer is nl@,and G depend slightly on x(tunnel
diameter) so at least we have to use some iteraBenond: are there limitations to the
validity? Answer is yes, we have used simplifyingsamptions to get through a very
complicated part of the calculations, which is th&ationship between flow resistance and
annual energy production, for details we must rédeEliasson 1997. Third: is the formula
generally valid accepting the limitations and pblgsiterations? Answer is no, there is a cost
item not included in the formula, which is the sifgowerhouse and mechanical equipment.

The conclusion of this example is that even usiog@icated methods, local optimization
can only produce implicit formulas of limited valigl Counterexamples do exist, but they are
few and uninteresting.

Different objectives

The result of example 1 brings us back to the dlpbablem of eq. (3). We may ask the
guestion if the principle of profit optimization isally global enough, can it possibly include
important objectives such as environmental conatder and the reasonable demand for
cheap electricity for public utilities? Can thesensiderations be included in a profit
maximizing objective function?
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Environmental considerations have two sides, fliste is the resource utilization principle,
second the principle of nature conservation. Thesesides will be discussed in examples 2
and 3.

Example 2: The principle of long-term marginal st

In the first case we don’t want the utilization afcertain amount of resource to spoil the
resource. This can happen in harnessing hydroelestergy. We never utilize 100 % of a
resource, there is always something left, and vidhdeft is usually uneconomical to use.

Diminishing energy resources of the world have agsequence rising prices, energy
resources that are uneconomical to harness todaybeneconomical tomorrow. But it is

usually uneconomical to enlarge old power plamis¢cansiderable hydroelectric energy may
go lost in the future if we build only small powgants today.

The principle of long-term marginal cost has beppliad in Norway and Iceland. In short it

says that a resource shall be utilized until thegmal cost, J kr/lkwh, matches the long-term
price for other (fossil) energy.

In order to understand this design principle imagdimat we plan a power station with annual
energy output E. Then we plan a little bit biggewpr station with annual energy output E +
dE. Assuming that our plan is the most economicay o achieve the enlargement dE, the
principle of long term marginal cost tells us tiia power station is big enough not spoil the
resource if:

dC/dE = J

Then the size of the power station is right. If d@/dE < J we have to try a bigger station, if
dC/dE > J we have to make it smaller. How can beisncluded in our objective function eq.
3?7

Differentiating eq. 3 with respect to E and puttthg result equal to zero as in eq. @ults

in:

d B 1-(1+n™ ) _dc _
ke E C(1+v))(—r j =0 k.= Z0+V) = I0+V)

Which shows that for the optimum of the objectiuadtion,k, is equal to the marginal cost of

energy instead of the power sales price. By simppfacing the power sales price with the
long-term marginal cost (augmented for operatioth rx@intenance) we change the objective
from profit maximization to resource utilizationhd conclusion of example 2 is that selecting
the k, different from the power sales price the objectivaction is changed from profit

maximization to another objective, e.g. marginatatesign.

Example 3: Nature conservation.

Second class, or the second site, of environmeaotaiderations is that the development must
not harm the environment, the values of nature hawe conserved.

Total conservation is simple; law (conservation @cbtects the project site and the project
suspended. Several sites are protected this waymost every country in the world. The
respective area is usually made a national monument

Partial conservation can be made in a number okwalge most common is restrictions on
land use (such as borrow pits and fill areas)yie&ins on storage volumes in reservoirs or
minimum (or maximum) flows in rivers and many otligings. Such restrictions either enters
the cost function directly through their influenae unit prices or as restriction on the vector
(X1,X2,...,Xn) In €g. (2) and through that they become a nateiehent in the optimization
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process. E.g. if we are supposed not to let themlavel in a storage reservoir not exceed a
certain elevation H, and suppose the storage voNhi in this reservoir is x=V, then we
have

X2 < Vma{H)

As a natural restriction in the optimization.

Usually there are various environmental obligatimelved in the permit the developer must
obtain prior to construction of the power plantisTmay involve various cost items that are
not functions of the vector {xa,...,xn) but independent of it and can therefore not be
included in the optimization in the way we just dvdh the reservoir elevation. This may be
items to protect and research wildlife or fish hatsi or create public access to scenic areas.
These cost items do not affect the optimizatioswash as they drop out in the differentiation
in eq. (4), but they affect the resulting profitdamay turn it negative and thus render the
project unfeasible for the developer. In the cadsmarginal costs, they can keep the average
cost above the marginal cost and thus rule theepragyut. In such a way environmental
obligations can serve the same purpose as totakcaation.

In short, including environmental obligations tpabtect the nature in the optimization eqs (1)
— (4) is usually not a problem.

Global optimisation

The global optimization problem cannot be solvedlgically, the nonlinear constraints eq. 2
rule this possibility out completely. Therefore ghegram HYDRA has been developed to
solve the global optimization problem. It does smg genetic algorithms, but it belongs to
the class of methods called evolutionary methodsldiGerg 1989). One does not have to
understand how genetic algorithms work, it is sugfnt to know that the method seeks out the
optimum by giving the vector {;% a definite values, calculating C and comparing tesults.
This sounds as both impractical and time consunbagthe genetic algorithm seeks out the
optimum and finds it with astonishing speed (Eliamsst al 199% 1997, 1998 and 1999).

Example 4: Global optimization of simple powerplant

A simple example, shown in figure 1 (Eliasson e1@97). Eqgs. 1 — 4 are derived by direct
mathematical analysis and solved. To do so it wexessary to build special approximation
formula for the powerhouse and other constructidements shown in fig 1. The
mathematical solution is compared to the findingthe HYDRA program in table 1, NPV,
for different number of individuals P, generatio@s and mutation probabilityt. It is
necessary to explain the parameters P, Guasttbrtly.

The computer stores fixvectors as P individual strings in the memoryofRris calculated
for all of them and the best performing (highesbfipy individuals selected, these are the
“parents”. By special mixing of the elements of thest vectors a new set of P individuals is
formed, this set is a new generation the “childré¥idw the process is repeated G times. To
prevent the process to get stuck in a local maxiraad new children, unrelated to the parents
are formed randomly, the mutation probabilitydecides how often this happens. When the
process stops after G generations the optimum ghmufound.
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Fig. 1 Simple hydropower plant(Eliassoret al 1997).

Table 1. Mathematical solution (bold) compared to ptimisation results,

50 50 50 50 50 20 20
100 100 100| 100] 100 200  20p

P

G

u 0.001| 0.005( 0.01 | 0.025] 0.05 | 0.025| 0.05
D 40 4.0 4.0 4.0 3.9 4.0 4.0 3.9
Hi

H>

Hs

543,0] 543 | 543 | 543| 543| 543 543  54B
48,2 | 44 49 49 48 42 50 44
449 | 39 46 46 45 37 46 39
NPV | 28594| 28580| 28594| 28594| 28590| 28569| 28593| 28576
dNPV - -14 0 0 -4 -25 -1 -18
The trick in this computation is to select P, G anso the optimum is truly found, without

spending excessive computertime by selecting ld3uaoo high.
When the results of the optimization are comparéith whe mathematical solution, it is

obvious that the runs where the P, G gnohrameters are optimally tuned reach results very
close to the true optimum.
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Development of Best Solution
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Figure 2. Development of solution for the differenparameters in table 1
Eliassonet al 1997

The result of the conventional local optimizatiorthod is also calculated and it gives an
optimum diameter, D, of 4.5 m, which is a 0.5 nfaténce in the diameter between methods.
The conclusion of example 3 is that genetic albarits a suitable tool for finding the optimal
plant arrangement.

The HYDRA software is a shell that contains prograbjects that calculate the NPV of all
construction elements (Eliassart al 1997). Points that have geographical coordinates
connect them and these can be included in the @gatiion if necessary. Thus tunnel lengths
and position of powerhouses can be found, seetleegtailrace tunnel in fig. 1 example 3.
Here L is optimized.

Experience shows that running times are in theniticiof 2-4 minutes for very complicated

hydropower plants, depending on the size of pojuaand number of generations. G = 2P
seems to be a suitable rule and in most cases @ is 8nough. The suitable m is highly
dependent upon P see fig. 1 example 3.

HYDRA has performed very well on very complicatadjpct planning tasks (Eliass@&t al
1998, Eliassoret al 1999 and Eliassoret al 1999). Fig 3 shows the object diagram in
Eliassonet al 1999. It is a good example of the complexity tbah be handled by the
program.

In the beginning all the objects in HYDRA used apgmation formulas to calculate the NPV
of their respective construction elements. Todast estimates based on quantities and locally
adjusted unit prices for concrete, dam fills, turhéving etc. are used. An exception from
this is the powerhouse but here the old formulatil$ in use. The guidelines for a more
advanced powerhouse object have been given in @h&ph Eliassoret al 1999, and this
important contribution is by professors Matthias, HB. and G., Doujak of Technical
University of Vienna. G., Doujak, further elaboatbe subject in chapter 4 in Eliasson et al
19992, this time.

To find the profit E has to be calculated. This hade the expected power output of the
station. This calculation has to be performed facheindividual in each generation. This is
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done by using the load factors derived in (Elias3000). The load factors have to be putted
into HYDRA in the beginning of each run. The methodind them is very complicated and
will not be repeated here.

Global optimization results, theoretical remarks
Some information is included in the optimizatioraimimplicit manner and has to be
extracted by means of theoretical consideratioats take a few examples.

In theory, we search for maximum profit in the ap#ation. We have not considered the

average cost of power per kwh the utility can offex customers. We have only considered a
fixed market price but a utility may want to offelneaper electricity to its customers. What

can be done?

Example 5: Average power cost and opportunity cost
For the utility the average power cost is
O_Ga: Ga |]keE:>k0:ke S
E T./k, T G + kH
Here G and T, are annual values in contrast to the NPV’s G and@he factork is to take
care of that the ratio of annual values is not #8yaibhe same as the ratio of NPV's. A
common value ok is between 0.9 and 1.1
If we make a series of optimizations for lower doer sales price k, the profit H will tend
to zero and in that limit we get:
ko =ke

Or the average power cost is equal to the unitggneales price. This is called the break-even
price or the opportunity cost price. It is the I@ivenit price one can offer for a commodity
without loosing money.

Case studies

Skagafjordur Iceland

The scheme is described in (Eliassen al 1998). It consists of a storage reservoir
(Austurbugur Storage = AS) and one or two powerbsudownstream. The reservoir is

considered to release a fixed discharge to the pguwee turbines. The discharge is

calculated from the project capacity, a load factbf.816 is used. Economical benefits are
calculated from power sales and surplus capac#ydan act as a spinning reserve according
to (prices in US dollars):

Primary power 0.03 $/kWh

Spinning reserve 7.14 $/kW/a

The investment cost includes various owner's @s8 of construction costs:
Camp and Mobilisation 6,2 %
Contingencies 20 %
Supervision and Engineering 12,66 %
Preliminary Investigation Cost 2,33 %
Other Owner's Cost 4,18 %
Interest During Construction 17,83 %

Table 2 Various owner's costs
Annual operation and maintenance is 0,8% of thgptanvestment. The interest rate in NPV
calculation is 6% and project economic lifetimeyé@ars.
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Eventual use of thermal reserves has the follovianidy:

Thermal reserve power 0.06 $ /kWh

Standby thermal reserve 17.14 $/kW/a

The main results of the optimisation compared jotsdlalsvirkjun are as follows:

Project l.c. |Power | Inv.c. |B.e.p’ [C.cost |[Po.cost| A.stor. (AS)
Mw |Gwh/a | M$ $/kwh | M$/Mw| $/kwh/am.a.s.l| M mi

Merkigilsvirkjun |176 | 1.259 | 355 0.021 2.01 0.286 708|282

SV / Villinganes | 123 | 879 283 0.024 2.30 0.314 709 79 1

Giljamuli 103 | 735 237 0.024 2.30 0.329 7045 215

Fossarvirkjun 92 655 245 0.028 2.65 0.371 701 23

Fljotsdalsvirkjun| 176 | 1.259 | 328 0.019 1.86 0.257

WWWw.scansims.org

YInstalled capacity “Investment costs “Break even price “Capacity cost
Table 3 Comparison of project economies

Notice in table 3, that each arrangement gives flerdnt maximum elevation of the
Austurbugur storage (AS), which clearly shows et optimal size of the storage is very
much dependent on other parts of the scheme.
Following answers to the principal questions concgy the project were given:
How much power can be economically exploited inrétgon?
Merkigilsvirkjun gives 176 MW installed capacity twianticipated production of 1259 Gwh/a.
This is about 60 % of the technically harnessabtemial in the area.
The locations and the dimensions of main constvagtems.
Main features are a headrace tunnel 46 km longlehdh wide, and a pressure shaft 366 m
deep and 2.7 m wide.
What is the construction cost of the respective grostations.
The construction costs are 2.0 — 2.3 M$/Mw, a \cenyipetitive price.
How does the economy of individual projects compard-ljotsdalsvirkjun Skagafjoerdur
hydro is 10 — 20% more expensive than the Fljotsdatloject.
What further field investigations will be necessary
This is as follows:
* More information is needed on the effect of rhyobin tunnelling conditions.
 Unmapped spots on Nyjabaejarfjall and west of thection of the Austari
Joekulsa river and the Vestari Joekulsa river nedst mapped.
» Streams flowing from the Nyjabaejarfjall area tosfari Joekulsa have to be
gauged and their discharge estimated.
* Environmental investigations need to be startesbas as possible.

The last point is because this hydropower potensiahdeed very attractive so eventual
adverse effects of the exploitation on the envirentrhave to be uncovered as quickly as
possible.

It is remarkable that the most economical proje¢he Merkigilsvirkjun project. From this we
can draw the inference that field investigationghia Merkigilsvirkjun area, that is in the
eastern part of the Skagafjoerdur catchment, habe given high priority.
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Fljotsdalur
This example is taken from (Eliassenal 1997 and 1999%nd 1999).

Table 4. Premliminary optimisation 1997

Description PPR| PPR | Oi150 O.
Reservoir level m.a.s.|664.5| 668.5| 665.1| 667.6
Headrace tunnel dia. m 5.0 5.0 4.3 4.8
Pressure shaft dia m 2.9 2.9 2.6 217
Power MW | 213 239 211 233

Energy GWh/g 1159| 1300 | 1150 1278
Investment BIKR| 21.16 22.91 | 19.92] 21.96
Profit BIKR | 10.90| 13.44 | 12.28] 13.86

AProfit/Alnvestment % /% | 0/0 | +23/+8 +13/-6| +27/+4

Optimised dimensions are bold faced. 60 BIKR billion $ in 1997
The Q150 0ptimisation seeks a slightly higher dam (incrélagischarge to the plant) to
compensate for increased power losses in narroovetuits.
The Q, optimisation results in a significantly higher dasompared to the PRRThe
explanation is that in the project planning repthg size of the power plant and the size of
reservoir is selected on basis of a power markertas@o at the expected construction time of
the plant, but the optimisation assumes infinitsmded. The solution is however not far from
the PPR arrangement.
The global optimisation 954 leads to a 0,7 m narrower headrace tunnel cordpartne PPR.
Local optimisation, considering only variable coéthe headrace, leads to the same result as
in the PPR (5 m). The power capacity reduction tduecreased headlosses, is compensated
with a slightly larger reservoir (increased disg&gr
The Q, optimisation results in a slightly smaller hea@ra@ameter compared to the PPR. It is
quite natural when compared tq;6, that this optimisation seeks a larger tunnel,abese
there are no market restrictions.
The same logic can be used to explain the differem¢he pressure shaft diameter. There is,
however, a problem with the maximum velocity in thleaft. In both optimisations the
diameter breaks the design criteria that the maxinvelocity should be below 8 m/s. For
both Q150 and Q,, the minimum diameter that satisfies this constrahould be selected by
the user, in both cases closedte 2,8 m, depending on design discharge. This hasar
economical significance in this case, but is howexegood example of how dependent
constraintgy(x, y) = 0 have to be considered in the future developnidré.way to handle this
is to develop and add a penalty functi@x), to the construction cost of the pressure tunnel
type object (and other objects where necessaf),ghnalizes’ the tunnel if it's water velocity
exceeds the allowed value but is otherwise zeres prevents the Genetic Algorithm from
breaking this constraint.
The Q, optimisation results in a larger energy outpunthmthe PPR This is natural, as this
optimisation assumes plant stage, which means mketestrictions and no extra benefit for
the system. The extra benefit is that interactibeasveen Fljétsdalur Power Plant and the
existing power system produces substantial extemggn(estimated 250 GWh/a firm energy
in the PPR) through better utilisation of the wassources.
The project investment is 6% lower in optimisatdnsocompared to the PRResulting in a
13% higher profit, which is a significant improvemeThe optimisation Qon the other hand
leads to a 4% higher investment and a 27% highafitpWhen it is kept in mind that the
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PPR plans a future raising of the dam to reservoiel®68,5 m.a.s.| (Fljétsdalur Engineering
Joint Venture 1991), the result of.@& very close to the PBRersion.

In order to ensure the best possible result irgthbal optimisation the cost estimation of the
whole scheme is completely revised. The VOS coostnu cost functions are removed and
replaced with new cost functions, specially pre@drng the engineering consultants (Helgason,
pers. comm.).

Now similar runs as for the Plant Stage are peréatnThe results are presented in table 5.

Table 6. Tabulation of significant data and net prdit of the investment
(optimised dimensions are bold faced). 60 BIKR billion $

Description PPR |PPR  [O1150 |O.
Reservoir level m.a.s.|. 664.5 668.5 66%.1 669|6
Headrace tunnel dia. m 5.0 5.0 4.3 5.3
Pressure shaft dia. m 2.9 2.9 2.6 2.8
Power MW 212 | 239 210 | 242
Energy GWh/a| 1159| 1300 1149 1325
Investment BIKR | 22.78§ 24.40 22.18 24.91
Profit BIKR (9.36 |11.78 | 9.72| 11.97
AProfit/Alnvestment % /% |0/0 +26/+7 | +4/-3 +28/+9

The Q150 0ptimisation leads to a similar arrangements agptant stage optimisation. The, O
however shows significant changes. This is becthusanew cost formulas do not represent
the true variation of the costs except in a namegion around the PRRalues. Therefore the
results of the Q optimisation are hardly applicable. However a cangon of the columns
O, in Tables 4 and 5, shows how important it is thatcost formulas in the optimisation are
accurate. It may therefore be concluded that wasth the effort for the consultants, to take
the time and trouble to have the cost formulas yard improved with formulas specially
designed by themselves, in order to improve theracy of optimisations performed.

The economical result is of course dominated byotrerall increase in the construction cost,
compared to the plant stage, which leads to a derable decrease in the profit, probably
meaning considerable decrease in the profit marguenture capital.
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AS HYBRID DAEs

Arash M. Dizqah*!, Krishna Busawon' and Peter Fritzson?

'School of Computing, Engineering and Information Sciences , Northumbria University, NE1 8ST Newcastle
Upon Tyne, UK
PELAB Programming Environment Lab, Dep. Computer Science , Linkoping University, SE-581 83 Linkoping,
Sweden

Abstract—Due to the presence of algebraic constraints as well
as existing of different modes of operation, a standalone solar
power system consisting of photovoltaic arrays, battery bank,
electrical load, and a converter is becoming a complex system
that can no longer be modeled using the conventional block
diagram approach. While the block diagram approach is based
on causal interactions between a chain of the ordinary differential
equations (ODE), a more appropriate acausal approach solves a
flat model of the system consisting of hybrid differential algebraic
equations (HDAE). In effect, this paper proposes a nonlinear
HDAE-based model of a standalone solar power system. The
proposed model is presented using the Modelica language that
allows object-oriented and acausal modeling of the multi-mode
systems. Next, a general purpose solver is employed to simulate
the system. The results of the simulation shows proper match with
the information available in the components datasheet. It is shown
that the simulation provides a sufficiently accurate prediction
of all the system behaviors, which is vital for any model-based
controller, including mode transitions.

Index Terms—hybrid DAE; photovoltaic (PV); battery; boost-
type DC-DC converter; Modelica; acausal modeling; standalone
solar power.

I. INTRODUCTION
DVANCES in photovoltaic (PV) technologies during the

last decade have increased the share of the solar energy in
the growing electricity market. The PV modules are nonlinear
and complex still very popular components since they are easy
to install and operate. A conventional solar power system
employs an array of PV modules as a generator to supply
DC, AC, or mixed electrical load demands. It consists of a
converter that normally boosts up the generated DC voltage
to match the load characteristics. This converter is equipped
with a maximum power point tracker (MPPT) to harvest the
maximum available power. The system may optionally consist
of an inverter for being connected to AC loads or the grid.
Moreover, it consists of a battery bank to overcome the power
fluctuation that is the result of the uncertainty in the solar
irradiance. The battery also provides a constant voltage bus,
which is essential for the MPPT algorithm. Although the
voltage changes with regard to the amount of the current as
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Fig. 1. HRES topology in this study.

well as the state of the charge (SOC) of the battery, it can be
assumed constant during the time that the MPPT calculates
the operating point. Figure 1 illustrates the topology of the
standalone solar power system selected in this study.

In order to study the behavior of the solar power system
as well as to design model-based controllers, it is essential
to model and simulate the system accurately. However, there
are two major challenges, namely, the algebraic constraints
introduced by the PV module and the battery, and the multi-
mode operation of the battery. Altas and Sharaf [1] used the
simplification techniques introduced by Buresch [2] as well as
and simulate the solar power system consisting of a PV mod-
ule. Since the Simulink basic components, which provide
classical block diagram simulation approach, does not sup-
port algebraic states, they introduced a weak dynamic as a
short transport delay to their model. Villalva, Gazoli and
Filho [3] proposed two simulation scenarios based on equiv-
alent electrical circuits, to simulate the PV module. The
proposed scenarios in [3] employ the SimPowerSystems
that is one of the Simulink toolboxes for acausal simulation
to overcome the algebraic loop introduced by the PV module.
The acausal simulation needs the system to be modeled as
differential algebraic equations (DAE). Petcut and Dragomir
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They proved that the equilibrium point of this differential
equation and the solution of the algebraic equation are exactly
the same. Introducing this differential equation, they modeled
and simulated a PV module with Simulink basic components.
Carrero, Amador, and Arnaltes [5] simply fed back the output
current of the PV module that introduces algebraic loop.
Guasch and Silvestre [6] proposed a comprehensive model for
lead-acid batteries along with an equivalent electrical circuit
appropriate for simulation. However, their model needs an
acausal approach to be simulated because of proposed alge-
braic loops. Moreover, they introduced a linear interpolation
to simulate the mode transition period without considering
it as a multi-mode (or in general hybrid) system. Tremblay
and Dessaint [7] employed the Simulink SimPowerSystems
toolbox to propose an acausal simulation of the lead-acid
battery.

Due to the presence of algebraic constraints, the standalone
solar power system cannot be decomposed into a chain of
blocks with causal interaction and it requires being simulated
employing an acausal approach [8]. Moreover, the different
modes of operation introduced by battery cause discontinuity
points in overall system mathematical model and classify it as
an hybrid system [9]. In this paper, a mathematical model of
the standalone solar power system is proposed as HDAEs. The
Modelica is employed to create an acausal model of the system
and the developed model is solved using a general purpose
solver. The results of the simulation have been compared with
information available in the PV and the battery datasheets
provided by the manufacturers that indicate good accuracy.

An outline of the paper is as follows: In the next section, the
mathematical models of the system components are presented.
Section 3 provides the employed simulation method as well as
an overview of the developed Modelica model. The results and
their validations are discussed in Section 4. Finally, Section 5
presents a conclusion of the study.

II. SOLAR POWER SYSTEM MATHEMATICAL
MODEL

A. PV module and PV array

A PV cell is a P-N junction that is typically modeled with
an equivalent electrical circuit [10]. Fig. 2 illustrates a single-
diode equivalent electrical circuit of a PV cell, which is also
applicable to model a PV module. The PV module consists
of several PV cells connected together in series. A PV array,
which is a combination of several photovoltaic modules in
series and parallel arrangement, can be modeled with the same
circuit, too. There are six electrical parameters in this model,
namely, the stray capacity C that can be neglected, the ideality
factor of the diode mp, the photocurrent I,;, the reverse
saturation current of the diode I, the series resistor R, and
the shunt resistor R,;,. While the series resistor R, is the sum
of structural resistances, the shunt resistor R represents the
leakage current [11]. There are prior researches to estimate
the electrical parameters from the PV module information
available in datasheet [3], [11], [12]. Through this study, it is
assumed that the equivalent electrical circuit of the PV module
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Fig. 2. The single-diode equivalent electrical circuit of a PV module.
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Fig. 3. The I — V curve of the PV module for the STC.

2, applying the Kirchhoff current law (KCL) to the junction
point of these two resistors gives the characteristic equation of
the PV module, which is a nonlinear transcendental equation,
as follows:

Vow + Rolpy ¢ )_1}_
nd]VS KTC (])

Ipv = Iph — IO {exp(

‘/pv + Rstv
Rsh '

where V,,, and I,,, are, respectively, the output voltage and
current of the PV module and all other symbols are defined
as follows:

q The electron charge (1.6021810~19)

K The Boltzman constant (1.3806610723)

Ns  The number of the PV cells in series as the PV module (-)
Te The current amount of the PV cell temperature (K)

The photocurrent I, and the reverse saturation current of
the diode I are calculated with (2) and (3) based on available
parameters in the datasheets and the estimated electrical pa-
rameters [3], [13]. The performance of different PV modules
are measured at a standard test condition (STC), which is
defined as follows:

o The cell temperature of 25C
o The Global solar irradiance of 1000(W/m?)
e Air Mass of 1.5

Fig. 3 shows the PV current-voltage (I—V') curve indicating
the maximum power point (MPP). The MPP varies due to
changes in operating conditions (i.e. the solar irradiance and
the cell temperature) and requires being followed by a MPPT
algorithm.

Ry + Ry,
2
N 215

, Iceland
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Isc,stc + k[ (Tc - qutc)

Iy = .
exp(‘/oc,stc + ky (Tc - Tc,stc) q ) -1 3
ngNy KT,

where:
Isc,ste The short-circuit current of the PV module at the STC (A)
kr The temperature coefficient of the short-circuit current (A/C)
kv The temperature coefficient of the open-circuit voltage (V/C)
S The current amount of the solar irradiance (W/m)
Sste The amount of the solar irradiance for the STC (W/m)
Te,ste The amount of the cell temperature at the STC (K)
Voc,ste ~ The open-circuit voltage of the PV module at the STC (V)

The PV array of the solar power system introduces an
algebraic nonlinear constraints between Vpy and Ipy, ie.,
none of these variables are among degrees of freedom and the
former is an algebraic state.

B. Boost-Type DC-DC converter

The boost-type DC-DC converter is one of the converter
options which is implemented based on the switching-mode
circuit technology containing at least one energy storage and
two semiconductor switches. However, in the ideal case a
single-pole double-throw switch can be used. Figure 4 illus-
trates the electrical circuit for a boost-type DC-DC converter
with an ideal switch.

Middlebrook and Cuk [14] proposed a state-space averaging
approach to model the boost-type DC-DC converter. They
suggested two iz, and v¢ states for the continuous conduction
mode (CCM) in which the instantaneous inductor current is
always greater than zero. According to the proposed approach
there is a state-space system for the converter at each state of
the switch and the overall state-space model is the weighted
average of these two models. The weighting factor is switching
duty-cycle (D) as the only manipulating control signal. The
switching duty-cycle is the duration of time that the circuit
remains in each state. Equations (4) and (5) provide the
average model of the boost-type DC-DC converter using ideal
switch and diode.

By, REc(l-D)  1-D
)| e e,
ve — —
C(1+RT%C) RC(1+RT§) @
1
ir(t) - g
[ vo ) }Jr & ]Vm(t)'
Ro(1—-D) ! j
B i (t)
Vout (t) = { 1+R—RC 1+RT§ ] [ vé(t) ] ®

C. Lead-acid battery

There are different types of batteries applicable for
backup/storage of the solar power system. The authors in [15]
[16] presented a comprehensive reviews and comparisons of
different battery technologies for the renewable energy appli-
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Fig. 4. The electrical circuit of the boost-type DC-DC converter with an
ideal switch.
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Fig. 5. Different working zones of the lead-acid batteries.

Vot and Ip,; where the former is an algebraic state. Fig. 5
illustrates a complete operating cycle of the battery starting
from the charging zone up to completely being discharged, i.e.,
the exhaustion zone [6]. In Fig. 5, it can be seen that the battery
is a multi-mode component introducing discontinuity to the
system. Tremblay and Dessaint [7] proposed an equivalent
electrical circuit (Fig. 6) as well as the following hybrid
mathematical presenting two modes of operation, namely,
charging, and discharging:

Vo — Rlpat + Veap—
P1Cmas
Crmaz — charge

P1Crax
charge + 0.1Cmaz

Vbat = Q)

charge—

Ipat mode=charging,

Vo — R]bat + Vea:p+
Pl C’ma:v
charge — Crmax

Pl Cma,z

charge — Cmax

mode = {

dcharge

7(,5) _

charge+

Tpat mode=discharging.

charging Ipar <0, @)

discharging Ipq: > 0.

&6
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Fig. 6. The equivalent electrical circuit for the lead-acid battery.
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where Vp,: and Ip,: are the voltage and the current of the
battery, respectively. The parameters P;-Ps are the experi-
mental parameters requires being identified for each type of
the battery and V., (V) models the exponential behavior of
the battery voltage during the mode transition period. While
the current direction varies instantaneously, the voltage of the
battery changes with an exponential factor after the mode
transition. The C,,4, is the maximum amount of the battery
capacity (Ah), R is the internal resistor of the battery (),
charge (Ah) is the actual battery capacity, and Vj is the
battery constant voltage (V).

I1I. SIMULATION

According to the block diagram approach for modeling
and simulation, the system is decomposed into distinguished
blocks with causal interactions. In a sequential procedure
starting from the first block through all others, the simulator
calculates output values with respect to the inputs and then
feeds the outputs to the next block as their input variables.
Although it is a straightforward approach, it still suffers from
several drawbacks. In order to decompose a system into a
chain of causal interacting blocks, the system must have just
the differential states coupled with algebraic equations to
calculate the outputs. In other words, it must be a system
of ordinary differential equations (ODE) and any algebraic
equation has to calculate only an algebraic variable that is
a degree of freedom. However, most of the electrical and
mechanical systems introduce algebraic states. An algebraic
state is a state of the system which is restricted with an
algebraic equation. Any system consisting of algebraic states,
which are modeled with DAEs rather than ODEs, requires
being simulated employing an acausal approach.

Despite a causal model which expresses an algorithm to
calculate the variables, the acausal modeling is a declarative
approach in which individual parts of the model are directly
described as equations that are in general HDAEs. An HDAE
represents both continuous-time (either differential or alge-
braic) and discrete-time behaviors [9]. Although there are
general purpose numerical HDAE solvers such as tools in
[17],[18],[19], the acausal modeling still needs to be described
with a programming language. Modelica [20], which is an
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TABLE 1
THE FIRST PLANE OF THE MODELICA CODES MODELING THE SOLAR
POWER SYSTEM.

model HRES_SolarSystem

Modelica.Blocks.Sources.Constant Sx(k = 300.0);
Modelica.Blocks.Sources.Constant Tx(k = 298.15);
Modelica.Electrical. Analog.Basic.Ground ground;
HRES.PVArray pvarray(Npvp = 10);
Modelica.Blocks.Sources. TimeTable DutyCycle(table = [...]);

Modelica.Blocks.Sources.Step ramp(startTime = 5, offset = 10,
height = -6);

Modelica.Electrical. Analog.Basic. VariableResistor load;

HRES.BoostConverter converter(R1 = 0.001, Rc = 0.3, L = 0.0005,
C = 0.005);

HRES.LeadAcidBattery battery1;
HRES.LeadAcidBattery battery2;
HRES.LeadAcidBattery battery3;
HRES.LeadAcidBattery battery4;

equation

connect(Tx.y,pvarray.Tx);
connect(Sx.y,pvarray.Sx);
connect(pvarray.n,ground.p);
connect(pvarray.p,converter.pl);
connect(converter.n1,ground.p);
connect(converter.n2,ground.p);
connect(DutyCycle.y,converter.D);
connect(converter.p2,load.p);
connect(ramp.y,load.R);
connect(load.n,ground.p);
connect(converter.p2,battery1.p);
connect(battery1.n,battery2.p);
connect(battery2.n,battery3.p);
connect(battery3.n,battery4.p);
connect(battery4.n,ground.p);
end HRES_SolarSystem;

capability to model the hybrid systems [21], is an option to
describe complex systems using an acausal approach. Among
a number of available implementations of the Modelica com-
piler, the OpenModelica platform [22] has been selected for
this study chiefly because it supports more features of the
Modelica language comparing with the others. The platform
translates the Modelica descriptions into a flat model in the
form of HDAEs, then generates C or XML code from the flat
model. The compiled model is simulated using the integrated
DASSL that is a general purpose HDAE solver [19].

Table I shows the first plane of the developed Modelica
codes that models the standalone solar power system. From
Table I, it can be seen that the proposed model consists of
a PV array connected to a resistive load through a converter.
A battery bank including four lead-acid batteries is employed
to prevent power fluctuations. All these components are also
modeled as separate classes of the Modelica language. For

instance, Table II summaries such a model for the lead—aci(%7
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TABLE I
A SUMMARY OF THE LEAD-ACID BATTERY MODELICA CLASS.

class LeadAcidBattery

equation

chargeState = if noFEvent(ibat < 0) then true else false;
der(charge) = 1/3600 x ibat;
der(Vexp) = if chargeState then
P2/3600 * abs(i) * (P3 — Vexp)
else —(P2 * abs(3))/3600 * Vexp;
when change(chargeState) and pre(chargeState) then
tmp = if not chargeState then
pre(vbat) — VO — R * pre(ibat)—
(P6 * Cmax)/(Cmax — pre(charge)) * pre(charge)—
(P6 * Cmax)/(pre(charge) + 0.1 * Cmax) * pre(ibat)
else 0;
reinit(Vexp, tmp);
end when;
soc = 1 — charge/Cmaz;
vbat = if chargeState then
V0 — Rxibat — (P1+ Cmaz)/(Cmaz — charge) * charge—
(P1 * Cmaxzx)/(charge + 0.1 * Cmaz) * ibat + Vexp
else VO— Rxibat—(P1xCmazx)/(Cmazx—charge)*charge—
(P1 % Cmax)/(Cmax — charge) * tbat + Vexp;
end LeadAcidBattery;

IV. RESULTS, VALIDATION, AND DISCUSSION

The proposed model is used to simulate a solar power
system consisting of an array of the Kyocera KC200GT PV
modules [23] and a bank of the Panasonic LC-R127R2PG
lead-acid batteries [24]. The authors in [3] and [7], respec-
tively, presented the identified electrical parameters of the PV
module and the lead-acid battery that are used in this study.

Fig. 7 shows the simulated current-voltage (I — V) and
power-voltage (P — V') curves of the KC200GT PV module
at the STC condition.It is observed that the proposed model
predicts the curve very close to the empirical data provided
by the manufacturer (the circle markers). The simulated MPP
is in the same position of the experimental point as well.

Fig. 8 illustrates the simulation results of the LC-R127R2PG
lead-acid battery [24] for a full cycle as in Fig. 5 that is a
cycle of charging, over-charging, saturation, discharging, over-
discharging, and exhaustion zones. While the battery is being
charged for 100 minutes, it is discharged afterward. It also
indicates that after 25 minutes it enters into the over-charging
zone. Discharging with the current of 7.2A in average, it takes
around 35 minutes for the battery, which matches with the
information available in datasheet [24], to reach the cut-off
voltage that is around 10.2V.

The solar power system is simulated using the proposed
model for the following scenario:

o Simulation duration is 10 minutes.

« The solar irradiance is 1000/ /m? and the cell tempera-
ture is 25°C.

i 1 i 1 i
u] g 10 15 20 %3 30 329
P wnltana A
Fig. 7. The simulated current-voltage curve of the KC200GT PV module at

the STC.
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Fig. 8. The simulated (a) battery voltage, (b) battery current, and (c) the
SOC of the battery.

modules in parallel arrangement.

« The battery bank consists of 4 connected LC-R127R2PG

lead-acid batteries in series arrangement.

o The manipulating control signal changes according to a

stepwise pattern.

e The load demand suddenly increases at t = 5.

o After 6 minutes the generated power by the PV array

declines.

In Fig. 9, it can be seen that the battery absorbs excess
energy when there is and provides the deficit energy when the
PV module cannot provide adequate energy. For the first 5
minutes, the generated power is more than load demand and

the battery, which absorbs the excess energy, is in charging

WW\Y.SARNSINSAEY consists of 10 connected RIOLEEIINGDOf theR3rthaIM& demand suddenly increases to more than thé8
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Fig. 11. The simulated battery current.
generated power at ¢ = 5 minutes that switches the state

of the battery, which now provides the deficit energy, to the
discharging mode. At ¢ = 6 minutes the battery provides more
power because the generated power by the PV array declines
even less due to manipulating of the control signal. Fig. 9
illustrates a power loss of around 10% in the DC-DC converter,
which is the difference of the power generated by the PV array
and the sum of the load and the battery powers, chiefly because
of the internal resistance of the coil.

Fig. 10 illustrates the details of battery bank. It is ob-
served that during the period of charging of the battery bank
(time < 5 minutes), the voltage and the SOC of the battery
bank increase continuously. However, the voltage of the battery

transition from charging mode to discharging mode. There
is another step change at ¢ = 6 minutes as the result of
decreasing the generated power by the PV array (Fig. 9). The
SOC also declines moderately after £ = 5 minutes since the
battery is being discharged.

Finally, Fig. 11 depicts the variation of the battery bank
current during the simulation period. While it is less than zero,
which means the battery bank is in charging mode, before the
time = 5 minutes, it suddenly becomes greater than zero after
entering in the discharging mode. The small step changes are
due to variation in the control signal causing changes in the
harvested energy from the PV array. A load demand increase
at ¢ = 6 minutes causes a sharp climb of the battery bank
current that matches the power variation in Fig. 9.

V. CONCLUSION

This paper proposes an acausal model, which is based on
the HDAE, to simulate the solar power system. The proposed
model presents the nonlinear algebraic constraints, which
are introduced by the PV array and the battery, as DAEs.
Moreover, it models different modes of the battery operation
as a hybrid system. The Modelica language is employed to
describe the system as an acausal model organized as separate
Modelica classes for different components. The OpenMod-
elica environment as an integrated modeling and simulation
Modelica tool-set is used to simulate the system with the
DASSL general purpose integrator. The PV array and the
lead-acid battery bank are separately simulated and validated
with information available in datasheets that show very good
accuracy. The whole solar power system is also simulated and
discussed thoroughly indicating accurate prediction of all the
system behaviors including mode transitions. The highest level
Modelica codes as well as a summary of the battery Modelica
class are presented.
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Design of new hydroelectric power projects in Iceland

The design of new hydroelectric projects at Landsvirkjun is aided by simulation of their
operation. New projects can, however, change the optimal operation of existing reservoirs
and hydroelectric stations. For that reason simulations always include the total existing
power system plus the project being studied. Landsvirkjun uses it proprietary simulation
model LpSim based on a well known two step process of water value calculation and
simulation of operation as described in Lindqvist 1962.

LpSim uses a two step process to simulate the operation of the power system. First a
dynamic programming algorithm is used for water value calculation. The water value is the
price of water formulated as a function of reservoir volume and time. The water value
defines the strategy used for releasing water from the reservoirs. The second step is the
simulation of system operation for a period of N years with time resolution down to one day.
Simulated values are; releases from reservoirs, generation in hydro, geothermal and
thermal power stations, transmission on a simplified DC transmission system and delivery
of energy to customers. Stochastic nature of inflows is accounted for by simulating the
operation several times for different inflow scenarios.

Now let’s formulate the simulation as the function f that returns the net income I (revenue
from energy sales minus the cost of thermal operation/purchased energy from other
players) and the minimum reservoir level r;. The input to the model is a set of inflow
scenarios F, the system description S, the load L and simulation period T

I=f(F,SLT)

For a given set of flow scenarios and a given system the net income is maximized by
scaling the load.

L= argmLaxf(F,S,L,T)

With the constraint that reservoir levels in the simulations must be higher than a
given minimum

n = Tmin

The load L* that maximizes the net income is defined as the maximum load for system S,
noted as L.

Now the tool needed to describe how Landsvirkjun uses it's simulation software for design
have been defined.

For a new hydroelectric station, or any other part of the system for that matter, its effect on
the maximum load can be used as a measure of increase in income created by the
investment.
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For a hydroelectric station s under consideration the following optimization problems can be
solved:

s = argmax f(F,S,L,T) (A)
sis = arg mLaxf(F,S +5s,L,T) (B)

The difference between (A) and (B) defines the energy that can be sold from the total
system because of investment in hydroelectric station s. This difference is called the energy
capacity of s defined as:

E; = Lz—s - L;

When taking a decision on installed capacity of the station s, the energy capacity of the
station can be calculated as a function of installed capacity p

Es(p) = L*S—s(p) - LZ'

350 -

300 -

250 - /
200 - /

e
o LA
o

0 5 10 15 20 25 30 35 40 45 50 55 60
Installed power [MW]

E, : Energy capacity [GWh/a]

Figures 1 : An example of the energy capacity function E¢(p) as a function of installed
power for a single hydroelectric power station. Adding more than 40 MW does not increase
the systems capability to serve higher load.

Different design attributes of system objects, such as reservoir size or transmission
capacity, can be estimated using the same method.
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As the whole system is always simulated, the energy capacity of a power project can be
higher than its energy production. When hydroelectric power stations in different drainage
basins are connected, the synergic effect can be considerable. This was, for instance, the
case when Karahnjukar HEP in East Iceland was built. Estimating the energy capacity of
that project as a stand-alone underestimated the energy capacity by 20%.
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Abstract

The transient temperature conditions near the bottom of well IDDP-1 in Krafla, which was
drilled into a magma intrusion, have been simulated by some simple models addressing: (i)
evolution of temperature conditions at the magma intrusion, (ii) cooling of a permeable layer
above the magma due to drilling circulation losses, (iii) reheating of the permeable layer after
drilling and (iv) temperature evolution during discharge testing in 2010. The modelling is
quite speculative because of limited data constraints, but results indicate that the
temperature conditions and evolution can be explained by the models used. The possibility
that the magma was emplaced during the Krafla volcanic episode 25 — 35 years ago can
neither be confirmed nor refuted, but if the intrusion is so old a thickness of at least 50 — 100
m is required. The effective thickness of the permeable layer and its equilibrium
temperature, are estimated to be about 45 m and 390 — 400°C, respectively. No direct contact
with the magma is needed to explain the superheated (up to 380°C) steam discharged by
well IDDP-1. The situation near the bottom of the well clearly warrants further study, both
through more complex modelling and with further data-constraints.

1. Introduction

This paper presents the results of modelling work performed to help understanding
temperature conditions at the bottom of the IDDP-well in Krafla, which have been an issue
of much interest and speculation. This involves both modelling of temperature conditions,
and the temperature evolution, around the magma encountered as well as modelling of
temperature changes near well-bottom during heating-up after drilling and during discharge
testing of the well. Issues like the age and size of the magma intrusion, the slow warming-up
of the well near well-bottom after drilling (in view of the presence of the magma) as well as
the constantly increasing temperature of the super-heated steam discharged by the well,
during most of the discharge period, have been of particular interest. The modelling was
done through a series of simple modelling exercises, which can be linked together in a sort of
unified picture, rather than through the development of a complex numerical model. For
more details see Axelsson (2010) and Axelsson et al. (2012).

Well IDDP-1 was drilled within the Krafla caldera, at a location where the depth to an
inferred magma chamber was estimated to be about 4.5 km on the basis of MT/TEM
resistivity surveying. Pre-drilling was done in 2008 while the main drilling phase started in
March 2009. Drilling progressed normally to about 2 km depth but then severe drilling
problems started occurring. The well was side-tracked twice but a depth greater than 2104 m
couldn’t be reached. It slowly became clear that this was because of an unexpected magma
intrusion. The well was completed by inserting a slotted liner extending from 1950 to 2080 m
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depth. A 10 — 20 m volcanic glass plug (quenched magma) at the bottom of the well isolates it
from the magma. The drilling operation was terminated on July 7 and the drill-rig prepared
for mobilization. Cooling of the well through water circulation was continued up to August
11t 2009. Fridleifsson et al. (2010a) and Elders and Fridleifsson (2010) present the overall
status of the IDDP-project while Holmgeirsson et al. (2010) and Fridleifsson et al. (2010b)
describe the drilling of well IDDP-1.

After the completion of the drilling operation the well was allowed to heat up until March
2010, when the first attempt at discharge testing the well was made. Continuous discharge
testing started during the middle of May the same year, however, continuing for more than
three months. During both of these phases a comprehensive program of data collection was
in effect, including regular temperature- and pressure-logging during the heating-up period
and well-head parameter monitoring during the discharge test. This paper is based on data
available in late 2010. In late summer 2011 testing of well IDDP-1 started again, providing
additional data.

2. The modelling problem

A simplified sketch of well IDDP-1, and the relative location of the magma intrusion and
main permeable layer near the bottom of the well, as modelled in this study, is shown in Fig.
1. The figure also shows the different aspects modelled. It should be noted that both the
magma intrusion and the permeable layer are assumed to be extensive layers of constant
thickness, not necessarily horizontal. This conforms to the fact that most such intrusions are
either kind of dikes or sills. A magma intrusion of some other shape can’t be ruled out,
however, which adds uncertainty to the modelling. The possibility that the magma
encountered is simply the top of the Krafla magma chamber may be ruled out on the basis of
data on the location of the chamber, in particular MT/TEM resistivity data and data on
natural seismicity (Mortensen et al., 2009).

The modelling discussed here focuses on the aspects/items listed below. Note that more
relevant information for each of these is presented in the following chapter, which presents
the methodology and results of modelling each aspect/item.

(i) Temperature conditions inside and around the magma intrusion and how they may
have evolved since emplacement of the magma. Here the main unknowns are the
time of emplacement, which may have been during the Krafla volcanic episode in
1975 — 1984 or perhaps later, and the thickness of the intrusion. Other unknowns are
the temperature of the magma at the time of emplacement and its present
temperature. A further uncertainty arises because the rhyolitic magma of the
intrusion does not have a simple melting point temperature, but solidifies over a
temperature-range controlled by the solidification of the different minerals of the
magma. Finally, the temperature conditions above the magma intrusion may have
evolved both through simple heat conduction and heat carried by convection.

(ii) Cooling of the permeable layer above the magma intrusion due to the circulation
losses occurring during the IDDP-1 drilling operation and up to August 11, 2009. This
permeable layer is assumed to correspond to the series of feed-zones associated with
circulation losses between 2040 and 2075 m. Even though the loss-zones may mostly
be associated with discrete fractures they are simulated by an equivalent permeable
layer of a fixed thickness in this study. This reservoir layer is assumed to be separated
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from the magma by an approximately 30 — 50 m thick non-permeable layer (yellow
layer in Fig. 1).

(iii) Reheating of the permeable layer during the time the well was closed after August 11,
2009 (i.e. the temperature recovery of the layer as observed through repeated
temperature logs). This is basically by heat flow from the rocks above and below the
layer, which can be considered to be relatively unaffected by the cooling of the
permeable layer.

(iv) Temperature evolution of the permeable layer during discharge of the well, based on
well-head measurements during discharge testing of the well in 2010. This actually
involves a complex process of boiling in the layer, because of the dramatic pressure
drop during the discharge of the well, and later superheating of the steam generated.
Modelling this process accurately was beyond the scope of this study so a much more
simplistic approach was taken.

IDDP-1

A\
)
g /f,/

V7

Superheated steam discharge (iv)

I’ ] ’l

Ql Cooling of ascending steam (iv)

)

Cooling during drilling (ii)
Reheating (iii)

Boiling & heating of steam
during discharge (iv)

Permeable layer

Heating & cooling (i)

Figure 1. A simplified sketch of the setup and different aspects considered in the simple temperature
condition modelling for well IDDP-1. Markings ((i) — (iv)) refer to items in the list above. Figure not
to scale.
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The purpose of the modelling was to try to understand, and explain, the overall temperature
evolution, at least approximately, through the modelling exercises. The main data available
to constrain the modelling are (for more details see Axelsson, 2010) data on the lithology of
layers and structures intersected by the well, some preliminary results of petrological studies
of samples derived from the magma (glass samples) and the surrounding rocks, data on
circulation loss zones during drilling of the deepest part of the well, temperature and
pressure logs measured during the wells” temperature recovery from August 2009 to March
2010 (tigures 2 and 3) and discharge test data collected during the wells” main testing phase
from May through August 2010. Apart from the first few days of testing the well discharged
dry steam. Well-head pressure and steam temperature (Fig. 4) were measured and enthalpy
estimated on basis of these two parameters. Because of the extremely high temperature most
of the measurements are considered rather uncertain, however. The steam flow-rate is
believed to have been in the range of 25 — 35 kg/s.
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Figure 2. Temperature logs measured during heating up of well IDDP-1 after drilling (data from the
ISOR-database).
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Figure 3. Pressure logs measured during heating up of well IDDP-1 after drilling (data from the
ISOR-database).
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Figure 4. Steam temperature at well-head during discharge testing of well IDDP-1 (data from the
Landsvirkjun database).

WWW.Scansims.org

Proceedings oPthe 53rd SIMS
October 4th-6th, 2012, Reykjavik, Iceland

88



SIMS 201
Xélsson

3. Simple Temperature Condition Modelling

The table below presents some of the main parameters and properties used in the modelling
study presented here, along with the symbols used and numerical values assumed for them.
Note that some of the parameters are estimated through the modelling study. It should be
noted that the thermal properties of the magma and rock involved here are not accurately
known; hence the values in the table should only be considered as approximate values.

Table 1. Parameters, symbols, properties and constants used in the simple model

calculations.
Parameter Value Comment
Magma layer thickness, H Unknown
Initial (liquidus) magma temperature, T; ~950°C See (a) above (chapter 2)
Solidus temperature of magma, T, ~700°C See (a) above (chapter 2)
Present magma temperature ~850-900°C See (a) above (chapter 2)
Initial host rock temperature, Ty ~340°C Approximate

Latent heat of melting of magma, L,

400,000 J/kg

Approximate

Thermal conductivity of rhyolite

2.0J/m°Cs Bagdassarov and Dingwell (1994)

magma, K,
Density of rhyolite magma, pn, 2300 kg/m3 Bagdassarov and Dingwell (1994)
Heat capacity of rhyolite/granophyre, f; 800 J/kg°C Approximate
Density of solid rhyolite/granophyre, p; 2700 kg/m3 Approximate
Thermal conductivity of solid .

. 1.5J/m°Cs Approximate
rhyolite/granophyre, k,
Thickness of permeable layer, h >35m See also chapter 3.3; Fig. 1
Distance separating permeable layer

P &P Y ~30-50m See Fig. 1

and magma
Average porosity of permeable layer, ¢ 0.1 Approximate

Density of liquid water in permeable layer, py,

700-1000 kg/m®

Heat capacity of liquid water, By 4200 J/kg°C

Heat capacity of 300-400°C steam, S ~2300 J/kg°C At ~25 bar-g
Temp. of perm. layer before drilling, T, 380-400°C This analysis
Temp. of perm. layer after drilling, T, ~25°C Fig. 3
Density of basaltic rock, py 2900 kg/m’ Stacey (1977)
Thermal conductivity of basalt, kj 2.5J/m°Cs Stacey (1977)
Heat capacity of basalt, Sy 700 J/kg°C Stacey (1977)

3.1 Magma Intrusion Temperature Conditions

Two models were set up to try to model the temperature evolution of the magma intrusion
and its’ surroundings (item (i) above), neither of which captures accurately the essence of the
evolution. They should, however, provide fairly good approximations, which should aid in

Proceedings ofthe 53rd SIMS 89
October 4th-6th, 2012, Reykjavik, Iceland

WWW.Scansims.org



SIMS 2012 Axelsson

understanding the issue. It should be noted that the magma in the intrusion may have
originated through secondary melting of an older solid intrusion (i.e. granophyre) having
come into contact with hot basaltic magma, sometime after the Krafla volcanic episode.
Another model (model B) involves a magma-layer of constant thickness emplaced at a
temperature well above the magmas’ solidus temperature (Table 1), such that the layer
doesn’t solidify appreciably during the time period being considered.

One model assumes the magma has a single liquidus/solidus-temperature (not a temperature
range) and that it starts solidifying right after intrusion, (model A). This model involves a
magma-layer of constant thickness emplaced at a temperature near the magmas’ solidus
point (assumed to be approximately 850°C). The magma layer solidifies both from above and
below while heating up the surrounding rock. Turcotte and Schubert (1982) present a
mathematical solution for this model. The results of the modelling (Axelsson, 2010) can’t be
used to rule out the possibility that the magma was intruded as long ago as 30 years, since
temperatures 40 — 50 m above the original magma boundary would only have risen to
~400°C (estimated temperature of permeable layer). It should be kept in mind that model A
has the draw-back of assuming a single liquidus/solidus-temperature. In addition it assumes
that the magma in the intrusion (sill) remains stationary as it solidifies in a symmetric
manner from both above and below. It seems possible that the magma does solidify from the
bottom up through a sort of convective process during which material solidifying near the
top, sinks to the bottom, and liquid magma rises to the top.

Figure 5, which also presents results of calculations with model A, shows the estimated
minimum thickness of such a layer, if it were still to be molten at the centre of the layer, as a
function of time. In spite of the drawbacks of model A Fig. 5 should provide an approximate
estimate of the minimum initial thickness of the magma intrusion as a function of age, if it
were to still remain molten inside. For an age of 35 years a minimum thickness of 40 m
would be required.

45 -
40
35 |
30 +
255
20

15
10 ~
5
0
0 10 20 30 40

Min. thickness (m)

Time (yrs)

Figure 5. Minimum thickness of the magma layer of model A, if it were still to be molten at its centre,
as a function of time since its emplacement. Note that 25 — 35 years have passed since the last Krafla
volcanic episode.
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Another model assumes the magma is so hot at intrusion that it doesn’t solidify significantly
during the time elapsed since the intrusion (model B). A solution to the associated
mathematical problem can be found in Carslaw and Jaeger (1959). This situation may
possibly be closer to the actual situation encountered at the bottom of the IDDP-well, since
preliminary petrological results indicate that the magma, which is believed to be rhyolitic in
nature, may have been as hot as 950°C or more at the time of emplacement while its” solidus
temperature may only be about 700°C (Table 1). The estimated temperature conditions inside
and above such a magma intrusion are shown in figures 6 and 7, at different times after

emplacement, for different intrusion thickness (50 and 100 m, respectively).
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Figure 6. Temperature conditions inside and above a 50 m thick intrusion emplaced at a temperature
of 950°C in 350°C hot host rock (magma intrusion model B). Different curves apply to different times
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Figure 7. Same as Fig. 6 except that intrusion is here assumed 100 m thick.
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This model is considered more realistic than model A, as already mentioned. It also conforms
better with the idea of non-stationary/convective solidification of the magma mentioned
above. But again the results can’t be used to rule out completely the possibility that the
magma was intruded during the Krafla volcanic episode. The figures predict somewhat
higher temperature 30 m above the intrusion than the present temperature of about 400°C
(see later), but the difference is really not any greater than the uncertainty in the model
calculations. The slightly higher temperature may also indicate more efficient heat transfer in
the permeable layer than by heat conduction alone, i.e. by the advection of water and steam,
or even by superheated steam.

Model B can also help constrain the possible thickness of the magma intrusion. Fig. 6 shows
that if the intrusion (sill) is only 50 m in thickness, its internal temperature would be way
below its estimated temperature at present (Table 1) as well as being below the solidus
temperature. In the case of 100 m thickness (Fig. 7) the internal temperature would still be
approximately high enough.

The idea behind the thermal modelling with models A and B was to help determine whether
the magma emplacement occurred during the last Krafla volcanic episode, 25 — 35 years ago,
and also to help estimate how thick the intrusion could be. The main conclusion is that this
can neither be confirmed nor refuted. The results from model B, however, seem to indicate
that to maintain the present high internal temperature the intrusion needs to be relatively
thicker than the minimum thickness indicated by model A, or at least 50 — 100 m. To
rephrase this conclusion one could say that if such a thickness is considered unlikely,
emplacement 25 — 35 years ago would also be unlikely. A final point worth mentioning is
that both models demonstrate the extremely slow heating above the intrusion due to heat
conduction alone.

3.2 Cooling due to Drilling Circulation Losses

The next item to consider (item (ii), see Chapter 2 above) is the cooling of the permeable layer
between about 2040 and 2075 m depth, where most of the circulation losses occurred in the
granophyric rocks near the bottom of the well. This is done by first assuming uniform
cooling of a layer of constant thickness (35 m) and estimating how far into the formation the
effect of the 4.5 months of circulation losses (at 30 1/s on the average) spread, i.e. up to what
radial distance a cooling-front may have reached. The calculations were based on a model set
up by Bodvarsson (1972), in which porous-media heat advection is assumed (heat
conduction neglected because of short time-scale). Figure 8 presents the estimated cold-front
radius as a function of the thickness of the permeable layer (see Table 1 for relevant
properties). For the estimated thickness of 35 m the radial distance is estimated to be 76 m.
Hence the estimated cooled volume equals 630,000 m?. It should be mentioned that this
approach involves a slight discrepancy because it assumes that the permeable layer is satur-
ated with liquid water. In fact the layer is likely to have been saturated with superheated
steam (see Section 3.4) instead.

This model is somewhat inaccurate as it neglects cooling of the impermeable rock above and
below the layer, an inaccuracy which is not highly significant, however. It can be estimated
roughly by estimating the thickness of a so-called boundary layer cooled by heat conduction
from the hot impermeable rock on the outside into the permeable layer (see e.g. Turcotte and
Schubert, 1982). It gives the approximate distance into the impermeable rock where the
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temperature has dropped by 90%. Thus we estimate the cooled boundary layer of the
impermeable rock to be about 5 m thick, on the average, on each side of the permeable layer.
Thus the cooled layer effective thickness is estimated to equal approximately 45 m.
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Figure 8. Estimated radial distance to the cooling-front in the permeable layer, as a function of layer
thickness, after 4.5 months of average 30 /s circulation losses.

3.3 Reheating after Drilling

The third item on the modelling list (item (iii), see Chapter 2) is the heating of the cooled
layer during the thermal recovery of the well after drilling, as observed through temperature
logging (Fig. 2). This is done by deriving a mathematical solution to the heat diffusion
equation for an initially cold layer, of constant thickness, in otherwise hot rock (Axelsson,
2010). Applying the Laplace-transform method comes in handy here, but the solution can
also be found in Carslaw and Jaeger (1959).

During this modelling phase the layer thickness and the undisturbed temperature of the
permeable layer were adjusted until a satisfactory match between the observed data and
model calculations was obtained. The results are presented in Fig. 9, which shows a very
good correspondence between observed and modelled values. Note that the model assumes
a 45 m thick “cooled layer”, which corresponds very well with the results of Section 3.2, i.e.
the fact that most of the circulation losses occurred between 2040 and 2075 m depth, approxi-
mately. To that 35 m thickness ~10 m can be added because of the 5 m cooled boundary
layers on either side of the permeable layer.

3.4 Temperature Evolution during Discharge Testing

The fourth and final item on the modelling list (item (iv), see Chapter 2) is the heating up of
the steam discharged by the well during the ~3.5 months of discharge testing. It should be
noted that only some basic calculations have been done yet for this item, more complex
modelling was beyond the scope of the present study, as already mentioned. This part of the
modelling is principally based on the temperature- and pressure-log data available (figures 2
and 3) and data on the temperature of the steam discharged during the discharge testing of
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well IDDP-1 (Fig. 4). Table 2 summarizes the main physical parameters of the well during
three stages of the discharge test.
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Figure 9. Thermal recovery of well IDDP-1 after drilling, both observed (Fig. 2, at ~2070 m depth))
and simulated by a model of a cooled 45 m thick layer in a hot rock-mass (390°C). The calculated
temperature is that in the centre of the layer. The 45 m layer thickness and 390°C yield the closest
match between observed and calculated temperatures.

Table 2. Approximate physical parameters down-hole, and at well-head, for well IDDP-1 during
different stages of the wells’ discharge test. Down-hole conditions during discharge based on
an estimated 10°C drop in steam temperature while flowing up the well (see later). The
symbols T, p and h stand for temperature, pressure and enthalpy, respectively.

Location | T(°C) | p (bar-g) | h (kJ/kg) | Comment
. . liquid
At end of heating period | down-hole | 345 160 1630 o
near boiling
) . down-hole | 220 ~23 2800
First days of discharge wet steam
well-head | 210 ~19 2796
down-hole | 390 ~26 3217 superheated
At end of discharge P
well-head | 380 ~22 3201 steam

It is clear that when the discharge test starts the feed-zones of the well between 2000 and
2100 m depth where approximately at boiling conditions. When the pressure in the well at
the feed-zones drops, perhaps as low as to 20-30 bar, the feed-zones soon start yielding dry
steam, and a boiling front starts propagating into the formation away from the well. At first
the temperature of the steam is close to the boiling temperature at ~20 bar-g, but once the
boiling/dry-steam front has propagated some distance from the well the steam flowing
towards the well is heated by the rock, which is likely to be more than 150°C hotter than the
steam. Thus the steam becomes superheated as it flows towards the well, and as the boiling/
dry-steam front propagates further away from the well the superheated steam picks up more
heat from the rock.
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Further away from the well, beyond the radius of influence of circulation loss cooling, the
reservoir fluid is most likely steam at 160 bar-g and about 390°C. This would be superheated
steam at an enthalpy of about 2900 kJ/kg. No direct contact with the magma is needed to
explain the continuous heating of the steam up to the last month of the discharge test.

Another thing to keep in mind is that the 4.5 months of circulation losses may correspond to
approximately the same mass of water as produced during the 3.5 month discharge test (less
accurately known). Thus the water discharged towards the end of the discharge test may still
have been mostly circulation water lost into the permeable layer. This contention may be
assessed by studying the chemical composition of steam-samples collected during the
discharge test. Any remaining circulation water should all have been converted to steam in-
situ by now. It should be kept in mind, however, that the model proposed here may involve
an oversimplification since some of the circulation water may have percolated (sunk due to
gravity) to depths greater than that of the permeable layer and would, therefore, not have
been recovered during the discharge.

The temperature of the steam appears to level off at about 380°C towards the end of the
discharge test (Fig. 4). This is believed to indicate that the steam entering the well at this
stage had reached the temperature of the formation at the feed-zone depth, when entering
the well. To try to assess the inflow temperature, the cooling of the steam as it flows up the
upper part of the well, which is colder than the steam, needs to be estimated. This can be
done on the basis of a solution presented by Carslaw and Jaeger (1959), which equates the
decline in the energy content of the ascending steam with heat-flow into the surrounding
formation (Axelsson, 2010). Assuming that the steam is about 200°C hotter than the
formation around the well in the top 1300 — 1500 m a cooling of the steam of the order of
15°C (#5°C) at the end of the discharge test is obtained. Thus the formation temperature
appears to be close to 390 — 400°C, in good agreement with the results of modelling the
heating up of the permeable layer (Section 3.3).

5. Conclusions

This paper has described the results of a series of simple modelling exercises involving the
transient temperature conditions near the bottom of well IDDP-1. The modelling was broken
up into the following phases:

(i) Evolution of temperature conditions inside, and around, the magma intrusion since
its emplacement.

(i) Cooling of a permeable layer above the magma due to circulation losses during
drilling.

(iii) Reheating of the permeable layer after drilling.

(iv) Temperature evolution of the permeable layer, and the wells discharge, during
discharge testing of the well in 2010.

It should be emphasised that the modelling is quite speculative, mostly because of limited
data constraints, but the results indicate that the temperature conditions at the bottom of the
IDDP well and the temperature evolution during drilling, temperature recovery and dis-
charge can be explained by the model(s) proposed here. The main results are the following:

(1) The possibility that the magma was emplaced during the Krafla volcanic episode 25
— 35 years ago can neither be confirmed nor refuted. If the intrusion is of that age a
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thickness of at least 50 — 100 m would be required for the present high temperature
to be possible, as well as a kind of “convective” solidification from below.

(2) The parameters best constrained through the modelling are considered to be the
effective thickness of the permeable layer and its undisturbed temperature, about 45
m and 390 - 400°C, respectively, based on the re-heating of the layer and discharge
test data.

(3) The superheated (up to 380°C) steam discharged during the output test of well
IDDP-1 in 2010 is considered to have been mostly circulation water heated by the
390 — 400°C rocks of the permeable layer. No direct contact with the magma is
needed to explain the high temperature obtained.

The situation near the bottom of well IDDP-1 clearly warrants further study, both because
the modelling presented here was relatively simple and because further data-constraints
would be highly important. More complex modelling could be applied, e.g. to model the
discharge test data. Further data constraint may also be provided by additional petrological
studies and chemical analyses of steam samples collected during the wells discharge.

The question whether well IDDP-1 can maintain the energy output (~15 MWe), achieved
during the 2010 discharge test, in the long-term, can unfortunately not be answered on basis
of available data and the present modelling results. This boils down to whether “far-field”
recharge into the permeable layer will be sufficient and whether large enough heat-exchange
volumes and surfaces are available to heat the recharge (most likely at 340°C) to 390 — 400°C.
This needs considerable further study as well as further discharge testing of the well with
accurate monitoring of relevant flow parameters. It may be mentioned that carefully
executed reinjection in the vicinity of the well may be the solution if the “far-field” recharge
turns out not to be sufficient. This would in essence constitute a kind of EGS-operational
scheme.

The work presented here was based on data available towards the end of 2010. A second
flow test of the IDDP-well was started in May 2011. It started out with two brief test episodes
in May and August while in late September 2011 continuous discharge testing, under
restricted flow-conditions, started. This last testing phase was on-going up to the summer of
2012, apart from some brief interludes for maintenance and other activity.

The monitoring data from the second discharge test was not taken into account in the
modelling study discussed here as it was collected after the completion of the study. The
results of the test can be compared with the modelling results, however, in particular the
results of Section 3.4. During the present discharge phase (starting late September 2011) the
steam flow has been restricted to make the testing more easily manageable and has varied
between 6 and 12 kg/s at a well-head pressure of about 140 bar. Surprisingly the temperature
of the steam has now been drastically higher than during the first test, or between 400 and
450°C.

This high temperature of the steam discharged contradicts the results of Section 3.4, with two
possible explanations coming to mind: (a) That some changes have occurred in conditions in
the productive layer intersected by the well above the magma intrusion since 2010, perhaps
more direct access to the thermal energy of the intrusion. (b) That the simple model used
here doesn’t catch the nature of the heat transfer in the permeable layer accurately enough.
This reveals that the situation needs further study, including more accurate modelling,
which is beyond the scope of the present study. It may be mentioned that a Horner analysis
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of the temperature recovery after drilling (Fig. 11) indicates an equilibrium temperature as
high as 500°C. The lower limit of the equilibrium temperature indicated by the Horner-
method is close to 400°C, however, reflecting the uncertainty in the analysis.
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Abstract: Epicyclic gearing or planetary gearing is a gear system that consists of one or more outer gears, or planet
gears, revolving around a central, or sun gear. Typically, the planet gears are mounted on a movable arm or carrier,
which itself may rotate relative to the sun gear. It is challenging to monitor epicyclic gearboxes, due to their complex
structure consisting of many rolling elements. A complex structure and versatile components also result in a long
stoppage if a failure occurs. Therefore, it is important to detect incipient faults at an early stage. In this paper, vibration
analysis is used for the condition monitoring of an epicyclic gearbox at a water power station. There is a distinct
difference between vibration quantities: vibration velocity responds very well to vibrations with frequencies less than
1000 Hz; an even better response is obtained when using acceleration and its higher derivatives, which also provide
more information on higher frequencies. Because of the quite high rotational speed of the output, vibration velocity is
not good enough for the condition monitoring of the gear in question. Acceleration and its higher order derivatives
should be used in order to obtain better responsiveness to changes in the condition of the gearbox. Complex models
based on mechanisms are needed in order to calculate the vibration components in the frequency range and to identify
the possible faulty components. There was also one vibration component in the gear the source of which could not be
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discovered with certainty.

Keywords: Condition monitoring; diagnostic; higher order derivatives; epicyclic gearbox.

1. INTRODUCTION

Gear trains are used to transmit motion between shafts.
They are critical components in industry and therefore
their condition monitoring must be in order,
particularly with large gears that can have months of
delivery time. The aim of this paper was to develop the
current condition monitoring of a two stage epicyclic
gearbox at a water power station in order to detect
faults at an earlier stage. The previous gearbox suffered
a sudden breakdown despite continuous condition
monitoring. The breakage was due to the second stage
planet gear breaking into half. There were also other
faults in the gears, namely impact traces and wearing
on the ring gears.

Water power plants are used as an adjusting energy
source and thus the load of the gear varies during usage
even though the rotation speed stays constant.
Depending on energy needs, there are also frequent
starts and stops, which stress machines. The condition
monitoring of a variable loaded planetary gear, such as
that used in a bucket wheel excavator and wind
turbines, has been under active investigation (Villa et
al., 2012; Bartelmus and Zimroz, 2009a, 2009b;

Vicufia, 2010; Hameed et al., 2009; Barszcz and
Randall, 2009; Combet and Zimroz, 2009). There are
also studies of the modelling of epicyclic gears
(Ambarisha and Parker, 2007; Bartelmus et al., 2012).
The models based on mechanisms are very detailed.

Different methods for fault detection in epicyclic gears
have been investigated. Feng and Zuo (2012) used a
common spectral analysis to detect faulty gears in a
two stage planetary gearbox. Eltabach et al. (2012)
investigated the condition monitoring of a planetary
gear in a |lifting crane. They suggested using
parameters extracted from spectrum, demodulation or
cyclostationary analysis to diagnose a fault more
accurately. Blunt and Keller used new methods to
detect a fatigue crack in the planet gear carrier of a
helicopter transmission. The methods worked well
under test-cell conditions but failed in low-torque on-
aircraft conditions (Blunt and Keller, 2006).
Rzeszucinski et al. (2012) presented a new condition
indicator based on the amplitude of a probability
density function to monitor the health of epicyclic
transmissions in helicopters. Wu et al. (2012) studied
the characterisation of gear faults in a variable rotating
speed using Hilbert-Huang Transform (HHT), and
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Heyns et al. (2012) used HHT to compute an envelope
of a residual signal er to obtain a discrepancy signal.
McFadden (1991) has developed a technique for
calculating the time domain averages of the individual
planet gears and sun gear.

2. EPICYCLIC GEARBOX

The gearbox under study was a two stage epicyclic
gearbox that transforms the water turbine’s 87.2 rpm to
750 rpm for the generator. The first stage, i.e. the low
speed side, is in the planetary mode and the second
stage, i.e. the high speed side, is in the star mode. The
structure of the gearbox is presented in Figure 1: the
middle section, consisting of a sun gear in the 1st stage
and a ring gear in the 2nd stage ring gear, is a floating
installation. The gear toothing is double helical.

e R R
- et
P i - p
» -
. =
s S
1st stage 2nd stage

Figure 1. Structure of the two stage epicyclic

exception of a differential gear, in which all the parts
are in motion and which therefore needs two drives.
The three modes of epicyclic gears are planetary (pl),
star (st) and solar (s0). Table 1 shows these modes in a
reduction gear. To calculate failure frequencies, one
must first calculate the rotating frequencies of the
shafts.

Rotating frequencies for the gear types shown in Table
1 are indicated in Table 2, where f. is the rotating
frequency of a carrier, fP is the rotating frequency of
a planet gear, fR is the rotating frequency of a ring
gear, fS is the rotating frequency of a sun gear, Zp
the number of teeth in a planet gear, Z; the number

of teeth in the ring gear and Z¢ the number of teeth in
the sun gear.

The general solution for gear mesh frequency in
epicyclic gears is

fm:|fR_fC|ZR' )
A cracked or broken sun gear tooth causes an impact
every time a planet gear passes over it.

gearbox. Table 1. Different types of epicyclic gears.
Epicyclic gears are complex structures. Therefore, it is fixed drivin_g / drivep
difficult to calculate their vibration frequencies, and component shaft in reduction
some mistakes in calculations are present in literature gear
(Klein, 2000; Taylor, 2000). In this study, the gear planetary ring gear sun / carrier
frequencies were calculated with the help of papers (N
(Vicufa, 2010; Méakikyrd, 2006). solar (so) sun gear ring / carrier
star (st) carrier sun/ ring
Epicyclic gears can have three different modes on the
basis of which the component is fixed, with the
Table 2. Rotating frequencies of three types of epicyclic gears.
fixed component driving shaft fOutput fP
z —2.(2, — 2
planetary (pl) fe =0 fs fo=—"r-—f, M fs
Zs + 2, Z,(z5 +23)
z Z,(Z; +12
solar(so) fg =0 fq fo =———f, 2a(25 +25) R
Zg + 2, 2, (25 +23)
z z
star (st) f.=0 fe fo=—2 1 > f,
Zq Z,
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Therefore, the broken sun gear tooth frequency is:
ffs:}’|fs_fc|’ 2

where y is the number of planet gears.

By inserting values from Table 2 to the above
formulas, frequencies are obtained for the three modes
of epicyclic gears. A cracked or broken planet gear
tooth meshes with both the sun and the ring gear and
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therefore a broken tooth is in contact with other teeth
twice per revolution. The frequencies for broken planet
gear are

Z.7
fPl=2——"S"R __If], 3
PO

Z:7
fo=2—>F_If.| 4
rmoren Ll
s z
ff;:22—5|fs|. ©)

P

For ring gear, a cracked or broken tooth gives the
following frequencies:

pl _ — ZS
fm—wulyzjzﬁd 6)

Z
fSO — R f ,
= yZ:ZﬁJ 7)

f%=ﬂ%hy%ﬂJ- ®)
R

The frequencies for the gearbox under study are shown
in Table 3.

The impacts caused by a cracked or broken tooth are
usually detected with the help of time synchronous
averaging or an envelope spectrum. For a single planet
gear, however, these methods may not be sufficient,
because the vibrations caused by a broken tooth may be
hidden under other meshing vibrations. For this, a short
signal sample is taken every time a planet gear passes
by the vibration sensor. The waveform signal samples
are then put in order by taking into account the rotation
sequences and averaged. (McFadden, 1991)

Table 3. Gear’s rotating frequencies and number of teeth.

Teeth Hz
1% stage (planetary) 1.45
Gear mesh frequency 132.24
Planet rotation 4.9
Sun gear 35 22.67
Planet gears 27 X6 9.8
Ring gear 91 8.72
2" stage (star) 12.5
Gear mesh frequency 450
Planet rotation 18
Sun gear 36 75
Planet gears 25x6 36
Ring gear 86 31.4

3. SIGNAL PROCESSING

1 1
TG
N

1
where all the weight factors are equal to W , has been

The weighted |p norm,

x| . —(ii‘xﬁa) ©)
N

1 - 1
P:N p

proved to be an efficient indicator in condition
monitoring (Lahdelma and Juuso, 2011a, 2011b;
Lahdelma et al., 2010; Lahdelma and Laurila, 2012).

The measurements were performed with the SKF
Microlog Consultant CMXA 48 data collector with
SKF CMSS 2111 accelerometers. Sensors were
attached to the gearbox with magnets. The upper cutoff
frequency of the measurements was 20 kHz for one
sensor, 15 kHz for two sensors and 10 kHz for four
sensors. At the time of the measurements, generator
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power was 7.8 — 8.0 MW and water flow in the turbine
143 - 146 m®/s. Each measurement lasted about 15
seconds. Both the ends of the gearbox were measured
in the horizontal and vertical direction. The
measurements were analysed by means of the SKF
Analysis and Reporting Module program. The turbine
rotated at a constant speed of 87.2 rpm.

4. RESULTS

It should be noted that the gearbox under study was a
new one, and no measurements from the broken
gearbox are presented. Vertical acceleration signals
from both the ends of the gear are shown in Figure 2.
The levels of the vibrations in the 1st stage are low and
no signs of impacts are present. The vibration levels in
the 2nd stage are three times higher than in the 1st
stage but still very low considering the size of the gear

Figures 3 and 4 show measured amplitude or peak
spectra from both the stages of the gearbox in the
vertical direction. In both the spectra, the dominating
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frequency components are at 450 Hz and its multiples
and sidebands. This is the gear mesh frequency of the
2nd stage. A common time-domain feature is a peak
value obtained as the absolute maximum values of the

signal in a chosen sample. The calculated peak values
differ in some cases slightly from the actual peaks seen
in Figures 3 and 4 because of the frequency resolution

of the visualisation program.

Time Domain CH1 G KLK YSUUNTA: Channel 1 22 helmi 2012 08-59-22

2,00 [ —
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Time Domain CH1 G KLK YSUUNTA: Channel 2 22 helmi 2012 08-59-22
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| | \ | | |
0,00 0,34 0,68 1,02 1,37 1,71

2,05 2,39 2,73 3,07 3,41
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Figure 2. Acceleration signals (g) of the gearbox measured in the vertical direction: channel 1 is the 1*' stage and

channel 2 the 2™ stage, g=9.80665 m/s.

FFT from KLK2 TPAA (102400 lines): FFT From Channel 1
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Figure 3. Apeak (9) spectrum from the 1% stage, g=9.80665 m/s’: the peak value of the gear mesh frequency (450

Hz) and its multiples are denoted by ¢ .
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FFT From Channel 1
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Figure 4. Apeak (g) spectrum from the 2" stage, g=9.80665 m/s’: the peak value of the gear mesh frequency (450

Hz) and its multiples are denoted by ¢.

The sidebands of the 2nd stage gear mesh frequency
are 18 Hz apart, which is the same as the rotating
frequency of the planets in that stage. There is a strong
component at the frequency of 119 Hz, whose second
multiple also is visible. This requires further studies
since the source is not easy to discover unambiguously.

The 1st stage gear mesh frequency 132 Hz is not
visible in the spectrum shown in Figure 3, which is due
to the gearbox structure where all the planet gears are
in different phases of the mesh. The phase difference is

Zn _ 151667 (10)
y 6

where Z is the number of teeth in ring gear and Y is
the number of planet gears.

The phase difference between planet gears is
1
E 27 and it is evenly distributed in the range [0, 2x].

Therefore, opposite planet gears are in opposite phases
and annul each other’s vibrations.
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The condition monitoring of the gearbox was
conducted earlier by monitoring the root-mean-square

velocity (V) trend in the frequency range 0 - 1000
Hz and by analysing regularly recorded vibration

signals. Figure 5 shows the V. spectrum and Figure 6

the X SPectrum from the 2nd stage in the frequency

range 0 - 10 kHz in the horizontal direction. They
clearly show that V. alone is not sufficient to
monitor this type of gear.

The gear faults can be indicated early with acceleration
and its higher derivatives. The velocity emphasises
lower frequencies. The higher multiples of the gear
mesh frequency are not seen, since all the velocity
components in the higher frequencies are negligible
(Fig. 5). Acceleration and its higher derivatives within
the range 0 - 10 kHz provide substantially more
information particularly from the multiples of the gear
mesh frequency and their sidebands, see Figures 3, 4
and 6. The higher frequency range also shows possible
friction-induced vibration.
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FFT from KLK GPAA 15KHZ (102400 lines): FFT From Channel 2
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Figure 5. V... (mm/s) spectrum from the 2" stage in the horizontal direction.
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Figure 6. ')'('peak (kg/s) spectrum from the 2" stage in the horizontal direction, g=9.80665 m/s.

5. CONCLUSIONS

Vibration velocity responded very well to the
vibrations with frequencies less than 1000 Hz.
However, an even better response was obtained by
acceleration and its higher derivatives, which also
produced more information on higher frequencies.
Considering the quite high rotational speed of the 2nd
stage, it can be concluded that vibration velocity is not
sufficient for monitoring the condition of the gearbox
in question. Acceleration and its higher order
derivatives should also be used in order to obtain better
responsiveness for changes in the condition of the

Proceedings of the 53rd SIMS

gearbox. Future work will include studies of the
usability of the weighted | norm and real order

P
derivatives X
epicyclic gearbox.

in the condition monitoring of an
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Input Variable Selection in Modelling of Desulphurization Efficiency
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Abstract: Several methods are applied to find the input variables with predictive power to the degree of
desulphurization modelling. The methods are applied on the data from a desulphurization plant
processing flue gases coming from a coal-fired power plant. In non-linear and complex industrial
processes, the nature of the relationships between the variables may be vague and a functional model
based on a physical interpretation of the process may be difficult to define. Data-driven statistical
modelling approaches are, therefore, reasonable alternatives. However, such models may become
corrupted due to the inclusion of uninformative, weakly informative or redundant variables. Linear
correlation coefficients, principal component analysis and regression, partial least squares regression,
mutual information based algorithms and the general regression neural network are tested in the selection
of the informative variables. The results obtained are relevant to desulphurization plant monitoring
development.

Keywords: artificial neural networks, desulphurization plant, input variable selection, machine learning,

modelling, process monitoring

1. INTRODUCTION

In model development, the preliminary assumption is that
one or several candidate variables are capable of describing
some of the output behaviour. The input variable selection
task is common to the development of all statistical models.
It depends on the discovery of relationships within the
available data. In the case of parametric, or semi-parametric
empirical models, the difficulty of the input variable selection
task is somewhat alleviated by the a priori assumption of the
functional form of the model, which is based on some
physical interpretation of the underlying system or process
being modelled (May et al. 2011). Although such a model is
theoretically the most accurate, it may be difficult to develop.
Data-driven statistical modelling approaches do not have an
assumption regarding the model structure. Instead, the model
is developed after the variable selection or the variables are
selected simultaneously during the model training.

Several aspects impact on the formation of an optimal input
set. First of all,  potential inputs form 2°-1 input subsets.
The testing of all the subset combinations with a large d
requires efficient algorithms. Including more inputs in a
model increases the computational burden of the model. This
is further exacerbated in time series studies, in which
appropriate lags must be chosen. As the lag of input time
series increases, so does the number of inputs to the model
and consequently the memory requirement of the model
increases. According to ‘the curse of dimensionality’ by
Bellman (1961), the linear increase in the dimensionality of
the model results in the total volume of the modelling
problem domain increasing exponentially. Moreover,
understanding complex models is more difficult than
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understanding simple models that give comparable results.
Inclusion of redundant and irrelevant input variables worsens
the training of the models — especially artificial neural
networks (ANNs). Redundant variables increase the number
of local minima in the error function that is projected over the
parameter space of the model (Bowden et al. 2005; May et al.
2011). Irrelevant variables add noise into the model inducing
misconvergence and poor model accuracy. The most
important characteristic of the input set is the inclusion of
predictive power. In conclusion, the optimal input variable
set has the fewest input variables needed to describe the
behaviour of the output, with minimum redundancy and
without uninformative variables.

Using analytical methods to define an optimal input set
evidently has advantages. However, a unifying theoretical
framework is lacking (May et al. 2011). The approaches are
diverse, but can be broadly classified into three main classes:
wrappers, filters and embedded methods (Guyon and
Elisseeff, 2003). Wrappers approach the task as part of the
optimisation of model architecture. The optimisation searches
through the input combinations and selects the set which
yields the optimal generalisation performance of the trained
learning machine. Embedded methods perform variable
selection in the process of training and are usually specific to
given learning machines. Filters distinctly separate the
variable selection task from the specific learning machine.
Filters use statistical analysis techniques to measure the
relevance of individual, or combinations of, input variables.
The approach provides a generic selection of variables, not
tuned for the specific learning machine. The approach can be
also used as a pre-processing step to reduce space
dimensionality and overcome overfitting. Sophisticated
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wrappers and embedded methods improve predictor
performance compared with simple variable ranking
methods, but the improvements are not always significant
(Guyon and Elisseeff, 2003). Wrappers and filters require a
criterion or test to determine the influence of the selected
input variable or variables and a strategy for searching among
the combinations of candidate variables (May et al. 2011).

In this study, data from the desulphurization plant of a coal-
fired power plant is analysed. Process systems generally
contain varying degrees of non-linearity. Consequently, the
presumption is that the process model should be non-linear
although linear parts could be involved in the plant
behaviour. Because of this, Artificial Neural Networks
(ANNs) which are capable of modelling non-linear
relationships give a good premise for modelling. ANN
architectures can be built with arbitrary flexibility and can be
successfully trained using any combination of the input
variables which are good predictors. The model-free input
variable selection approach — implying the filters — is
considered here. The linear relationships of the candidate
variables to the response variable - degree of
desulphurization — are analysed with cross-correlations and
partial correlation. Dimensionality reduction is performed by
forming the linear combinations of the original variables by
using Principal Component Analysis (PCA) and Partial Least
Squares (PLS) regression. To get a grasp of the non-linear
relationships among the variables, Mutual Information (MI)
based criteria are used. In addition to all the original
variables, the selections produced by correlation analyses are
used as inputs to PCA and PLS regression; the selections
from correlation analyses and the input scores produced by
PCA and PLS regression are used as inputs to the evaluation
of the mutual information based criteria. To obtain a
generalized impression of the performance of all the formed
input variable sets, General Regression Neural Networks
(GRNNSs) are trained. This type of neural network is chosen,
because it can be designed very quickly. PLS regression
models are tested for comparison. The next Section explains
the used methods and the process being analysed. The main
results are presented and discussed thereafter.

2. METHODS AND MATERIALS

2.1 Linear and Non-linear Filters

Filter algorithms typically measure relevance and optimality
criteria that are used to discover the important input
variables. Incremental search strategies tend to dominate the
filter approaches, because the relevance measure is typically
bivariate statistic of the candidate-output relationship. Each
of the relationships is evaluated. Currently, two broad classes
of filters have been considered: those based on linear
correlation; and those based on information theoretic
measures, such as mutual information (May et al., 2011).

Input variable ranking based on the Pearson correlation is one
of the most widely used methods. The candidate variables are
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sorted by the order of decreasing correlation and the selection
is based on greedy selection of the first £ variables, or upon
all variables having correlation significantly different from
zero. The method is classed as a maximum relevance filter
and only the interactions between each candidate and the
output is considered. The Pearson correlation, R,,, is defined

by

) Z 5 —xxi, 5) o
I Y 5

where x;, y; ¥, yand n are the candidate variable, the target
variable, the corresponding mean values and the total number
of observations, respectively. In (1), the numerator is simply
the sample covariance; and two terms in the denominator are
the square root of the sample variances.

If the candidate variables are themselves correlated,
redundancy is an important issue. In such a case, the
correlation ranking approach is likely to select too many
variables, since many candidates will each provide the same
information regarding the target variable. Given three
variables x, y and z, the partial correlation measures the
correlation between x and y after the relationship between y
and z has been discounted. The partial correlation R,,.. can be
determined from the Pearson correlation using

-R.,R
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The limitations of linear correlation analysis have created
interest in alternative statistical measures of dependence,
which are more adept at identifying and quantifying
dependence that may be chaotic or non-linear; and which
may therefore be more suitable for the development of ANN
models (May et al. 2011). Mutual information is a measure of
dependence that is based on information theory and the
notion of Shannon’s (1948) entropy, and is determined by the
equation

) ' )

I(x;y) = x,p)lo p(x, y)dxd,

()= [ [ s ) 10g £y )
where p(x) and p(y) are the marginal probability density
functions of x and y, respectively; and p(x,y) is the joint
(bivariate) density. I(x;y) denotes the mutual information,
which is a measure of dependence between the density of the
variable x and the density of the target y. Mutual information
measures the quantity of information about a variable y that is
provided by a second variable x. The advantage of mutual
information over linear correlation is that it is based solely on
probability distributions within the data and is therefore an
arbitrary measure, which makes no assumption regarding the
structure of the dependence between variables (May et al.,
2011). The difficulty is that the densities p(x), p(y) and p(x,y)
are all unknown and hard to estimate from data. The case of
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continuous variables is the hardest. One can consider
quantizing the variables or approximating their densities with
a non-parametric method such as Parzen windows (Guyon
and Elisseeff, 2003).

In feature selection literature, there are several filters using a
variety of heuristic criteria based on mutual information.
Current best practice has been to hand-design the criteria,
augmenting the individual feature relevance with various
penalties to manage the feature redundancy (Brown, 2009).
Brown (2009) offers a descriptive “top-down” framework,
showing that several heuristic criteria in the literature can be
expressed in a common functional form

n-1 n-1
T =10 0) =B TCoixe) +7 ) ICnie | ), @
k=1 k=1

where S and y are configurable parameters varying in
[0,1].Variable x, is the »™ variable being evaluated; x;
represents the already selected variables; and y is the target
variable. The first term I(x,;y) ensures feature relevance
(mutual information); the second term with the parameter j
penalises high correlations (redundancy) between variable
itself and the existing variables; the third term with the
parameter y depends on the class conditional probabilities.
Brown (2009) has identified 12 separate criteria that can be
described within this framework; four of them are tested in
this study. Mutual Information based Feature Selection
(MIFS) criterion by Battiti (1994) includes the relevance and
redundancy but omits the conditional term. Maximum-
Relevance Minimum-Redundancy (MRMR) criterion by
Peng et al. (2005) takes the mean of the redundancy term, but
omits the conditional term. Joint Mutual Information (JMI)
criterion by Yang and Moody (1999) has all the three terms
and can be defined by (5). Conditional Mutual Information
Maximization (CMIM) by Fleuret (2004) can be defined by

(6):

-1

iji:](xn;y)_ﬁZ[[(Xn;Xk)_[(xn;xk|J’)]v (5)
k=1

Jemim =1(x,;y) — maxy [I(xn;xk) =1 (3 xp |J/)] (6)

2.2 Principal Component Analysis and Regression

Principal component analysis (PCA) is a commonly adopted
technique for reducing the dimensionality of a dataset .X.
PCA achieves dimensionality reduction by expressing the d
variables (x,,...x;) as k feature vectors named principal
components (PCs). Mathematically, PCA relies on an
eigenvector decomposition of the covariance or correlation
matrix of the process variables. PCA is scale-dependent, and
therefore, it is conventional to adjust the variables to zero
mean and unit variance. PCA decomposes the data matrix X
as the sum of the outer product vectors ¢;and p; plus a residual
matrix £ (Wise and Gallagher, 1996):
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The ¢ vectors are known as scores and contain information on
how the samples relate to each other. The scores form an
orthogonal set (tith = 0 for i #). The p; vectors are known as
loadings and p, are eigenvectors of the covariance matrix.
The ¢, p; pairs are arranged in descending order according to
the associated eigenvalue /,. The first pair captures the largest
amount of variation in the data that is possible to capture with
a linear factor. Each subsequent pair captures the greatest
possible amount of variance remaining at that step. Usually, it
is not practical to compute all the % eigenvectors, since most
of the variability in the data is typically captured in the first
few PCs. A common selection method is to choose all the
PCs whose eigenvalues exceed some threshold 4,, or generate
a plot of the cumulative eigenvalue as a function of the
number of PCs so that the desired amount of variance is
explained (May et al. 2011).

Alternatively, Principal Component Regression (PCR) can be
used to select the PCs. Then, multiple linear regression
models are built based on response variables Y and varying
number of PCs explaining X. Selection of the components
can be done by choosing the PCs that optimize the predictive
ability of the model (Wise and Gallagher, 1996). Typically,
the available data is divided into training and validation sets.
The residual error of prediction on the validation samples is
determined as a function of the number of PCs. In k-fold
cross-validation, the original set is randomly partitioned in k&
subsamples. Thus, in 10-fold cross-validation 90 % of the
data is used to train the model and 10 % is used in validation.
Each subsample is used exactly once as the validation data.

2.3 Partial Least Squares Regression

Partial Least Squares (PLS) regression extracts latent
variables that explain the variation in the predictor variables
X and the variation in X which is the most predictive of the
response variables Y. In other words, PLS attempts to find
factors that are correlated with Y while describing a large
amount of the variation in X. As a point of comparison, in
PCR the components solely explain the variance in X. As in
PCA, the latent vectors or scores (¢;, t,...) are orthogonal. The
selection of components can be done like in PCA and PCR.
In addition to choosing the components that explain the most
variance in X, the components that explain the most variance
in Y can be chosen. See Geladi and Kowalski (1986) for more
detailed information on PLS regression.

2.4 General Regression Neural Networks

Developed by Specht (1991), the general regression neural
network (GRNN) is a supervised feedforward artificial neural
network. It uses a nonparametric estimate for the probability
density function of the data. Non-linear relationships between
inputs and output can be modelled with a GRNN. The
network architecture is fixed which means that multiple
models do not need to be trained to optimise the network
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architecture. It has only a single parameter, the kernel
bandwidth, which needs to be learned during training. The
parameter is named ‘spread’ hence. Training is much faster
than with other artificial neural networks, such as Multi-
Layer Perceptrons (MLPs) trained using the backpropagation
algorithm. The GRNN uses memory based (lazy) learning,
and therefore it has an increased memory requirement to store
the training data and a greater computational requirement
when querying the network than an MLP. Further
information about the method can be found in Specht (1991).

2.5 Performance Criteria

Three criteria are adopted for assessing the models
developed. The popular measure of predictive performance is
the mean squared error (MSE). Another statistical error
measure is the mean absolute error (MAE). Goodness-of-fit
can be evaluated with the coefficient of determination (+).
The drawback of these criteria is that the best result does not
necessarily mean an optimal model. Models with large
number of input variables tend to be biased as a result of
overfitting. In (8), (9), and (10), y; ,¥,5;, », and n are the
observed value, the mean of the observed value, the
corresponding predicted value, the mean predicted value and
the total number of observations, respectively. The criteria
are expressed as:

MSE:%Z_;(yj—jj)z, ®)
MAE:%Z|y_/—)3_/|, 9)
=i

2 z:=1(yj—f)(ﬁj—})
O

2.6 Desulphurization Process and the Data

(10)

The coal-fired Salmisaari power plant consists of two main
units for energy production and a desulphurization plant,
which processes the flue gases from both main units. Boiler 1
is a combined heat and power plant with the capacity of 160
MW, and 300 MWy, and boiler 7 is a heat unit with the
capacity of 180 MWy, The efficiency of nearly 90 % is
reached in combined heat and power generation.

The desulphurization plant consists of two parallel reactors
which process the flue gases. Fig. 1 demonstrates the
principle of operation. Flue gases from the furnace of the
steam boiler of the power plant arrive at the electrostatic
precipitator (‘preliminary separator’) which separates fly ash.
Flue gases without any solid particles come to the reactor
from above and are mixed with lime sludge using compressed
air. The particles of sludge and sulphur dioxide molecules are
partly mixed in the reactor and reaction products fall at the

WWWw.scansims.org

Proceedings of the 53rd SIMS

bottom of the silo. Reaction continues in bag filters, in which
gases flow through textile tube and 99.7 % of solid particles
remain on its walls. Purified gases go via the fans into the
chimney and out in the air. Middle product accumulating at
the bottom of the reactor is used to produce sludge, and
necessary amount of end product from below the filter is
added to it. Together with water, these form the base of
sludge. Lime is added in the form of lime milk to achieve the
desired level of desulphurization. The amount of sludge
pumped into the reactor is controlled so that all water in
sludge evaporates and flue gas going to the filter is dry. The
method is called half-dry, because the chemical reaction
occurs partly in the wet, partly in the dry state. The outgoing
end product is used for earth works such as filling ditches,
strengthening man-made hills or under the dumping areas.

The variable y for the degree of desulphurization is formed
from the similarly standardized SO, concentration
measurements from the flue gas before (SO,”) and after
(S0,"") the desulphurization plant. Therefore, the equation y
= ] — SO,” / SO,™ was considered proper for this study.
Table 1 shows some characteristics of the used data. One
hour average data is used. Data sets A and B represent the
typical operation of the plant; data sets C and D represent a
campaign during which higher than the typical degree of
desulphurization was used. The set E is a combination of A,
B and D. 1686 hours were removed from the set due to
memory overflows during the training of GRNNs with the
full length data. Thus, the final length of E was 3000 hours.
The term ‘std’ is standard deviation. The candidates for a
model input set include 66 variables. The variables that are
presented in Section 3 are described in Table 2. The set
included some computational variables. With y and other
computational variables, it has to be noticed that the
uncertainty of measurement is cumulative. The values
produced by the computations are less accurate than the
single original measurement values. However, the
measurement uncertainty is not considered in this study any
further. Equations for Xs;, Xsg, Xss, and Xgs are presented in
(11), (12), (13), and (14):

vy = S (11)
_NY6
\/E-F\/E X60 * X8
X5g = J_XZ %3 , (12)
L'Xeo xg
o4 = (3 +xp)- x3 , (13)
X52 + X53
g5 = Xg/x14 - (14)
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Table 1. Description of the used data

set year/month length degree of desulph. (%)
(hours) mean | std | max | min
A 2009/12 - 2010/5 2801 69.2 6.1 | 919 | 32.0
B 2009/10-12 1401 715 76 | 916 | 51.0
C 2012/1-3 969 81.4 40 | 921 | 674
D 2012/3 484 872 | 21 | 96.0 | 80.0
E (part of A)+B+D 3000 74.9 8.2 | 96.0 | 51.0
Table 2. Candidate variables
variable explanation
X1 sludge volume flow to reactor 1
Xz sludge volume flow to reactor 2
X3 sludge density in feeding tank
X6 pressure over reactor 1 inlet duct
X7 pressure over reactor 2 inlet duct
Xs SO, emission measurement before desulphurization plant
Xg Power plant power output
X1 H,0 in B chimney
X1a feeding tank level
X16 mixing water volume flow
X17 mixing tank density
X20 O after electrostatic precipitator 1
X22 flue gas temperature before desulphurization plant
X23 flue gas pressure before desulphurization plant fan
Xoa flue gas pressure after desulphurization plant fan
Xo7 circulating dust silo level
Xog raw water volume flow to feeding tank
X32 NOyin B chimney
X33 NOy into A chimney
X38 pressure difference over reactor 1
X37 pressure difference over reactor 2
Xas pressure difference over bag filters 1
X4z O, in hoiler 1 flue gas
Xaa CO; in boiler 1 flue gas
Xas pressure after electrostatic precipitator from unit 7
Xs2 SO, mass flow from unit 1
Xs3 SO, mass flow from unit 7
Xs7 'ratio of sludge and SO, into reactor 1'
Xsg 'ratio of sludge and SO, into reactor 2'
Xs9 ‘sum of sludge mass flows to reactors 1 and 2'
X60 ‘sum of flue gas flows from units 1 and 7'
Xo2 flue gas temperature out of reactor 2
Xo3 SO, mass flow to desulphurization plant
Xoa 'ratio of sludge flow and SO, mass flow'
X5 ‘ratio of SO, before desulph. plant and feeding tank level'
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Fig. 1. The desulphurization plant with half-dry method
(Helsinki Energy Board, 1980s).

3. RESULTS

In this Section, the mentioned methods are applied to the
Salmisaari data. All the studies were performed using Matlab
(version 7.12) software (Mathworks Inc., Natick, MA, USA,
2011). All the methods were applied on data normalized to
zero mean and unit variance. The main results are presented
and discussed.

3.1 Correlations

Correlation coefficients were studied with data sets A and C.
Only the coefficients to the response variable y were studied.
Cross-correlations were used to find the 24 hour lags. Data
was normalized so that auto-correlations at zero-lag were
identically 1.0. The results with zero-lag correspond to the
output of (1). Data was modified with logarithm of the
absolute value, square, inverse, and square root of the
absolute value. To define strong correlations two limits were
made: Limit | was |R,,[>2/Va , and limit 1l was |R,,| > 0.5.
The parameter d is the number of candidates. Table 3 shows
the variables, of which correlations were larger than the limit
Il. The column with the title ‘zero-lag’ indicates the
correlation without any modifications or lag. The column
with the title ‘the largest’ indicates the largest correlations
using the modified data. The column ‘modification’ shows
the lag in hours and the method used to modify the data.

Proceedings of the 53rd SIMS 109

October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

Forty-nine variables measured up to the limit | with the set A,
whereas the corresponding number was 43 with the set C.
The variables that measured up to the limit | were tested with
partial correlation in such a way that z included all the other
variables that measured up to the limit | except the variable
being tested. Using partial correlation, only a single variable
xs3 measured up to the limit I. The partial correlation
Ry, y-z Was -0.333 with the set A, and -0.602 with the set C.

Table 3. The largest absolute correlations

set A zero-lag | the largest modification
Xs 0.617 0.617 0
X11 -0.640 -0.643 -1, log(1x|)
X17 -0.572 -0.572 0
Xo7 0.543 0.584 -14, x?
X33 0.611 0.614 -3, x?
Xa4 -0.711 0.720 0,x77
Xus -0.280 -0.690 -13, log(|x])
Xs3 -0.598 -0.619 -1, x?
Xe5 0.610 0.610 0

set C zero-lag | the largest modification
X16 -0.376 -0.511 -1, x?
Xo0 -0.444 0.505 -23,x7!
Xo3 0.479 -0.502 -2, x?
Xaa -0.571 -0.724 -11, log(|x])
Xs2 -0.819 -0.825 0, x?
Xs3 -0.637 -0.637 0
Xe2 -0.505 0.506 -21, x7!
Xs3 -0.816 -0.816 0
Xsa 0.639 -0.783 0,x7!

3.2 Principal Component Analysis and Partial Least Squares
Regression

All the variables and only the variables that measured up to
the correlation limits I and Il were fed to PCA and PLS
regression. PCA produced the same number of principal
component scores which was the number of input variables.
To reduce the dimensionality, the components were chosen
based on the variance that they explain from the total
variance of the input space. The variance of the components
that explain most were summed up until the set criterion was
measured up. In this study, the first limit was 80 %, the
second was 95 %, and the third was 99 %. Table 4 shows the
number of components explaining the defined variance using
different data sets. On the sets A and B correlation selections
from the set A were used, and on the sets C and D the
selections from C were used. The percentage of variance
explained in y was considered with PLS regression. The same
limits were used and results are shown in Table 4.

An alternative way to determine the proper amount of
components was to develop regression models to the
prediction of the response y. The models were built with data
sets A, B, C, and D so that the amount of components varied
from one to thirty. All the variables and only the variables
that measured up to the correlation limit | were used. The
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models were validated with 70-fold cross-validation. The
mean squared error performance was evaluated based on the
difference between estimated y and actual y. The results
from principal component regression validation are shown in
Fig. 2. The y axis values correspond to the mean observed.

Table 4. The number of components explaining the
defined variance in X with PCA (left) and y with PLS
regression (right)

variance limit | A B C D variables
80 8|3 814 | 114 | 85 all
95 1919 | 18|8 | 24|18 | 207 all
99 29|28 | 28|22 | 35|13 | 29|15 all
80 4|2 6|2 6|3 513 | cor. limit |
95 135 | 144 | 1516 | 136 | cor. limit |
99 23|14 | 22|12 | 25[11 | 2018 | cor. limit |
80 41 42 31 312 | cor. limitll
95 6/2 712 6/2 6/5 | cor. limitll
99 8|3 8|3 8l4 716 | cor. limit Il

The linear regression models performed relatively well taking
into consideration the weak linear relationships of the
variables to the response variable. MSE decreases as the
number of components increases with some exceptions. MSE
was below 0.43 using five components with all the data sets.
Apart from the set D, MSE was below 0.28 with eight
components. With sets A and B the standard deviations of
MSE were low and decreasing as the number of components
increased. The set C had the lowest standard deviation of
MSEs with four to five components. Inclusion of components
seemed to increase the standard deviation. The set D had
lower than 0.1 standard deviations the first time with 16
components. The results show that using a large humber of
components will generally do a good job in fitting the current
observed data. On the other hand, it is a strategy that can lead
to overfitting and can give an overly optimistic estimate for
the expected error. Fig. 2 indicates that achieving a quite
constant MSE level needs three to seven components, which
can be interpreted as a proper amount of input components
for a principal component regression model.

Estimated Mean Squared Prediction Error

T T T T T T T T T T ==-A all

4 oL -1l J_ - L1 _I_ _ L _ ]=—Acorrelation limit |
- | | | | | | | | | =B, all

=+**B, correlation limit |
=C, all

C, correlation limit |
D,

D, correlation limit |
4 26 28 30

1 1 1 1 1
10 12 14 16 18 20 22
number of components

24 26 28 30

T T
10 12
number of components

14 16 18 20 22

Fig. 2. Principal component regression validation results.

Fig. 3 shows corresponding results for PLS regression. The
MSE reaches a relatively low level when the model has three
or four components, and the level stays quite constant when
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the amount of components is increased. Also the standard

Table 5. The largest mutual information using sets A, C,

deviation of MSE was quite constant after the fourth and B
component apart from the C set. In general, the performance
of PLS regression was somewhat better than PC regression SeLA set C setB
using a small number of components. The results indicate | 10 bins 100 bins 10 bins 100 bins 10 bins
that a proper amount of components for a PLS regression | X44:0-6773 | Xu, 24090 | X52,0.9652 | X65,3.5723 | X43,0.6883
model is slightly smaller than for a PC regression model. Xs5,0.6194 | Xg 2.3962 | Xeq 0.9198 | X3,3.5400 | X45.0.5371
X11,0.5062 | Xg5, 2.3961 | Xg3, 0.8950 | Xs59,3.5145 X3,,0.5012
Estimated Mean Squared Prediction Error Xe5,0.4758 | X4, 2.3339 | Xs3, 0.7426 | Xs4,3.5134 Xe4,0.4798
0; T T %g,0.4703 | X1, 2.3314 | X44,0.6950 | X57,3.5018 | X7,,0.4500
S U < X33,0.4481 | X7, 2.3111 | Xg5,0.4806 | Xs5,3.5013 | x44,0.4317
g 04 - TL;_:J;;‘L e ]f 7_% - ’l’ bebtiosiey *:gja',, Jation limit 1 X17,0.4285 X36, 2.3033 Xg,0.4520 Xg,3.4994 X53,0.3935
T et D on it X42,0.4210 | Xa7, 2.2976 | X24,0.4336 | X52,3.4990 | Xsp, 0.3879
T X63,0.4038 | Xsz, 2.2929 | X42,0.4206 | X24,3.4916 | X,3,0.3716
X27,0.3916 Xg2,2.2799 X0g,0.4193 X38,3.4909 Xe5,0.3690
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Fig. 3. Partial least squares regression validation results.

3.3 Mutual Information Based Criteria

All the variables, PCA scores, and PLS regression input
scores together with the response variable were analysed with
the mutual information based criteria using data sets A, B, C,
and D. PCA and PLS regression scores were done using all
the candidates. The procedure greedily chose the variable
with the largest incremental gain until the chosen number of
variables was reached. The number of the input variables to
be selected was chosen to be 20 variables. The continuous
variables were quantized for the mutual information
calculations. The data of each variable were quantized in the
first case to 10 bins and in another case to 100 bins so that the
bin limits were quantiles with a regular interval. In MIFS, the
heuristic weighting g was chosen to be 0, 0.5, and 1 in
different tests. When g = 0, the method is reduced into
mutual information ranking. In conclusion, 3-4.2.-6=144
input sets were created. Because of limited space, Table 5
shows only the largest mutual information of ten first
variables chosen from sets A and C together with the set B
(10 bins), which eventually led to the most promising
modelling result.

Table 5 shows that the quantization has a large effect on the
result. With all the tested criteria, the first selected variable
was always the same on the same data set, but could differ
based on the quantization as Table 5 indicates with C. The
subsequent variables varied based on the criteria used. This
arises from the varying emphasis the different criteria have
on the redundancy and conditional terms of (4). Obviously,
the varying operational states of the different sets have an
influence in the varying selections of input variables. The
same is seen in correlation rankings, see Table 3.
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3.4 Evaluation of the Selected Inputs in Modelling

Evaluation of the chosen sets was done with a heuristic trial-
and-error approach by building GRNNs with different input
sets. In GRNNs, spread values 0.1, 0.5, 1, 2, and 10 were
tested, but an optimal value for the spread value was not
searched for. To test GRNNs, there were three cases. In the
first case, the network was trained with the set A and the
performance was tested with the set B. In the second case, the
network was trained with the set C and tested with the set D.
In the third case, the sets A, B, and D formed the training set
E and the set C was the test set. The number of components
from PCA and PLS regression were chosen based on the
variance limits discussed earlier. Only the number of
components defined with the sets A and C were used.
Considering correlation, PCA, and PLS regression sets, the
selected sets formed from the analysis of A were used to train
GRNNSs on A set and E set. Similarly, sets formed from the
analysis of C were used to train GRNNs on C set and E set.
Mutual information criteria based selections were tested with
all the 20 selected variables and with only ten variables
which were chosen first by each criterion. All of these
selections were used on each training set A, C, and E. Sets
formed based on linear correlations included zero lagged
variables without any modifications. GRNNs were trained
with every input variable set, spread value, and training set
(A, C, and E) separately. Therefore, the number of trained
GRNNs was 2-5-2 + 4.5 + 9-5.2 +18-5 + 9-5:2 + 185 +
144-5-3 + 144-5-3 = 4720.

The model prediction performance on the test sets was
monitored with mean squared error, mean absolute error, and
the coefficient of determination. Table 6 shows the best
results of the GRNN performance on the test sets with the
input sets formed with the different methods. From the test
sets B and D only the better result is shown. The best result at
the last row of Table 6 was achieved with MIFS (5 = 0) from
the analysis of the set B. All the presented mutual
information criteria based results in Table 6 were reached
with data quantized into ten bins.
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The best performing neural networks were obtained with
input sets that were formed by mutual information based
criteria using data quantized into ten bins. Obviously, the
quantization into 100 bins was not a proper method. Mutual
information criteria based sets performed better with ten than
twenty variables indicating that the amount of input variables
is highly important part of the selection. A neural network
with PLS regression input scores as inputs performed poorly.
Variables chosen by the linear correlation produced slightly
better performing models than the models with PCA scores
as inputs.

Table 6. General regression neural network prediction
performance without validation

method MSE | MAE r2 spread | testset
correlation 054 | 058 | 0.46 1 B
PCA 0.54 | 059 | 0.46 1 B
PLS regression 0.72 | 0.63 | 0.28 0.1 D
MI-based (20 var.) | 0.42 | 0.49 | 0.58 1 B
MI-based (10var.) | 0.36 | 0.46 | 0.64 1 B
correlation 0.44 | 051 | 0.56 1 C
PCA 052 | 054 | 0.48 1 C
PLS regression 092 | 0.76 | 0.07 0.1 C
MI-based (20var.) | 0.36 | 0.48 | 0.64 C
MI-based (10 var.) | 0.30 | 0.41 | 0.70 1 C

The performance of the best performing GRNN was
compared with PLS regression models, which were built with
the same input set. Also the linear correlation sets were tested
in PLS regression models for the sake of comparison. In PLS
regression models, one to nine latent variables (components)
were tested. Training and test sets were composed from the
set E, which was randomly partitioned into ten subsamples of
the same size; validation set was the set C. 70-fold cross-
validation was performed to validate the results. Table 7
summarises the performance of the models. The values
correspond to the mean observed. The corresponding
variability is indicated by the standard deviations, which are
the values in parentheses. The presented results are chosen so
that the validation MSE is as small as possible. The PLS
regression model with the correlation limit | set in Table 7
has two latent variables; the model with Ml-based set has
three latent variables. Fig. 4 shows the normalized degree of
desulphurization and the predictions by the GRNN and PLS
regression models on the validation period C. The predictions
do not follow all the peaks or slower changes in the degree of
desulphurization; the predictions have some harsh errors as
well. Some of these parts are marked by red ellipses in Fig. 4.
The general level of the degree of desulphurization can be
found promisingly well.

Table 7. 10-fold cross-validation MSE

model training test validation

PLSR (correlation set) | 0.2518(0.0033) | 0.2574(0.0413) | 0.2652(0.0022)

PLSR (Ml-based set) | 0.2862(0.0027) | 0.2888(0.0279) | 0.2707(0.0023)

GRNN (MI-based set) | 0.2217(0.0023) | 0.2468(0.0276) | 0.3009(0.0051)
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Fig. 4. The degree of desulphurization predicted by PLS
regression and GRNN models during the validation period.

4. DISCUSSION

The results indicate that variable selection based on mutual
information criteria is the most valid approach from the tested
approaches in the considered context. The optimal way to
quantize the process variables for the approach needs further
research. The fact that industrial processes often involve non-
linear behaviour came up in the study. Variables or
components chosen by linear methods gave worse non-linear
predictions. On the other hand, the linear PLS regression
models performed slightly better than the non-linear GRNN
model considering the prediction error in validation.
However, the GRNN was not optimised by searching for the
optimal number of input variables and the optimal value of
the kernel bandwidth of the network. The development of the
model for the desulphurization benefits from the lags
discovered by cross-correlation, because the dynamics of the
process need to be taken into consideration.

The use of score vectors from PCA or PLS regression in a
neural network was the least promising approach in this
study. However, Mohamad-Saleh and Hoyle (2008) use PCA
successfully for the elimination of correlated information in
the input data of a Multi-Layer Perceptron neural network.
Linker (2005) use PCA scores as inputs to a sigmoid
feedforward neural network. Lennox et al. (2001) also report
the use of PCA and PCR in addition to cross-correlation in
analysis of input and output variables for dynamic process
models. Li et al. (2007) use PLS regression input and output
scores combined with a Radial Basis Function neural
network. To compare, only input scores were used as inputs
to GRNN in this study.

There are several potential methods not studied here. The use
of another mutual information based algorithm, Partial
Mutual Information (PMI), for input selection of GRNNSs is
reported in May et al. (2008) and Bowden et al. (2005). The
use of Self-Organizing Maps solely or combined with other
methods is reported by (Simild and Laine 2005; Bowden et
al. 2005). Laurinen and Roning (2005) report the use of a
Bayesian network and expert information in the selection of
inputs to a feedforward neural network. The assistance from a
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process expert is generally reported being valuable in input
variable selection (Simula and Alhoniemi, 1999; Lennox et
al. 2001; Laurinen and Roning, 2005).

Guyon and Elisseeff (2003) recommend selecting variables in
two ways. Firstly, variables should be ranked using a
correlation coefficient or mutual information, and secondly, a
nested subset selection method performing forward or
backward selection or multiplicative updates should be used.
This study is in agreement with that. Considering the GRNN,
the sets selected with mutual information based criteria
performed the best. However, a good model is achieved by
fine tuning, where the use of a wrapper or an embedded
method seems inviting.
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ABSTRACT

For geothermal power projects about 40-50% of the total investment cost lies in drilling of the pro-
duction and reinjection wells and the steam supply system to the plant. Current geothermal project
costs for conventional flash-steam plants are about 4,000 USD per kilowatt (kW ) of power. Roughly
half of the well cost comes from materials and infrastructure and the other half is from the rental of
rigs and services (day rates). Drilling of each hole to 2,000-2,500 m may take anywhere from 32 to 60
days. The cost of wells does thus critically depend on the effectiveness of drilling, that is to say the
number of working days. The paper describes an analysis of the drilling performance of 77 high-
temperature geothermal production and reinjection wells in the Hengill geothermal area in Iceland
drilled from 2001 to 2011, and assesses the statistical level of risk. The study compares workdays in
drilling holes of two different casing programmes, and two trajectories of vertical or directional drill-
ing. The production casing was either of a regular diameter of 244.5 mm (9%") or a large diameter of
339.7 mm (13%"). The workdays were normalized to a reference well of four sections, Section 0 of
initial drilling to 90 m, Section 1 to 300 m, Section 2 to 800 m, and Section 3 to 2,235 m depth (Figure
3). The workdays used to drill each of the sections of the hole were broken down and analysed for
seven different activities. The average and standard deviation for each of the four well sections was
calculated and the findings used for the model calculations. For large diameter holes an average of
45 days was required, but 47 days for holes of the regular programme. No difference was found for
vertical or directional trajectories.

The Monte Carlo method was applied to obtain a statistical estimate of the number of workdays and
the cost of a reference hole to 2,235 m with large casings and directionally drilled. The cost estimate
is based on assumed prices for services and material, but not on the actual cost which was not made
available for the study for commercial reasons. The actual drilling contract for Hellisheidi was based
on meter rates (not day rates) and sharing of the risk when problems are encountered. The cost fig-
ures presented in this study reflect what the cost may be, but not the contract. The estimated cost
was found to be $4,318,000 with a standard deviation ¢ of $451,000. The cost lies with 95% confid-
ence between $3,517,000 and $5,262,000. About 31% of the holes encountered drilling problems
which led to higher drilling costs. The additional cost due to drilling problems was estimated on the
basis of workdays that were required to solve the problem beyond the average number of workdays
required in the respective section. In most cases the difficulties were due to a loss of circulation or
collapsing geological formations where the drill string got stuck. The additional cost due to these
problems was though low in most cases. It exceeded 1 ¢ in 23% of the 77 drilled holes, 2 ¢ in 13%
and 3 o in only 8%. The majority of holes were thus drilled according to the original schedule, dem-
onstrating that the perceived high risk of drilling such holes is less than commonly thought.

The Injectivity ((kg/s)/MPa) is determined at the end of drilling by logging the pressure response to
different rates of pumping water onto the well. These results are compared to the final well output
obtained later by flow testing. Such estimates of future production are valuable for deciding
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whether to drill deeper, drill a sidetrack or to apply well stimulation before moving the drilling rig off
the well. The average generating capacity amounted to ~5.7 MW of electricity per well, but surpris-
ingly there was not a significant difference in the mass flow output that could be related to the tra-
jectory nor the well diameter.

1. INTRODUCTION

After successful development of the Nesjavellir Field in the Hengill Geothermal Area (commissioned
1990, generating 120 MW, of electricity and 300 MW, of hot water), Reykjavik Energy decided to
explore other prospects in the area. In the years 2001-2011 the company drilled 55 exploratory and
production wells as well as 17 reinjection wells in the Hengill Area, and 5 make-up wells in the Nesja-
vellir Field. The Hellisheidi Geothermal Plant, about 20 km east of Reykjavik, was commissioned in
four stages 2006-2011. It generates 303 MW, of electricity and 133 MW, of hot water for district
heating. This intensive drilling period in the same geothermal area provided a unique source of data
to obtain statistical estimates of the cost and effectiveness of geothermal drilling. A first attempt to
analyse this data was undertaken by Sveinbjornsson (2010). The following paper reports the main
topics of that reference, with emphasis on the frequency of problems which lead to excessive addit-
ional cost. The number of working days to complete each of four depth sections of the well was ana-
lysed and the time broken down to show how much was spent on drilling, tripping, casing, cement-
ing, logging, repair etc. The results were then grouped according to which well design was used and
technology applied. Cost calculations in this study are based on assumed prevailing prices for services
and material, as the real cost was not made available. The drilling was done by Iceland Drilling Co.
(Jar@boranir ehf) after international tendering, where the cost is based on performance, i.e. price per
meter of hole drilled, and unit costs for material. In the case of problems the cost is shared, and then
day rates come into play. The majority of the wells were drilled with modern drilling rigs, up to four
at the same time, all-hydraulic with a top-drive and the large ones with automatic pipe handling. The
time breakdown in this study was worked out from the geological daily reports prepared by Iceland
GeoSurvey (ISOR) as the daily reports of the rigs are confidential.
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Fig. 1. Prospective fields in Hengill Geothermal Area. Figure from Reykjavik Energy. The Nesjavellir Field is green.
Most of the wells drilled in the years 2001-2011 were in the Hellisheidi, Grauhnukar and Hverahlid Fields. Locat-
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2. DRILLING IN THE HENGILL AREA

A recent description of the conceptual model of the Hengill geothermal system was given by Franz-
son et al. (2010). Fig. 1 shows the drill fields of the Hengill Area. Most of the wells analysed were drill-
ed in the fields of Hellisheidi, Grauhnukar and Hverahlid (Fig. 2).

Two types of casing designs for high temperature wells were used in the Hengill Area. The wells were
either drilled vertical or directional. The most common type is that of a directional well with a “large
diameter” casing program. The initial drilling (Section 0) is by a small rig with a 26" bit down to 90 m
for a 224" surface casing, followed by Section 1 drilled by a larger rig with a 21" bit to 300 m for the
18%" anchor casing. Inclined drilling starts with a kick-off point (KOP) in Section 2, where the inclinat-
ion is gradually built up by 2.5-3.0° per 30 m. The section is drilled with a 17%" bit to 800 m for 13%"
production casing. The open hole in Section 3 is drilled with a 12%" bit to a depth of 1,800 to 3,300 m
for 9%" slotted production liner. The other design is narrower and called the “regular diameter” cas-
ing program. The sections are the same but the diameters 18%" of the surface casing, 13%" anchor
casing, 9%" production casing, and 7" slotted production liner. Fig. 3 shows the design of a vertical
well of regular diameter and a directional well of large diameter.

Vertical well Directional well
Regular Diameter Large Diameter

Master valve

c

e, .

B Expansion spool

()

2] — Casing head

5 h—18 58" Surface casing — 22 /2" Surface casing
0 b T 90 m ~ Pre-drilling r . T 90 = Pre-drilling
R = Y e
300m 17 %" drill bit 300m 21" drill bit
l 13 3" Anchor casing — 18 58" Anchor casing
bia . . 4
800 m —12 %" drill bit 800 m — 17 %" drill bit
- +——9 58" Production casing \ 13 3/8" Production casing
Kick-off Liner hanger
o v L[~ Liner hanger point
2235
m 8 %" drill bit 2235m
| e
Slotted liner 7" ! e\ Slotted liner 9 548"
3
Casing shoe
v Casing shoe

SisoR sy/su2012

Fig. 3. Design of a vertical well of regular diameter and a directional well of large diameter. The well is divided
into four sections, numbered 0-3, according to the depth interval drilled. The figure shows the depth intervals,
on the left, for the reference well. The same section numbers are used in the tables.
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200t rig

Fig. 4. A drilling rig on site at Hellisheidi (200 t hook load capacity). Photo Jar8boranir.

Seven drill rigs were used in the drilling. Two small rigs with a hook-load capacity of 50 tons were
used in the initial drilling (pre-drilling) to 90 m depth. An intermediate rig (100 t) was used mostly for
the shallower sections and four larger rigs (179—-300 t) were used in all sections, but preferably in the
deepest ones.

The initial drilling was performed with air hammer and foam or tricone bits with tungsten carbide in-
serts, using mud and water as circulation fluids. Rotary drilling techniques with tricone bits were app-
lied in Section 1 from 90—-300 m. depth, but in Section 2 from 300-800 m depth a mud motor was us-
ed to rotate the bit and a MWD (Measurement While Drilling) tool inserted in the drill string to moni-
tor direction (Azimuth) and inclination of the well. In Section 3 below the 800 m production casing
until total depth no mud was used but drilling was carried out with only water as long as there were
no circulation losses, but in most wells then switched over to aerated water by compressed air for
pressure balance.

3. TIME ANALYSIS OF DRILLING DATA

To compare the drilling time for different wells, the respective numbers of workdays were normal-
ized for a reference well of that design and the average depth of the group which was 2,235 m. The
frequency distribution of workdays for each section is asymmetric with the most frequent value
lower than the average. An example of this distribution is presented in figure 5 for the workdays in
drilling Section 3 from 800-2,235 m in 46 large diameter directional wells. The data is best fitted by a
Beta-PERT distribution, defined by the lowest, most likely and the highest value observed.
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Fig. 5. Frequency distribution of normalized workdays in drilling Section 3 from 800-2,235 m in 46 large dia-
meter directional wells. The data is asymmetric and best fitted by a Beta-PERT distribution.

Table 1. shows the lowest, most likely and highest values of normalized workdays in drilling the four
sections of directional large diameter wells. Average and standard deviation are calculated for the

respective Beta-PERT distribution.

Wells Workdays total Beta-PERT
Section Drilled Number | Lowest | Most likely | Highest | Average | St. deviation
(m) of wells (days) (o) (%)
0 0-90 38 3 4 14 5.5 1.8 33
1 90-300 44 4 8.5 29 11.2 4.2 37
2 300-800 46 6 9 20 10.3 2.3 23
3 800-2,235 46 8 16 36 18.0 4.7 26
Total 2,235 45.0 6.9

Table 1. Normalized workdays for large diameter reference wells.

The number of wells varies as fewer reports were available on the sections of initial drilling and drill-
ing for the anchor casing than the sections of drilling for the production casing and the productive
open hole. Figure 6 below shows the distribution of the resulting reference class for the total of
workdays in drilling of large diameter wells. The input to the simulation is from Table 1. With 95%
confidence the workdays lie between 32.1 and 60.1 days. The average for the empirical data of the

total is 45.0 days.
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Fig. 6. Distribution of total workdays of a large diameter directional reference well to 2,235 m, from Monte

Carlo simulation.

The workdays were also analysed for each section of drilling and the time used for different activities
such as actual drilling, running and cementing casing, delays due to drilling problems, logging, install-
ation of wellhead (BOPES), repairs of equipment, and other reasons for delays. The results of that
analysis are shown in Table 2.

Holes Workdays Percentage in different activities
Section Drilled Number | Average | Drilling | Casing | Probl. | Logging | Compl. | Repairs | Other
(m) (n) (d) (%) (%) (%) (%) (%) (%) (%)
0 0-90 38 5,5 47,0 28,1 9,5 0,0 11,0 1,7 2,7
1 90-300 44 11,2 36,6 26,3 10,0 9,9 12,5 2,9 1,7
2 300-800 46 10,3 46,6 21,7 51 11,2 11,0 3,9 0,6
3 800-2,235 46 18,0 54,4 5,8 11,1 15,8 7,5 4,8 0,6

Table 2. Percentages of total workdays used in different activities of drilling a directional, large diameter
reference well.

Besides the analysis for the reference well of the directional “large diameter” type it is of interest to
compare the number of workdays for directional and vertical wells of the “regular” program which
have casing diameters of 18%" surface, 13%" anchor, 9%" production casing and a 7" slotted liner.
The results are shown in Tables 3 and 4. The number of wells varies according to the number of each
type drilled and the availability of reports. The average and the standard deviation are calculated
assuming a Beta-PERT distribution for the workdays. The total workdays for the large diameter
directional wells are 45.0 days compared to 45.8 days for much fewer vertical wells.
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Workdays for large diameter wells
Depth 0-300 m

Diameter | Number | Workday | St Dev.
") of wells | average (d) (s)

Section0: 0-90m

Section 1: 90-300 m

21 44 11.2 4.2
l ‘,
Directional Vertical
Depth 300-2,235m Depth 300-2,235 m
Diameter | Number Workday | 5t Dev. Diameter | Number Workday | St. Dev.
" of wells | average (d) (s) ] of wells | average (d) (B3]

Section 2: 300-800 m Section 2: 300-800 m

Section 3: 800-2.235m Section 3: 800-2.235m

Total workdays Total workdays
45.0 6.9 45.8 5.9

Table 3. Workdays for large diameter directional and vertical wells. The first two sections to 300 m are drilled
vertical and then the rest of the well, Section 2 and 3, are either drilled directional or vertical.

Workdays for regular diameter wells
~ Depth0-300m
Diameter | Number | Workday St. Dev.
(] of wells | average (d) (s)

Section0: 0-90m

Section 1: 90-300 m

17% 25 8.3 2.0
Directional Vertical
Depth 300-2,235 m Depth 300-2,235 m
Diameter | Number | Workday | St Dev. Diameter | Number Workday St. Dev.
(") of wells | average (d) (s) ™ of wells | average (d) (s)

Section 2: 300-800 m Section 2: 300-800 m

o [ o | 12 | 28 |

Section 3: 800-2.235m Section3: 800-2.235m

Total workdays Total workdays
43.5 4.7 48.3 7.5

Table 4. Workdays for regular diameter directional and vertical wells.

The directional regular diameter wells take 43.5 days on average but fewer vertical wells 48.3 days.
Considering the numbers in each group and the respective standard deviations the difference in total
workdays is not significant. It is of interest to note that for directional wells the average for 17
narrower program wells is 43.5 days compared to 45.0 days for 46 wells of the large diameter pro-
gram.
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4. COST ANALYSIS

The cost structure in this paper is such that there is a day rate for the drilling rig and crew and also
for the many services engaged such as for cementing, directional drilling, drilling mud, logging etc.
These daily costs vary according to the technology requirements of the equipment, geographic area,
and prevailing market conditions. The unit material costs on the other hand reflect the commodity
prices for steel, cement, fuel oil etc. and their overall cost is therefore more predictable as the usage
guantity can be calculated. On top of this the remoteness of the site and proximity to supplies and
services affect these costs. A small drill rig is used for Section 0 to 90 m (initial drilling), but the
Sections 1, 2 and 3 are drilled by a larger rig.

The estimated cost of drilling the reference well of the large diameter program was calculated on the
basis of the number of workdays required for each section of the drilling, using a weighted average of
the day rates for different activities. A breakdown of cost for different sections is shown in Table 5.

Item of cost Time Material Total

¥ | e ¥ | e ($) (%)

Site and moving in of rigs 490,000 113
Section 0: 0-90 m 219,048 69.2 97,648 30.8 316,696 7.3
Section 1: 90-300 m 634,031 79.5 163,417 20.5 797,448 18.5
Section 2:  300-800 m 633,154 60.7 410,379 39.3 1,043,533 24.2
Section 3:  800-2,235m 1,202,106 72.0 468,628 28.0 1,670,734 38.7
4,318,411 100

Table 5. Breakdown of cost for a large diameter directional reference well to 2,235 m.
5. VARIANCE IN THE TOTAL COST

To obtain an estimate of the variance in total cost Monte Carlo simulations were carried out using
probability distributions for the uncertainties in the number of workdays, the unit costs of material,
and day rates for the drilling rigs. Figure 7 shows the distribution for the total cost of the reference
well of the large diameter directional program. Note that here the cost of the drill site, cellar and
water supply, as well as the cost of moving rigs in, are included. The average obtained for the simu-
lation is $4,317,588, compared to the total cost of $4,318,410 obtained in Table 5. The standard dev-
iation was found to be $451,229. The cost lies with 95% confidence within the limits $3,517,000 and
$5,262,000. Sensitivity analysis shows that the number of workdays causes most of the uncertainty,
58.4% in Section 3, 28.3% in Section 1, and 11% in Section 2. Graphs for accumulated probability indi-
cate that in 30% cases the cost exceeds $4,541,000 and in 30% cases the cost will be lower than
$4,055,000.
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Fig. 7. Total cost of the large diameter directional reference well to 2,235 m.

6. DRILLING PROBLEMS

Although most wells were drilled according to the original schedule, some wells encountered diffi-
culties resulting in workdays exceeding considerably the average for the respective activity. The drill-
ing reports were examined to find the cause of the excess workdays. Most common were problems
due to loss of circulation or collapsing geological formations where the rig got stuck. The time analys-
is identified such problems in 24 wells or 31% of the 77 wells drilled. The additional cost was though
low in most cases.

Problems due to geological formations were the primary cause of problems in 18 of the 24 wells.
They led to other problems such as difficulties in running the casing in 3 wells and excessive cement
loss into the formation. In 5 wells the rig got stuck and had to cut the drill string by explosives, loos-
ing the bottom hole assembly, collars and part of the drill pipes in the well. This occurred twice in
one well. Four wells were sidetracked due to a stuck drill string and 2 because of a wrong direction.
Two wells were abandoned because of collapse and a stuck drill string. Repairs of top drive of drill
rigs were necessary in drilling 4 wells, sometimes due to excessive strain in attempts to free a stuck
string. In 2 wells the section of initial drilling had to be divided into two steps due to overpressure in
shallow boiling aquifers.

The additional cost due to drilling problems was estimated on the basis of workdays that were re-
quired to solve the problem beyond the average number of workdays required in the respective sect-
ion. Also taken into account was the cost of cement, bentonite and other supplies in excess of what is
accounted for in a reference well. Sections that were abandoned by sidetracking were counted as
additional cost in workdays and material used. Thirdly the cost of lost equipment and drill string in
the hole that could not be recovered, was counted as lost in hole charge. Figure 7 shows the cost
above the average, for the 24 problem wells.
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Fig. 7. Additional cost due to drilling problems in individual wells, total 24 wells.

Considering the standard deviation o of $450,000 for the reference well, 18 of the wells have an add-

itional cost less than 3 &.

To obtain a view in terms of the ¢ the additional cost was divided by the ¢ and the frequency calcu-

lated as percentage of the total wells drilled. Fig. 8 shows the result.
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Fig. 8. Percentage of the total of drilled wells with additional cost due to drilling problems larger than a multiple

of the standard deviation o of the reference well.

For 77 wells drilled the additional cost was larger than one o in 18 wells or about 23%. It exceeded 2
o in 10 wells or 13% and 3 o in 6 wells or nearly 8% of the total. This distribution can be of aid in esti-
mating additional risk due to such problems on top of the risk included in the statistical distribution

of the reference well.

7. POWER OUTPUT OF WELLS
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The overall economics of a geothermal power project is strongly influenced by the power output per
well, or how much can be reinjected, which is also considered in evaluating the drilling effectiveness.
Table 6 shows the power output per drilled geothermal production well and per productive well in
the Hellisheidi Field of the Hengill Area. It is of interest to note that the difference between the reg-
ular and large diameter wells appears insignificant.

Diameter Drilled Productive Power per Power per productive
production wells wells drilled well (MWe) well (MWe)
Large diameter 38 33 5.8 6.7
Regular diameter 15 13 5.7 6.6
Total 53 46 5.8 6.7

Table 6. Power output of drilled production wells in megawatts (MW,) of electricity that can be generated.

The data bank could be used for other comparisons such as vertical vs. directional wells, drilling with
water only or managed pressure drilling by aerating the water. Only 7 of the large diameter and 5 of
the regular diameter wells in the Hengill Area were however drilled vertical. A comparison with verti-
cal wells is therefore not reliable.

For success metrics, comparisons were made between the Injectivity at the end of drilling and the
confirmed total mass flow of the well. The Injectivity ((kg/s)/MPa) is determined at the end of drilling
by logging the pressure response to different rates of pumping water onto the well, each step lasting
a few hours. It serves as the first indicator of the well productivity. Fig. 9 shows a log/log-graph of
total mass flow (kg/s) of wells at 8 bar-g drawn against Injectivity (kg/MPa*s). The range of mass flow
lies between 10-100 kg/s and the Injectivity between 20-350 (kg/MPa*s). The figure clearly indicates
a linear relation but the data points are scattered due to different enthalpy of the mass flow which
depends on the temperature of the major feedpoint of each well.
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Fig. 9. A log/log graph of total mass flow (kg/s) of wells at 8 bar-g drawn against Injectivity
(kg/MPa*s).

The results indicate that to obtain reliable predictions of yield on the basis of the Injectivity one must
also consider reservoir conditions and enthalpy of the expected discharge. Such predictions would be
valuable for decisions, whether to deepen a well or redrill the last section as a sidetrack or “fork”.
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8. CONCLUSIONS

The results of this analysis of cost and effectiveness of geothermal drilling clearly indicate that the
the perceived high risk in this kind of drilling is less than commonly thought. The standard deviation
of the total cost of a well is about 10% of the average cost. Only 6 wells, or 8% of the total 77 wells
drilled, had costs exceeding 3 standard deviations. The risk lies mainly in the nature of the geological
formation, problems due to loss of circulation or collapsing walls where the rig gets stuck.

No significant difference was found in the time required to drill holes of the wider 13%" production
casing or the regular narrower casing of 9%" diameter. No difference either was found in the time
used to drill vertical or inclined directional holes. The difference in power output between the regul-
ar and large diameter wells also appears insignificant.
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Abstract

Sustainable development involves meeting the needs of the present without compromising
the ability of future generations to meet their needs. The Earth’s enormous geothermal
resources have the potential to contribute significantly to sustainable energy use worldwide
and to help mitigate climate change. Experience from the use of geothermal systems world-
wide, lasting several decades, demonstrates that by maintaining production below a certain
limit the systems reach a balance between net energy discharge and recharge that may be
maintained for a long time. Therefore, a sustainability time-scale of 100 to 300 years has been
proposed. Modelling studies furthermore indicate that the effect of heavy utilization is often
reversible on a time-scale comparable to the period of utilization. The long production
histories that are available for geothermal systems worldwide provide the most valuable
data available for studying sustainable management of geothermal resources, and reservoir
modelling is the most powerful tool available for this purpose. Long utilization experiences
from e.g. Iceland, New Zealand, El Salvador, Kenya and China are reviewed and sustaina-
bility modelling studies for a few geothermal systems in these countries presented.

1. Introduction

Geothermal resources are distributed throughout the Earth’s crust with the greatest energy
concentration associated with hydrothermal systems in volcanic regions at crustal plate
boundaries. Yet exploitable geothermal resources may be found in most countries, either as
warm ground-water in sedimentary formations or in deep circulation systems in crystalline
rocks. Shallow thermal energy suitable for ground-source heat-pump utilization is available
world-wide and attempts are underway at developing enhanced geothermal systems (EGS)
in places where limited permeability precludes natural hydrothermal activity. The potential
of the Earth’s geothermal resources is enormous when compared to its use today and to the
future energy needs of mankind and even though geothermal energy utilization has been
growing rapidly in recent years it is still miniscule compared with the Earth’s potential.
There is, therefore, ample space for accelerated use of geothermal resources worldwide in the
near future.

Sustainable development has been receiving ever increasing attention and emphasis world-
wide and it's become clear that some kind of sustainable development is essential for the
future of mankind, both because of the Earth’s limited resources and for environmental
reasons. The Earth’s geothermal resources have in fact the potential to contribute signifi-
cantly to sustainable energy use worldwide and to help mitigate climate change. Two main
issues are of principal significance when sustainable geothermal utilization is being consid-
ered; (1) the question whether geothermal resources can be used in some kind of sustainable
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manner at all and (2) the issue of defining an appropriate time-scale. The first issue can only
be addressed on the basis of comprehensive knowledge on the geothermal system in
question; both on its inherent nature and on its production capacity. Modelling plays a key
role in assimilating that knowledge.

The energy production potential of geothermal systems, in particular hydrothermal systems,
is predominantly determined by pressure decline due to production (Axelsson, 2008). This is
because there are technical limits to how great a pressure decline in a well can be for it to
remain productive. The production potential is also determined by the available energy
content of the system, i.e. by temperature or enthalpy and size. The pressure decline is deter-
mined by the rate of production, on one hand, and the nature and characteristics (size,
permeability, boundary conditions, etc.) of the geothermal system, on the other hand.
Natural geothermal reservoirs can most often be classified as either open or closed, with
drastically different long-term behaviour, depending on their boundary conditions.

Pressure declines continuously with time, at constant production, in closed systems or ones
with small recharge (relative to the production). In such systems the production potential is
limited by lack of water rather than lack of thermal energy. Pressure stabilizes in contrast in
open systems because recharge eventually equilibrates with the mass extraction. The
recharge may be both hot deep recharge and colder shallow recharge. The latter will
eventually cause reservoir temperature to decline and production wells to cool down. In
such systems the production potential is limited by the reservoir energy content
(temperature and size) as the energy stored in the reservoir rocks will heat up the colder
recharge as long as it is available/accessible. The situation is somewhat different for EGS-
systems and sedimentary systems utilized through production-reinjection doublets and heat-
exchangers with 100% reinjection. Then the production potential is predominantly controlled
by the energy content of the systems involved. But permeability, and therefore pressure
variations, are also of controlling significant in such situations.

Experience from the use of geothermal systems worldwide, lasting several decades (long
utilization histories), clearly indicate that geothermal systems can be utilized for several
decades without significant decline in output due to the fact that they often appear to attain a
sort of semi-equilibrium in physical conditions during long-term energy-extraction. In other
cases physical changes in geothermal systems are so slow that their output is not affected for
decades. Various modelling methods, applicable to geothermal systems, are the principal
tools available to study the possible sustainable utilization of geothermal resources and
modelling studies have, in fact, extended the case histories to 1 or 2 centuries. Such modell-
ing studies are the subject matter of this paper.

Sustainable geothermal utilization has been discussed to some degree in recent years, often
without a clear vision of what the term “sustainable” entails. A general and logical definition
has been missing. In addition, the terms renewable and sustainable are often confused. The
former should refer to the nature of a resource, while the latter should refer to how it is used.
A considerable amount of literature dealing with the issue has been published during the last
decade, with Axelsson (2010) providing information on several relevant references. The
reader is, furthermore, referred to a recent special issue of the international journal
Geothermics (Mongillo and Axelsson, 2010). The following chapter is devoted to a review of
several aspects of the issue of sustainable geothermal energy utilization.
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2. Sustainable Geothermal Utilization

The definition of the term sustainable development, most often referred to today, is a
definition stemming from the so called Brundtland report (World Commission on
Environment and Development, 1987):

Humanity has the ability to make development sustainable to ensure that it meets the needs of
the present without compromising the ability of future generations to meet their own needs.

This is a very general definition, which is nonetheless being increasingly used to analyse
most aspects of human endeavours and progress. Sustainable development, of course,
includes meeting the energy-needs of mankind and geothermal resources can certainly play
a role in sustainable energy development, in particular since it is recognized that they should
be classified among the renewable energy sources.

Two main issues are of principal significance when geothermal sustainability is being
discussed and evaluated. These are (1) the question whether geothermal resources can be
used in some kind of sustainable manner at all and (2) the issue of defining an appropriate
time-scale. Long utilization histories, such as those discussed later, clearly indicate that
geothermal systems can be utilized for several decades without significant decline in output
due to the fact that they often appear to attain a sort of semi-equilibrium in physical
conditions during long-term energy-extraction. Modelling studies have, consequently,
extended the periods to 1 or 2 centuries, as already mentioned.

The second issue is the time-scale. It is clear that the short time-scale of 25-30 years usually
used for assessing the economic feasibility of geothermal projects is too short to reflect the
essence of the Bruntland definition, even though economic considerations are an essential
part of sustainability. It is furthermore self-evident that a time-scale with a geological
connotation, such as of the order of millions of years, is much too long. This is because at
such a time scale the sustainable potential of a geothermal system would only equal the
natural flow through the system. Therefore an Icelandic working group proposed a time-
scale of the order of 100 — 300 years as appropriate (Axelsson et al., 2001). Others have
proposed time scales of the order of 50 — 100 years. Fig. 1, presented by the working group, is
intended to capture the essence of its definition of sustainable production, for the time scale
proposed by the group, i.e. if production is below a certain level (Eo) it can be maintained
while production above the limit can’t be maintained and has to be reduced before the
period chosen has ended.

It is important to keep in mind, however, that sustainable geothermal utilization not only
involves maintaining production from each individual geothermal system. This is because
sustainable development should incorporate all aspects of human needs and activity. It is
also important to keep in mind that sustainable development does, in addition, not only
involve preserving the environment, as sometimes assumed. In fact, sustainable utilization
involves an integrated economic, social and environmental development. Therefore
geothermal production can e.g. to some extent be excessive (greater than the sustainable
level) for a certain period if outweighed by improved social and/or economic conditions.

It is difficult to establish the sustainable production level, Ey, for a given geothermal system.
This is because the production capacity of geothermal systems is usually very poorly known
during exploration and the initial utilization step, as is well known. Even when considerable
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production experience has been acquired estimating accurately the production capacity, and
hence the sustainable production level, can be challenging.
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Figure 1. A schematic graph showing the essence of the definition of sustainable production presented
by Axelsson et al. (2001). Production below the sustainable limit Eo can be maintained for the whole
period being assessed, while greater production can’t be maintained.

In spite of this downside one should bear in mind that the sustainable production level of a
particular geothermal resource can be expected to increase over time with increasing
knowledge on the resource, i.e. through continuous exploration and monitoring. In addition
it can be expected to increase additionally through technological advances, e.g. in
exploration methods, drilling technology and utilization efficiency.

When appraising the more general sustainable geothermal utilization an evaluation
shouldn’t necessarily focus on a single geothermal system. Either the combined overall
production from several systems controlled by a single power company can be considered or
several systems in a certain geographical region, even whole countries. Therefore, individual
geothermal systems can e.g. be used in a cyclic manner, through which one system is rested
while another is produced at a rate considerably greater than Eo, and vice versa. This idea is
based on an expected reclamation (recovery) of most geothermal systems when utilization is
stopped, on a time-scale comparable to that of the utilization (Axelsson, 2010). The recovery
expectation is both based on experience and results of numerical modelling.

This bring us to the possible production modes for individual geothermal systems, which
can be incorporated in a more general sustainable geothermal utilization scheme, shown in
Fig. 2. Mode (3) is cyclic and would require the utilization of another geothermal system, or
other systems, when the primary one is being rested. Mode (4) is a variation of mode (3) in
which utilization at a reduced rate is envisioned during the resting period instead of a
complete stop.
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Figure 2. Different production modes for geothermal systems which can be incorporated into
sustainable geothermal utilization scheme (based on Axelsson, 2010).

3. Sustainability Modelling

3.1 The Basis — Long Case Histories

A number of geothermal systems worldwide have been utilized for several decades. These
provide the most important information on the response of geothermal systems to long-term
production, and on the nature of the systems, if a comprehensive monitoring program has
been in operation in the field. Such information provides the basis of understanding the issue
of sustainable geothermal utilization, as well as the basis of sustainability modelling.
Axelsson (2010) lists a number of well-known examples of systems that have been in use for
30 or more years. A number of low-temperature (< 150°C) geothermal systems in Iceland
have been used for even longer than three decades; their production histories are presented
in Axelsson et al. (2010a).

Most of the case histories referred to above have shown it is possible to produce geothermal
energy in such a manner that a previously unexploited geothermal system reaches a new
equilibrium, and this new state may be maintained for a long time. Pressure decline during
production in geothermal systems can cause the recharge to the system to increase
approximately in proportion to the rate at which mass is extracted. The new equilibrium is
achieved when the increased recharge balances the discharge. Experience has also
demonstrated that when reinjection is applied, cold-front breakthrough can be averted and
thermal decline managed for decades.

One of the best examples of long-term utilization is the low-temperature Laugarnes
geothermal systems in Reykjavik, Iceland, where a semi-equilibrium has been maintained
the last four decades indicating that the inflow, or recharge, to the systems is now about
tenfold (assuming the artesian flow to approximately equal the recharge) what it was before
production started. In other cases geothermal production has been excessive and it has not
been possible to maintain it in the long-term. The utilization of the vapour-dominated
Geysers geothermal system in California is a well-known example of excessive production.
For a few years, the installed electric generation potential corresponded to more than 2000
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MW, which has since been reduced by more than half because of pressure decline in the
system due to insufficient fluid recharge (Goyal and Conant, 2010).

Another low-temperature long-term utilization example is worth mentioning, or the
sedimentary geothermal resources in the Paris Basin. Sedimentary geothermal resources are,
quite different from volcanic or convective tectonic systems because of how extensive in area
they are. The Paris Basin hosts a vast geothermal resource associated with the Dogger lime-
stone formation, which stretches over 15,000 km? (Lopez et al., 2010). The Dogger resource is
mainly used for space heating through a doublet scheme, consisting of a closed loop with
one production well and one reinjection well. Utilisation of the Dogger geothermal reservoir
started in 1969 and following the two oil crises more than fifty geothermal plants had been
constructed in the Paris Basin. Some of the doublets have been abandoned, mostly due to
economic reasons, at least temporarily. Today some doublets are being revitalized and new
ones are being drilled. The production and reinjection wells of the Paris doublets are usually
separated by a distance of about 1,000 m to minimise the danger of cooling due to the
reinjection. Experience, lasting 3 — 4 decades, has shown that no significant cooling has yet
taken place in any of the Paris production wells. This is in spite of various modelling studies,
which have indicated that the doublets should start to cool down after 2 decades or so
(Lopez et al., 2010).

Axelsson (2010), furthermore, lists several high-temperature, volcanic type geothermal
systems with long utilization case histories that should provide important data to base
sustainability modelling on. These include:

* Ahuachapan, El Salvador, used since 1976
= (Cerro Prieto, Mexico, used since 1973

* Larderello, Italy, used since the 1950s

= Krafla, Iceland, used since 1976

» Svartsengi, Iceland, used since 1976

* Olkaria, Kenya, used since 1981

* Matsukawa, Japan, used since 1966

* Palinpinion, Philippines, used since 1983
* Tiwi, Philippines, used since 1979

= Wairakei, New Zealand, used since 1958

3.2 Long-term Sustainability Modelling

Modelling studies, which are performed on the basis of available data on the structure and
production response of geothermal systems, or simulation studies, are the most powerful
tools to estimate the sustainable potential (i.e. Eo) of the systems (Axelsson, 2010). They can
also be used to assess what will be the most appropriate mode of utilization in the future and
to evaluate the effect of different utilization methods, such as reinjection. It is possible to use
either complex numerical models, or simpler models such as lumped parameter models, for
such modelling studies (Axelsson et al., 2005). The former models can be much more accurate
and they can both simulate the main features in the structure and nature of geothermal
systems and their response to production. Yet lumped parameter models are very powerful
for simulating pressure changes, which are in fact the changes which are the main control-
ling factor for the responses of geothermal systems.
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The basis of reliable modelling studies is accurate and extensive data, including data on the
geological structure of a system, its physical state and not least its response to production.
The last mentioned information is most important when the sustainable potential of a
geothermal system is being assessed and if the assessment is to be reliable the response data
must extend over a few years at least, or even a few decades, as the model predictions must
extend far into the future.

The sustainable potential of geothermal systems, that have still not been harnessed, can only
be assessed very roughly. This is because in such situations the response data mentioned
above is not available. It is, however, possible to base a rough assessment on available ideas
on the size of a geothermal system and temperature conditions as well as knowledge on
comparable systems. This is often done by using the so-called volumetric assessment method
with the Monte Carlo method (Axelsson, 2008).

Axelsson (2010) presents the results of modelling studies for three geothermal systems that
were performed to assess their sustainable production potential, or to provide answers to
questions related to this issue. Two of these are the Hamar geothermal system in Svarfadar-
dalur in north Iceland, which is used for space heating and other direct uses in the town of
Dalvik and in the surrounding region, and the Beijing Urban geothermal system below the
city of Beijing in China, which is used for heating and other direct uses in the city.

The Hamar geothermal system has been used since 1969, and during the last few years the
average yearly production has been about 30 1/s of 65°C water. A lumped parameter model,
as well as an energy content model, were used for the Hamar modelling study (see figures 3
to 5). The results of the calculations show the sustainable production potential of the system
is probably a little bit more than the present production, i.e. about 40 1/s average production
(see water-level predictions until the year 2170 in Fig. 4). It appears, however, that the
sustainable energy production potential of the Hamar system is controlled by energy content
and the limited size of the thermal water system, rather than by pressure decline, as can be
seen from Fig. 5.
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Figure 3. Production history of the Hamar geothermal system in N-Iceland. The water-level history
was simulated by a lumped-parameter model (squares = measured data, line = simulated data). From
Axelsson (2010).
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Figure 4. Predicted water-level changes in the Hamar geothermal system for a 200-year production
history (figure shows annual average values). From Axelsson (2010).
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Figure 5. Estimated cold-front breakthrough times for the Hamar geothermal system based on the
model of Bodvarsson (1972). From Axelsson (2010).

The Beijing Urban geothermal system is embedded in permeable sedimentary layers
(carbonate rocks) at 1 — 4 km depth below Beijing and has been used since the 1970s (Liu et
al., 2002). The average yearly production from the system has been a little over 100 1/s of 40 to
90 °C water (mainly used during the four coldest months of the year). The response of the
geothermal system to this production and predictions by a lumped parameter model (see
tigures 6 and 7) show the production potential of the Beijing Urban system is constrained by
limited water recharge to the system, but not energy content.

The model calculations for the Beijing Urban system demonstrate the sustainable potential of
the system is less than 100 1/s average yearly production. However, this depends on how
much water-level drawdown will be acceptable in 100 to 200 years. Through a revision of the
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mode of utilization, which would involve reinjection of a large proportion of the water
extracted, the sustainable potential could be as much as 200 1/s average yearly production.
That would be a 100% increase of the production maintained from the system until now.
Simple energy balance calculations show that more than sufficient thermal energy is in place
in the system if the reinjection-production system is managed efficiently, as in the Paris

Basin.

Water—level (m a.s.l)

|
N N
o o o
T FE T T T T T T T " T T T "1 "]

|
N
(@]

|
(0)]
@]

Water—level

Flow—rate

1980

1985

1990

1995

200

500
400
w
~
300 2
ot
2
200 1
o
('
100

Figure 6. The production history of the Urban geothermal field in Beijing with the water-level history
simulated by a lumped-parameter model (squares = measured data, line = simulated data). From
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Figure 7. Predicted water-level changes in the Urban geothermal field in Beijing for a 200-year
production history (figure shows annual average values). From Axelsson (2010).

Nesjavellir is one of the high-temperature geothermal areas in the Hengill volcanic region in
southwest Iceland. It has been in use since 1990, at first for direct heating and later for
cogeneration of electricity and heat. Today, the generating capacity of the Nesjavellir power
plant is 120 MW. electrical power and 300 MW thermal power. A 3D numerical simulation
model, as well as a lumped parameter model, have been set up for the Nesjavellir system.
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The present numerical model is actually a part of a much larger and more complex numeri-
cal model of the whole Hengill-region and surroundings (Bjornsson et al., 2003). The results
of calculations by these models have demonstrated the present rate of utilization is not
sustainable; that is, the present production cannot be maintained for the next 100 to 300 years
(Fig. 8). The model calculations indicate, however, the effects of the present intense
production should mostly be reversible. Figure 9 shows the reservoir pressure should
recover over approximately the same time scale as the period of intense production. The
thermal cooling effects, which are rather limited in amplitude and not as well determined
(poorly constrained in the model because no cooling has been observed yet) as the pressure
effects, appear to last much longer according to the numerical model. Therefore, it should be
possible to utilize the Nesjavellir system, in the long term, according to production modes (3)
or (4), described above (Fig. 2).
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Figure 8. Pressure decline data (measured as water level) from an observation well at Nesjavellir
simulated by a lumped parameter model and pressure decline predictions, calculated using an open
(optimistic) and a closed (pessimistic) model, for a 120 MWe future production scenario (Axelsson,

2010). The total mass extraction from the field is also shown (no injection into main reservoir).

Another two modelling studies, which are in fact sustainability modelling studies, have been
carried out for the Ahuachapan high-temperature geothermal system in El Salvador and the
Wairakei high-temperature geothermal system in New Zealand. The main results of these
two studies are reviewed below. Both systems constitute examples of systems having quite
long and well documented production and response histories. The Ahuachapan study
focussed on the long term management of the geothermal system, based on monitoring data
collected since its utilization started in 1976 (Monterrosa and Montalvo, 2010). Figure 10
shows simulated and predicted pressure changes in the Ahuachapan geothermal system up
to 2075 assuming production at full power plant capacity of 95 MW-. (gross). The figure
shows a modest decline in reservoir pressure. The decline may require future modification of
power plant conditions, such as some lowering of turbine inlet pressure, however (Monter-
rosa and Montalvo, 2010).
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Figure 9: Calculated changes in reservoir pressure and temperature in different parts of the Hengill
area, including the central part of the Nesjavellir geothermal reservoir, during a 30-year period of
intense production, and for the following recovery (production stopped in 2036). Predicted
temperature changes are not well constrained because no cooling has been observed as of 2010. Figure
from Axelsson et al. (2010b); see also Bjérnsson et al. (2003).
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Figure 10: Predicted pressure changes in the Ahuachapan geothermal system in EIl Salvador up to
2075, for a future scenario of 95 MWe constant production. Figure from Axelsson et al. (2010b); see
also Monterrosa and Montalvo (2010).
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The Wairakei system in New Zealand has been utilized since 1958 and recently the electricity
generation has corresponded to an average electrical generation of 170 MWe.. The
sustainability modelling study for Wairakei focussed on predicting the systems response for
another 50 years or so as well as predicting the recovery of the system once energy
production will be stopped, after about 100 years of utilization (O’Sullivan et al., 2010; see
also O’Sullivan and Mannington, 2005). An example of the results of the study is shown in
Fig. 11, which shows on one hand the pressure response of the system and on the other its
temperature evolution. As in the case of Nesjavellir presented above, the pressure recovers
very rapidly while temperature conditions evolve much more slowly.
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Figure 11: Predicted pressure and temperature recovery in the Wairakei geothermal system in New
Zealand following 100 years of production. Figure from Axelsson et al. (2010b); see also O’Sullivan
and Mannington (2005) and O’Sullivan et al. (2010).

Finally it may be mentioned that Rybach et al. (2000) and Ungemach et al. (2005) have
performed sustainability modelling studies for ground source heat pump applications and
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the doublet operations in the Paris Basin, respectively. Reviewing those studies is beyond the
scope of this paper. Axelsson (2010) also presents the results of a simple sustainability
modelling study for the Olkaria-I sector of the Olkaria high-temperature, volcanic geo-
thermal system in Kenya.

4. Conclusions

It is argued that geothermal resources can be utilized in a sustainable manner if a time-scale
of the order of 100 — 300 years is assumed. This paper has discussed the issue of sustaina-
bility modelling and presented several examples of such work, focussing on this long time-
scale. The modelling examples either focus on long-term predictions or the recovery of
geothermal systems following periods of heavy utilization. The sustainable energy produc-
tion potential of a geothermal resource is either controlled by the reservoir pressure decline
caused by production or by the energy content of the system in question, both depending on
the nature of the resource in question. Case histories of numerous geothermal systems
world-wide, which have been utilized for several decades, provide the most important data
for sustainability and renewability research, including sustainability modelling.

As the possible role of geothermal energy utilization in sustainable development receives
increasing attention and sustainability research is stepped up, international collaboration on
issues related to sustainable geothermal utilization has been increasing. Collaboration
through the International Energy Agency’s (IEA) Geothermal Implementing Agreement
(GIA) has e.g. been significant. A specific task of the GIA has in recent years focussed on
collecting information, identifying research needs, facilitating international collaboration on
the issue through workshops and meetings, as well as facilitating the publication of scientific
papers and reports on geothermal sustainability studies and research (Axelsson et al., 2010b).

Several research issues, which have been identified through the IEA-GIA sustainability
work, need to be studied in conjunction with sustainability research and modelling. Some of
these are listed below (from Axelsson, 2010; see also Rybach and Mongillo, 2006):

(1) What factors are most significant in controlling long-term reservoir behaviour and
capacity? These include: size, permeability, boundary conditions, natural recharge,
reinjection, etc.

(2) How significant and far-reaching are long-term production pressure drawdown and
reinjection cooling effects? In particular, how significant is interference between
adjacent geothermal areas?

(3) Which are the optimum strategies for the different modes of production presented
above, such as continuous and periodic production and reinjection scenarios in
different cases?

(4) How rapidly and effectively do geothermal systems recover during breaks after
periods of excessive production?

(5) What is the reliability of long-term (~100 years) predictions of reservoir production
response using various methods (stored heat, simple analytical models, complex 3D
models, etc.)?

(6) What information should be collected at pre-exploitation and early development stages
to significantly reduce uncertainties in long-term resource sustainability assessments?
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Abstract

Geothermal energy has been supplying heat to district networks in the Paris Basin for more than 40
years. In this densely urbanized area, the main target of all exploration and exploitation projects has
been the Dogger aquifer (1500-2000 m deep). Initial difficulties, due to corrosion and scaling related
problems, have been overcome in the mid-1980s and, since then, operations have been providing
heat daily to more than 150,000 dwellings. Operating facilities use the “doublet” technology which
consists of a loop with one production well and one injection well. Consequently, injection of the
cooled brines leads to the progressive exhaustion of the resource at the local doublet scale. Most of
the research effort has been focused on quantifying the temporal evolution of the cooling, and to
forecast the lifetimes of doublets and the occurrence of the “thermal breakthrough”.

Yet, with the need for carbon free energy sources there has been a revival of geothermal energy
development in France: many projects are presently being considered and new operations have
already been carried out. In this context, it appears that the aquifer geothermal resource has to be
managed and modeled as a whole. For this purpose, BRGM maintains an up-to-date hydraulic and
thermal model of the aquifer which can help policy makers to improve regulatory framework and
which can support stake holders to carry out new operations. Moreover, because of potential
conflicts of use which are emerging in densely exploited areas, a fine understanding of reservoir
behavior is needed and new technological solutions must be developed: exploration and exploitation
of underlying or overlying aquifers, seasonal heat storage...
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Historical perspective

40 years of geothermal exploitation of The Dogger aquifer

The Paris basin is the largest onshore sedimentary basin in France. It occupies a vast part of Northern
France (110,000km?) and extends northward to Belgium and below the English Channel. Its origin is
linked to a period of rifting in Permo-Triassic times. The central part of the Basin, where the
subsidence was the greatest, is filled with about 3000 m of sediments (Guillocheau et al., 2000;
Delmas et al., 2002).

temperature (°C)
2000 30.00 40,00 85000 €000

Figure 1 : 3D view of the top of the Dogger aquifer and associated temperatures
(white wirelines highlight the lle de France region with Paris at its center)

Among the four main lithostratigraphic units exhibiting aquifer properties in the basin, the mid-
Jurassic (Dogger) carbonate rocks were identified as the most promising geothermal development
target below the urbanized Paris area (Ungemach et al., 2005). Several oil-bearing reservoirs were
also identified in this geological unit some of which correspond to the target layers for geothermal
exploitation. In its slow circulation through the basin, the fluid reaches depths of 2000m where it
acquires its geothermal potential with good transmissivities and temperature that can reach 80°Cin
the deepest areas.

The geothermal development of French sedimentary basins started in the early-1970s (Lemale and
Pivin, 1987; Demange et al., 1995; Laplaige et al., 2005; Lopez et al., 2010). In the Paris basin, the
main target has been the Dogger aquifer whose development was favored by three main technical
and economic factors:
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e The presence of a productive hot reservoir, located at a reasonable depth, whose
characteristics (temperature and transmissivities) were suitable for the supply of district
heating networks (cf. temperature map on figure 1).

e The existence of an important potential heat market, with densely populated areas, suitable
for low-temperature energy production: the Paris area with more than 10 million
inhabitants.

e Availability of public policy incentives and insurance policies that favored the development of
new energy sources.
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Geothermal District Heating in lle de France

Remediation and rehabilitation

casing replacement MELUN L’ALMONT

O
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O new doublet (recent or planned)
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Figure 2 : Remediation and/or rehabilitation of deep geothermal wells in the Paris area (lle de France region)
(map by C. Chery/BRGM)

The first successful operation targeting the Dogger aquifer was drilled at Melun I’Almont in 1969,
more than 40 years ago (cf. location map on figure 2). It is still active today, providing space heating
for 5000 houses, after the replacement of the first two wells. Nevertheless, the growth in
exploitation of the Dogger geothermal potential has not been steady instead and has rather been
reflecting the French technical and economic context. A large number of operations were planned
and completed in the aftermath of the 1973 and 1979 oil crises, when governmental policies
supported energy conservation and the development of alternative sources of energy. The drilling of
new doublets was especially favored by the development of an insurance policy that covered
geological hazard (e.g., poor flow rate), as well as long term behavior and exploitation of the doublet
(i.e., decrease in the temperature of the produced brine).

The 1986 drop in fossil energy prices impeded new operations and initiated a period marked by very

little activity. Forty-two wells were abandoned for technical (corrosion or scaling) or economic
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reasons (low profitability of geothermal operations compared with fossil energies, drop in interest
rates that penalized older loans used to finance geothermal operations). The vast majority of
abandoned operations lie in the northwest part of the Basin, which is the area of lowest geothermal
fluid temperature ranging from 55 to 65°C (figure 1).

Then, during the 90s and until the middle of the years 2000, drilling activities in the Paris basin were
reduced to the replacement of damaged wells or the development of existing facilities (Laplaige et
al., 2005). Tough there has been a boost in geothermal activity at the turn of the century, over half of
the existing district heating networks with a geothermal supply in the Paris region (17 out of 29) were
equipped with gas cogeneration plants. This choice had significant impacts on existing geothermal
loops. The resulting reduction of the average exploitation flow rate induced an increase of corrosion
and scaling related problems. These damaged several well casings that had to be replaced. In 2005,
the average rate of geothermal energy use for the group of 29 heat networks was around 60%,
compared to 72% for the previous situation when there were no cogeneration facilities (Laplaige et
al., 2005).

As a consequence of the growing needs for producing heat in a less polluting way and with a lower
carbon footprint, it's been a few years now that old wells are progressively being replaced, several
new geothermal doublets have been drilled and many other operations are planned (figure 2). By the
beginning of 2012, there were more than 120 deep geothermal wells exploiting the Dogger aquifer in
the Paris basin. Moreover, some areas are becoming so densely exploited that potential resource
exploitation conflicts are emerging and new challenges concern mainly the sustainable exploitation
of the aquifer as a whole.

Exploitation characteristics

Nearly all geothermal operations exploiting the Dogger aquifer use the “doublet” technology
consisting of a closed loop with one production well and one injection well. The wells target
productive layers which lie between 1500 and 2000 m deep. They are usually completed with an
open hole through a reservoir thickness ranging from 100 to 150m of carbonate deposits. By the end
of the 1970s, the routine acquisition of well logs, especially flowmeter logs, revealed the high vertical
and lateral variability in the hydrological characteristics of the aquifer. There can be from 3 to 20
individual productive layers in the formation with a cumulative thickness (net pay) of only 10% of the
total aquifer thickness. On average, this net total productive thickness is of the order of 20 m, with
10-15 high permeability (2—20 Darcy) layers. A single productive layer may represent as much as 80%
of the total flow rate (Lemale, 2009).

Formation temperatures at the top of the productive layers are generally between 55°C and 80°C
(figure 1). The mean temperature gradient between the surface and the formation is 3.5 °C/100 m.
Minimum temperatures are found at 1650m below surface, northeast of Paris, where average
thermal gradients are as low as 2.75 °C/100 m. This zone corresponds to a cold anomaly area that
can be explained by regional cold water flows coming from the upper parts of the aquifer. Some
authors proposed that this cold area could be linked to circulations induced by the historical
intensive exploitation of overlying aquifers for drinkable water, since the middle of the 19" century
(Burrus, 1997). Maximum gradients of 4.1°C/100m are recorded southeast of Paris.

The salinity of exploited brines ranges from 6.4 mg/l to 35 mg/I. At basin scale, salinity increases from
the southeast, where the reservoir outcrops (0.5 g/l), to the deepest area where it reaches 35 g/I.
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These salinity variations influence the brine density and viscosity and hence the aquifer-scale fluid
flow (Menjoz and Lambert, 1991), but these variations have a negligible effect at the scale of
geothermal doublet exploitation.

Facies and diagenetic porosity reduction patterns are complex. The original porosity and permeability
properties are strongly influenced by contemporaneous dissolution events related to high frequency
sea level fluctuations. Fracture porosity is often present (Delmas et al., 2002). Investigations showed
a direct relation between the porosity and the sedimentary environment, particularly where the
sandy sediments with matrix porosity were deposited (Rojas.J. et al., 1989).

The doublet technology has several advantages:

e There are no environmental impacts as the cooled geothermal brine is fully reinjected, and
prohibitive costs of chemical processing of geothermal brines for surface disposal are
avoided.

e Production flow rate is maintained whereas a single well exploitation would have
progressively reduced the reservoir pressure, eventually affecting pumping conditions.

e Thanks to the pressure interference the exploitation pressures are stabilized and the area
impacted by pressure variation is limited: an exploitation domain can be legally defined by
the authorities, thus allowing the setup of an efficient strategy for the optimal management
of the aquifer.

From the doublet scale to regional scale management

Cold water breakthrough is an inevitable consequence of the doublet approach. The practical lifetime
of a geothermal project can be defined as the time for the produced fluid temperature to decline to a
level that exploitation is no longer beneficial. During the 1980s, when most of the doublets were
drilled, numerical modeling studies based on rather pessimistic assumptions estimated the average
lifetime of geothermal doublets to be 20-25 years. Most of the doublets have now been exploited
for more than 20 years, and, so far, no thermal decline has been observed in any but one of the
geothermal loops and one more may be suspected on another operation.

Although the practical lifetime is longer than had been expected, uncertainty still remains about
when and how much the temperature will decline. Since the beginning of geothermal exploitation in
the Paris Basin, the resource has been exploited without any real attempt to optimally manage the
Dogger resource. Now, as the predicted thermal breakthrough time of some doublets is approaching,
the non-sustainable character of individual geothermal projects has become a matter of concern for
many stakeholders. Consequently, there is a urgent need to define guidelines to be followed for the
development of new doublets in order to properly manage and optimize the exploitation of the
resource. This is especially true in districts where the doublet density is already high or where the
density of surface heating networks would make future intense exploitation probable.
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Figure 3: Temperature of the resource in densely exploited areas
(Hamm et al., 2010)

A long term project devoted to Dogger aquifer management has been started in 2007. This project is
run cooperatively by ADEME (French Environment and Energy Management Agency), BRGM, and the
Ile de- France Regional Council. As of today, out of the 35 pairs currently operating in the Paris
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region, 27 are located in Val-de-Marne and Seine-Saint-Denis areas. Since 2009, a regional model of
the geothermal resource and of the impact of its exploitation has been developed with the objectives
(figure 3) :

e to better understand the extension of the cooled zones and to optimize the forthcoming
operations (rehabilitation or location of new wells, doublets or any other technology),
e to be able to predict the production temperature evolution of existing producing wells.

Modeling works have been constrained using the “Dogger database” which was created in 2001. For
all operations, this database contains all historical data since 1969 concerning drilling, workovers,
plant equipment, aquifer characteristics, operating histories (flow rate, injection temperature and
pressure, etc.) and monitoring data. The regional model is regularly updated and new data from the
Dogger exploitation are integrated via the database.

Finally, in very densely exploited areas, sophisticated completion schemes and well architectures
such as horizontal or multi-lateral wells may be an interesting option if they become economically
affordable (Ungemach et al., 2011; Hamm and Lopez, 2012).

Sensitivity analysis of reservoir models

Until today, only one case of temperature decline has been observed among all the exploited
geothermal doublet of the Paris basin. This very slight decline has been very satisfactorily reproduced
by several modeling teams (figure 4). Nevertheless, the temperature of the produced brine
temperature is far from being stable and the amplitude of the observed fluctuations is still greater
than the amplitude of the temperature decline. First, the reliability of the measurements introduces
uncertainties. Measurements are performed on the geothermal loop at the surface, and therefore
depend on the working conditions of the loops (mainly flow rate) and heat losses through the casing
between the reservoir and the well head. Besides, the precision of the instruments does not permit
systematic measurement of small variations. Finally, the numerical forecasts are often made
assuming periods of constant production rate with constant injection temperatures, whereas
production flow rates may also fluctuate as well as injection temperatures which depend on weather
conditions.
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Figure 4: Downhole reservoir temperature (color lines) compared with the observed well head brine temperature (red
circles) on the Alfortville operation.
Simulation results were obtained by different modeling teams (Hamm et al., 2011)
There is a 1 to 2 °C difference between reservoir and well head temperature which is due to heat losses along the casing.

Nevertheless, it is worth noting that regional modeling predicts thermal decline on another operation
though it is not observed yet. It is very likely that such discrepancies between model predictions and
observations are linked to the very scarce data available for reservoir characterization. This scarcity
introduces a great deal of uncertainty in the modeling results. Indeed, data points are separated by
the distance between the production and the injection wells inside the reservoir which is often
greater than 1km. Consequently, accurate identification and correlation of productive layers or
estimation of the true productive thickness remain very difficult tasks. This is all the more important
because these parameters are among the most important in controlling the time of the thermal
breakthrough, and hence the overall lifetime of the doublet (Menjoz, 1990).

As only the beginning of a single temperature decline has been observed among the nearly 40
operating doublets of the Paris basin, numerical modeling remains the best way to forecast the
thermal breakthrough, and to provide a basis for devising a sustainable strategy for the development
of the Dogger aquifer (see also see also:Ungemach et al., 2007; Ungemach, 2008). Modeling studies
can be performed at different scales, ranging from the full regional scale, i.e., the entire Paris Basin,
to the smaller scale of a pair of neighboring doublets or even a single doublet. Accurate numerical
modeling of heat or chemical transport requires spatial and temporal discretization designed to avoid
numerical dispersion or instabilities. Thus, horizontal mesh must be fine around wells, as must be
vertical mesh near the boundaries between the reservoir and adjacent layers to correctly reproduce
heat exchanges. Selection of the modeling scale and of the physical processes to be investigated is
often the result of a trade-off between the accuracy required to answer a particular question and the
available computing power.
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The conceptual model of the aquifer will have a great influence on the modeling results. As the
productive levels of the aquifer cannot be individually correlated, they are generally grouped into
distinctive facies units whose lateral continuity is assumed according to geological knowledge. It is
often considered that the Dogger aquifer is correctly represented with three productive layers, each
corresponding to one of the geological units : Comblanchian, Oolitic, and Cyclical (Rojas.J. et al.,
1989; Lopez et al., 2010). Yet, it has also been proved very efficient to divide the total productive
thickness (net pay) into two identical layers with the same properties and an impervious inter-strata
layer between them that accounts for the thermal capacitive effects (heat store) of all impervious
layers (Antics et al., 2005; Hamm et al., 2011).

In the early 80s, modeling predictions of the thermal breakthrough that were made were rather
pessimistic. The reason of this was that they were only considering the total productive thickness as
one productive layer and were neglecting impervious interstrata. Figure 5 shows the difference
between such an old-fashioned conceptual models and a three productive layer model with
impervious confining layers. If the doublet’s practical lifetime is defined on the assumption that a 3°C
temperature drop is economically acceptable, simulation S1, which is the old-fashioned one, predicts
a practical lifetime of 17 years, whereas simulation S3, the simulation with three productive layers
yield a practical lifetime of 62 years.
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Figure 5: Production temperature decline at the production well of an isolated geothermal doublet
for different conceptual model of the Dogger aquifer. (Lopez et al., 2010)

S1 - one productive layer only, S2 — one productive layer and impervious but conductive confining
layers, S3 — three productive layers and impervious but conductive confining layers and inter-strata.
Initial reservoir temperature is 74°C.

To perform a sensitivity analysis of parameters influencing the thermal breakthrough, a reference
case was defined for a geothermal doublet in the Dogger aquifer. Then several simulations were run
varying these parameters inside realistic ranges. Parameters that were considered were the
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thicknesses of the impervious strata layer, the vertical structure of the reservoir (number of
productive layers), difference in transmissivity of the productive layers, thermal properties rock
(thermal conductivity, heat capacity, dispersivity), operating parameters (flow rate, injection
temperature) and the distance between the production and the injection wells inside the reservoir.
The histogram in figure 6 summarizes the results of the sensitivity analysis and shows the impact of
the several parameters on the thermal breakthrough time and the amplitude of the temperature
decline.

The most important parameters, controlling both the thermal breakthrough time (early recycling of
cooled brine) and the amplitude of the thermal decline are: flow rate, injection temperatre, the
distance between wells and the thickness of the impervious inter-strata (conductive heat store).
Consequently, these parameters must be introduced into the simulation models as accurately as
possible : any uncertainty on these input parameters will induce a significant uncertainty on the final
results. Whereas the distance between wells can be estimated from the drilling reports with a
reasonable degree of confidence, the correct reproduction of the history of exploitation flow rates
and injection temperatures is much less guaranteed. Indeed, it depends greatly on the efficiency and
correctness of the Dogger database and the careful and repeated recollection of all operational data
which represents a large amount of data. Thus, in order to achieve a sustainable management of the
aquifer geothermal resource, improving models needs a precise monitoring of geothermal
operations and a rigorous and full storage of all corresponding data. This point is especially important
because of the gradual nature of the temperature decline and the very small amplitude of the
changes that are to be modeled, in comparison with background noises (figure 6).

Less influent parameters are the thermal properties of the rock, the distribution of transmissivities
between productive layers and, to an even lesser extent, the vertical structure of the conceptual
model. The impact of the vertical structure of the reservoir is indeed limited to the immediate
vicinity of the injection well, where convective effects are predominant. Away from this zone of
relatively high velocities, diffusion processes tend to homogenize the reservoir temperatures and
smooth the temperature front corresponding to the cooled brine injection. Consequently, a two
layers structure of the "sandwich" type is then largely enough to correctly predict the thermal
behavior of the producing well.
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Figure 6 : Maximum impact on breakthrough time and production temperature decline for nine key
parameters of numerical models. (Hamm et al., 2011)

It is also worth noting that an inter-comparison study involving 5 French modeling teams coming
from different organizations has been organized to benchmark their modeling tools and compare
their modeling practices (figure 4 and Hamm et al., 2011).

New developments

Rehabilitation of old operations

As the geothermal wells are getting older, and as many of them suffered corrosion and scaling
related problems, the need for their rehabilitation is becoming more and more important. The most
frequent rehabilitation scheme is the conversion of a doublet into a triplet by drilling a new well from
the old doublet platform which becomes the producer and the two old wells that are used for
injection. In terms of determining the new well location, each case is site specific and depends on
neighboring installations, aquifer properties, well diameters, and the like. Nevertheless, several
theoretical studies were performed on an isolated doublet to quantify the impact of the possible
rehabilitation schemes on the practical lifetime of the operation.

Figure 7 shows the production temperatures corresponding to different rehabilitation schemes of a

|II

30 years old isolated geothermal doublet. The “usual” triplet conversion is compared with the drilling

of a brand new doublet from the old platform and a two steps operation consisting in first drilling a
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new production well to operate a triplet for ten years and then drilling another well to have a new

doublet. According to simulation results, this second approach does not seem to be too prejudicial in

terms of temperature decline and may be a way to spread drilling costs over two distinct periods.
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Figure 7 : Production temperatures corresponding to different rehabilitation schemes of a 30 years
old isolated geothermal doublet. (Le Brun et al., 2009; Le Brun et al., 2011)
Initial reservoir temperature is 70°C.

Targeting new resources

Below the Dogger aquifer, some Triassic sandstones units have good reservoir properties and may
constitute attractive geothermal targets for district heating (cf. temperature map in figure 8).
Unsuccessful attempts at their geothermal exploitation were made in the early 80s: these deep
layers proved hotter but much less productive than the overlying Dogger aquifer. Moreover, for the
only operation where they have been exploited until now, there were injection related problems
with the injectivity index being lower than the productivity index: throughout the one year of
operation, one third of the produced flow rate was not being reinjected into the reservoir but
disposed into a neighboring river.

To avoid these critical reinjection problems, a possible option would be to produce the hot brines
from the Triassic aquifers but inject the cooled brines into the Dogger aquifer. Nevertheless, this

solution might trigger geochemical reactions that may impact negatively the properties of the Dogger

aquifer, notably its porosity (Castillo et al., 2011).

An alternative option to develop the geothermal potential of these deep aquifers is to resort to more

sophisticated, but still rather expensive, well architectures. Indeed, simulation works show that in
these clastic environments, horizontal wells are particularly well adapted with higher injectivity or

productivity index and a more gradual temperature decline at the production well. Moreover, when
drilling horizontal wells perpendicular to the high conductive paths, the production fluid temperature

may still not be affected by the cold injection after 30 years of geothermal exploitation (Hamm and

Lopez, 2012). If these modeling results are confirmed at a production stage, it would be a promising

breakthrough for further developments in geothermal well design.
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Figure 8: Estimation of the temperature at the top of the Donnemarie sandstones
Donnemarie sandstones are the deepest aquifer units of the Triassic series of the Paris basin
(Bouchot et al., 2008)

Deep Aquifer Heat Storage

Demand for heat is characterized by considerable fluctuations over time. Although there are short
period variations in demand (mornings, weekends, etc.), variations in the weather in temperate
zones impose a highly seasonal pattern. The thermal power requirement in winter is therefore an
order of magnitude greater than in summer, which mainly consists in the household demand for hot
water. This pattern of temporal variation requires a heat production capacity that is far greater than
the average annual power requirement.

Since most of the energy sources used to meet the seasonal peaks are of fossil origin, they make a
significant contribution to CO, emissions. In addition, some of the energy inevitably produced by
various processes may not be needed in the summer and, if it is not collected, will be wasted. In this
context, current industrial processes such as incineration of waste and also possible future major
solar thermal or thermodynamic systems come to mind. The storage of thermal energy overcomes
the temporal mismatch between production and consumption, thereby making it possible to reduce
the baseload power capacity and the use of more polluting sources. The economic and
environmental advantages of storage will depend on the cost of the storage system and the nature
and price of the energy stored relative to the savings provided when the energy is retrieved. The aim
therefore is to store “decarbonized” energy that is in excess or has low environmental impact when it
is available in the summer and to retrieve it in the winter, so as to avoid use of fossil energies.
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In the very long term, seasonal storage of waste heat in the Dogger aquifer could become a way to
smooth energy demand during winter peak production periods, and possibly restore the initial
aquifer temperatures. Storage in aquifers is especially suited to urban environments as it uses a
minimum of surface area. For open loop storage in deep aquifers, the high cost of the drilling
required to reach the targeted geological levels makes this solution incompatible with single-
occupancy dwellings. Conversely, it is particularly appropriate to district heating systems and
provides a geothermal solution that is complementary to conventional heat-mining systems.

This is so because, given their centralized production, heating networks make it possible to envisage
large scale and high power storage during periods of low demand. They also allow better control of
polluting emissions and development of use of renewable sources and/or waste energy that are
difficult to access or to use: deep geothermal energy and also biomass or waste incineration.
Seasonal storage of this energy in aquifers makes it possible to increase the annual amount of energy
supplied to networks from renewable sources, with a corresponding reduction in wintertime
recourse to fossil fuels.

Experience gained from the geothermal exploitation of the Paris Basin suggests the key issues
regarding seasonal Aquifer Thermal Energy Storage in the Dogger aquifer are likely to be the high
temperature of the stored brine and the cyclical reversal of injection and production wells.

The high temperature of the injected brine, hotter than the aquifer natural state, may produce
undesirable chemical reactions. According to preliminary geochemical modeling Dogger brines
should not be heated above 105°C to avoid scaling related problems and formation damage (Castillo
and Azaroual, 2010).

Concerning the reversal of the production/ injection cycles, no long-term experience is available for
the Dogger aquifer, but lessons from the recent deep Neubrandenburg aquifer thermal energy
storage project illustrate that final heat consumption and the return temperature in the heating
network (i.e., surface installations) are of greater concern than fluctuations that might be related to
the deep reservoir (Kabus et al., 2009; Réveillére et al., submitted).

Finally, an interesting point is that selecting a storage temperature so that the initial reservoir
temperature is the arithmetic average of the cold injection temperature and the hot storage
temperature will make that the energy coming from conventional heat mining will exactly
compensate the heat losses due to the injection of hot brines into a warm aquifer (figure 9). Thus,
depending on the number and type of wells, several technological configurations may be imagined
that are combinations of use of conventional geothermal technology and heat storage.
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Figure 9: Stored and retrieved energy during seasonal cycles
Initial reservoir temperature is 65°C, heat is stored at 90°C during the summer and cooled brines are injected at 40°C
during the winter.
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SUSTAINABILITY ANALISYS OF THE BERLIN GEOTHERMAL FIELD, EL
SALVADOR.

Manuel Monterrosa, Lageo El Salvador
ABSTRACT

Over the past 20 years, the Berlin geothermal field has been in commercial operation
through step wise development, at the moment the installed capacity is 109.2 MW. The
total mass extracted ranges 870 kg/s which are delivered by 14 producer wells with average
discharge enthalpy of 1300 kJ/kg and average steam flow rate of 20 kg/s. At the field, there
are hot brine injection (180 and 140 °C) which is performed using 19 injection wells and
cold injection (ambient temperature) with the operation of one well. A high pressure
pumping station is also used manly when the gravity injection is going down. During the
long term exploitation 18 bar of pressure drawdown was observed into the field and
perhaps the main process observed in producer wells is boiling and there are no evidence of
cooling due to injection.

Since long term exploitation began sustainable development was a very important
commitment for LaGeo, during the first stages of exploitation the field management,
monitoring technics and numerical modeling were soon implemented. LaGeo as part of its
corporative sustainable policy is focused to define the sustainable energy level and
performance indicators; all of them are also part of concession contract granted by SIGET
(electricity energy regulator entity) in year 2000.

Preliminary results indicate the sustainable energy level of the Berlin resource is higher
than the actual installed capacity, and there are defined at least 5 performance indicators
which are: energy efficiency utilization, resource life, recovery time, subsidence, power
plant performance, in this paper is discussed just 3 of them the another one are under
analisys.

INTRODUCTION

Over the past 10 years, LaGeo is working to develop a sustainability protocol which is part
of its corporative sustainable policy and to complete with the regulatory framework of the
national electricity law and the concession contract granted by the regulatory agency
Superintendencia General de Energia y Telecomunicaciones SIGET. The main scope of the
protocol is to calculate the sustainable energy level Eo for each exploited geothermal
resource. The general methodology is based in the work presented by Axelsson and the
working group at ISOR (Axelsson 2001) and in order to define specific performance
indicators we utilize the work of Bjarnadottir (Bjarnadottir2010) where specific indicators
were suggested.
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In this paper, we are presenting the main aspects of the protocol and how is being
implemented at the Berlin geothermal field

SUSTANABILITY PROTOCOL

Sustainable geothermal utilization has received ever increasing attention over the decade,
but the discussion has suffered from a lack of a clear definition of what it involves and from
a lack of relevant policies. The word “sustainable” has in addition become quite fashionable
and several authors have used it at will. A considerable amount of literature dealing with
the issue has been published during the last decade.

Axelsson propose for the term “sustainable production”, for each geothermal system, and
for each mode of production, there exists a certain level of maximum energy production,
Eo, below which it will be possible to maintain constant energy production from the system
for a very long time 100-300 years (Axelsson, 2004). If the production rate is greater than
Eo it cannot be maintained for this length of time. Geothermal energy production below, or
equal to Eo is termed “‘sustainable production” while production greater than Eo is termed
excessive production.

It is difficult to establish the sustainable production level Eo for a given geothermal system.
This is because the production capacity of the geothermal systems is usually poorly known
during exploration and the initial utilization step, as is well known. Even when considerable
production experience has been acquired estimating accurately the production capacity, and
hence the sustainable production, can be challenging.

In another hand, the sustainable production level of a particular geothermal resource can be
expected to increase over time with increasing knowledge on the resource, i.e. through
continuous exploration and monitoring. In addition it can be expected to increase through
technological advances, e.g. in exploration methods, drilling technology and utilization
efficiency.

Regarding with the performance indicators which serve as a gauge on how well a system is
working; they also help what direction to take if there is a problem to address. In the case of
geothermal sustainability indicators should be able to measure the degree of sustainability
of a given operation, the progress towards sustainability and/or whether it looks like
sustainable production o utilization can be maintained as proposed.

The sustainability protocol proposed by LaGeo is as follow:

1- Assess of the sustainable level Eo using volumetric stored heat assessment as was
presented by Mufler & Cataldi and other authors (Mufler and Cataldi 1978,
Bjorsson 2007 and Sarmiento 2007)) which should be assess using Monte Carlo
method and 50 years of commercial utilization. The level of sustainable or
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excessive production will be estimated together with the evolution of the indicators,
due to can’t be established a priori at this early stage.
2- Establish at least the follow indicators

a.

Utilization efficiency using the exergy of the whole system (field-power
plant) and it should be compared with similar resource utilization.
Productive lifetime is the time that the resource can sustain the present level
of production which is dependent of the change on physical condition of the
fluid in the resource mainly pressure drawdown and temperature changes.
The lifetime is measured by numerical modeling taking into the account the
present installed capacity hence total mass extraction and running the model
for 50 years and to verify if it is possible to maintain certain level of steam
delivered to the power plant.

Recovery time or reclamation time which is the time it takes the resource in
terms of pressure and temperature to recover from exploitation. It is not
expected that the pressure and temperature will recover in the same
timescale due to pressure and temperature diffusion behave hence the
pressure will recover faster than the temperature. The recovery time is
estimated through numerical modeling putting in zero the mass extraction
node and running in order to recover the reservoir.

Change in dissolved chemicals which are affecting by pressure and
temperature change and also by inflow of injection or other cold fluids.
Ground subsidence which may be a result of geothermal fluids withdrawal
during the energy production. Subsidence is dependent of the pressure
drawdown and geological rocks formation above the reservoir and usually is
measured in specific sites by high accuracy topographic level meter.

Primary energy efficiency which measure how much primary energy
extracted is converted to electricity.

Power plant performance indicator: Load and capacity, availability, parasitic
load, vacuum pressure at the condenser and Non Condensable Gases.

THE BERLIN GEOTHERMAL FIELD

The Berlin geothermal field is located 110 km towards to the East of the El Salvador
country where the Tecapa volcanic complex is located. The field went to commercial
operation in 1992 with 2x5 MW back pressure units. Later on during 1999 went on line
2x28 MW condensing type units, 2006 went 1x44 MW and finally in 2007 went on line the
9.2 MW binary bottoming unit to complete the 109.2 MW present installed capacity.

The Figure 1 shows the well and power plant location
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Figure 1, The well location at the Berlin geothermal field

At present, 38 wells were drilling at the Berlin field, 14 of them are producers and 20
injectors (4 are abandoned). The Figure 2 presents the total mass extracted which ranges
870 kg/s, the steam delivered to the power plant is approximately 220 kg/s and the injected

brine is 650 kg/s which is partially injected using high pressure pumping system located al
TR-1 site.

The total pressure drawdown is approximately 18 bar however over the last 12 years is
being reduced to less 10 bar, the discharging enthalpy is fairly constant in most of producer
wells and no evidence of cooling due to injection has been observed into the field however
some boiling is perhaps the main process affecting the reservoir.

Some aspects affecting the sustainable production are related to calcite in well TR-18,
steam cap declining at southern part of the steam field, high concentration of NCG at TR-
18A and silica plugging at injection wells and pipe line in special those connected to binary
unit. As part of field maintenance there are undertaken several activities to reduce the
impact in this issues
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Figure 2: Pressure and mass extraction at the Berlin field

SUSTAINABILITY ANALISYS.

According with the methodology describe before, the first parameter to be calculated is the
level of sustainable production Eo which was did by volumetric “stored heat” and Monte
Carlo probabilistic estimation performed with Cristal Ball. The main parameters for the
calculations are presented in the Table 1.

Table 1: Volumetric estimation for the Berlin field

Parametros de entrada Simbolo Unidades Distribucion Probade Probable Posible
Mini Most likely

1|Porosidad D % Triangular 20 15 5
2|Area del recurso A km2 Triangular 5.5 14.2 40
3|Espesar H m Triangular 2100 2500 3138
4|Densidad roca [+ kg/m3 Constante 2600
5|Capacidad calorifica roca Cr kl/kgol Constante 0.85
6|Temperatura reservario Tr oC Triangular 260 280 300
7| Temperatura referencia Ts oC Constante 40
3|0ensidad agua a condicion de reservorio [+ kg/m3 Constante 0o
9|Entalpia agua a condicion de reservario hr klfkg Triangular 1100 1200 1350
10|Entalpia a temperatura referencia o sumidero hs klfkg Constante 167.7
11|Factor de recuperacion Fr b Constante 20
12|Eficiencia conversion n % Constante 11
13|Perdodo de vida T Afios Constante 50
14|Factorde planta Lf % Constante 95
15|Factor de conversion

The results indicate the level of sustainable production Eo for the Berlin geothermal field
could be between 235-240 MW over a period of 50 years of commercial operation and
considering the percentile 90% as shown in Figure 3
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Figure 3. Estimation of sustainable energy production at the Berlin field

The present installed capacity at the field is 109 MW and the level of sustainable energy

production is 235 MW therefore the operational level could be considered as sustainable.

The first performance indicator presented in this work is the Utilization Efficiency
estimated by exergy. The Figure 4 presents a bench marking over 20 geothermal power

plant efficiency around the world, as observed the Berlin plant is over the average.
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Figure 4: Exergy efficiency of power plants around the world

The second and third indicators are based in numerical modeling which is a powerful tool
to estimate the Productive Lifetime and the Recovery Time: Firstly a good enough
calibrated model must be available, the standard code used by LaGEO is TOUGHII and
iTOUGHII which are running in Linux operative system, beside this, the natural state and
production models are also utilized during the adjusting process and finally is utilized a
coupled model (wellflow model coupled with reservoir models).

For the Productive Lifetime indicators the resource is considered as source of steam
delivered to power plants without any make up wells therefore it is steam declining the
main issue to be considered, for this reason the well flow model is considering with
constant well head pressure (as being utilized at present time). The mass delivered by the
wells is decreasing until a practical limit could reach. The limit is the steam required to
operate at least one unit 28 MW (50 kg/s steam which mean 200 kg/s total mass at 0.25
dryness).

The results are shown in Figure 5, the mass flow rate is declining around 2.5 kg/s/year thus
the simulation suggests it is possible to operate the geothermal field for at least 50 years
with at least one power unit, considering this condition as productive lifetime.
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Figure 5. Productive life time Indicator of the Berlin Geothermal Field

In order to estimate the Recovery time indicator, in the numerical model, the sinks and
source nodes are eliminated (mass=zero) therefore no mass and energy are delivered or
injected after the thermal and hydraulic recovery began. The results are shown in the Figure
6, as observed the pressure at monitoring well is suddenly increasing until reach similar
initial pressure after 33 years of recovery, therefore the utilization of the geothermal
resource is recovered in short term period however it is not the case of temperature which
will require more time.
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CONCLUSIONS

1- The Berlin geothermal field is being in commercial operation for at least 20 years
during this period no evidence of irreversible conditions has been observed to the
whole productive field. Spite of LaGeo is focused to develop a more complete
sustainable utilization to guarantee a stable condition for at least 50 years of
operation.

2- The preliminary results indicate it is possible to do an analysis on the sustainability
for the Berlin Geothermal field which suggests the utilization of the resource is
doing in a sustainable way.

3- The numerical modeling is being utilized as powerful tools to estimate the
sustainable operation indicators.
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Towards A Parallel Distributed Equation-Based
Simulation Environment
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Abstract. Distributed solvers provide several benefits, such as linear
scalability and good numerical robustness. By separating components
with transmission line elements, simulations can be run in parallel on
multi-core processors. At the same time, equation-based modelling of-
fers an intuitive way of writing models. This paper presents an algo-
rithm for generating distributed models from Modelica code using bilin-
ear transform. This also enables hard limitations on variables and their
derivatives. The generated Jacobian is linearised and solved using LU-
decomposition. The algorithm is implemented in the Hopsan simulation
tool. Equations are transformed and differentiated by using the SymPy
package for symbolic mathematics. An example model is created and
verified against a reference model. Simulation results are similar, but the
equation-based model is four to five times slower. Further optimisation of
the algorithm is thus required. The future aim is to develop a distributed
simulation environment with integrated support for equation-based mod-
elling.

Keywords: model generation, equation-based modelling, distributed solvers,
symbolic expressions, numerical solvers

1 Introduction

As products are becoming more complex, the importance of large-scale and
multi-disciplinary system simulation is constantly increasing. The use of new
powerful product development methods, such as numerical optimization, real-
time simulations and hardware-in-the-loop has greatly increased the need for
high-performance simulations.

State-of-the-art environments in modern system simulations use equation-
based object-oriented (EOQO) modelling together with centralized solver algo-
rithms. The equation-based approach offers a very intuitive way for users to
write models. Centralized solvers, however, suffer from poor scalability, which
means that execution time grows more than linearly with the model size, and are
naturally difficult to parallelise for multi-core processors. There are also difficul-
ties in splitting up models for co-simulation or hardware-in-the-loop simulations.
Furthermore, fault tracing in an erroneous model is often difficult.

This paper proposes the use of distributed solvers in combination with equa-
tion based modelling. Having one small Jacobian matrix for each sub-component
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offers nearly-linear scalability. Figure[I]shows an overview of the basic idea. With
the use of transmission line element modelling, components can be numerically
isolated from one another. This guarantees numerical stability and makes mod-
els inherently parallel, and thereby suitable for taking advantage of multi-core
processors [I]. Distributed solver simulations can also be seen as a sort of natural
co-simulation, making them very suitable for interaction between different sim-
ulation tools. A possible drawback with the transmission line element method
is that wave propagation phenomena are affected by the size of the time step.
If wave propagation is of importance, fixed-size time steps are therefore to be
preferred. Experiments using variable time steps with distributed solvers was
performed by [2], but the gains was found to be very small. On the other hand,
the use of distributed solvers makes it possible to use smaller time steps in cer-
tain parts of the model, where a higher resolution is required. Time steps can
thus be varied in model space rather than in time space.

Solver Solver
model Componentl model Component2
NodeHydraulic P1; P1 P2 NodeHydraulic P1;
NodeHydraulic P2; [€ - > NodeHydraulic P2;
equations: J NodeHydraulic { equations:
4 \P2 4 \Pl
NodeHydraulic NodeHydraulic
P1 P2
e Solver Y Solver
model Component3 model Component4
NodeHydraulic P1; P9 P1 NodeHydraulic P1;
NodeHydraulic P2; [€ » NodeHydraulic P2;

equations:

A " 4
J NodeHydraulic { equations:

Fig. 1. This paper proposes the use of equation-based modelling in a distributed solver
environment. Distributed solvers can provide linear scalability, good numerical prop-
erties and natural parallelism.

Distributed simulation environments exist, but they lack built-in support for
equation-based modelling. The Hopsan simulation package described in this pa-
per uses pre-compiled libraries written in plain C++ code. Previous attempts
to introduce equation-based modelling manually using Mathematica have been
successful [3]. This has in turn been used to generate models from Modelica by
transforming them to Mathematica syntax [4]. It does, however, require the use
of external proprietary tools which cannot be embedded in the simulation tool.
Experiments have also been made by going the other way around and intro-
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ducing transmission line element models in existing Modelica tools [5][6]. The
advantage of implementing equation-based modelling in an existing distributed
environment is that already existing features, such as connectors, delays, utility
functions and parallel algorithms, can be used directly.

An alternative solution could be to import equation-based models from the
Functional Mock-up Interface (FMI), an open standard for interfacing between
simulation environments. This is currently being implemented in the Hopsan
simulation tool [7]. It is, however, a more cumbersome and likely slower solution,
more suitable for importing large models already created in another simulation
tool.

2 Transmission Line Element Method

Distributed solvers provide great advantages for performance and numerical
properties [8]. Splitting up a model does, however, introduce time delays between
sub-models, which affects the mathematical correctness. It is therefore desirable
to use a modelling approach where these delays can be physically motivated.
This is possible because of the fact that information propagation never happens
infinitely fast in a physical system. One such approach is the transmission line el-
ement method (TLM). Most physical system models can be rearranged to consist
of resistive and capacitive subcomponents. With TLM modelling, each capaci-
tive component in the model is replaced by a transmission line element with a
characteristic impedance. The method is related to the method of characteristics
[9] and to transmission line modelling as described in [10].

In fluid power systems the capacitive components are represented by pipes
(or volumes). These would equal springs in mechanical systems or capacitors in
electrical systems. Consider a pipe with time delay AT, see figure [2| Each side
has two state variables, pressure (p) and flow (q).

Zc
P1,d1 P2,q2

ﬁ_<_

Fig. 2. Transmission line elements are used to numerically isolate different parts of a
model from each other. Each part can then be solved independently from the rest of
the model.

At a given time ¢ the pressure at one end of the pipe is a function of the
characteristic impedance Z., the flow at this end at time ¢, and the flow and
pressure at the other end at time ¢t — AT, see equations [I] and [2| This can be
derived from the four-pole equation [11].

pi(t) = Zelar(t) + qa2(t — AT)] + pa(t — AT) (1)
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p2(t) = Zelga(t) + qr(t = AT)] + pr(t — AT) (2)

For simplicity, these equations can be decoupled by introducing a wave vari-
able (c¢), representing the information travelling from one end to the other at
time AT

c1(t) = Zoqa(t — AT) + pa(t — AT) (3)

c2(t) = Zeqr (t — AT) + p1(t — AT) (4)

This yields the decoupled transmission line equations. These are used as
boundary equations in the resistive components:

p1(t) = Zeqr(t) + c1(t) (5)

p2(t) = Zeqa(t) + caft) (6)

In a hydraulic system model, this is implemented by letting the capacitive
components calculate ¢ and Z. from pressure and flow. The resistive components
then read ¢ and Zc¢, apply the boundary equations to calculate pressures, and
then in turn use the pressures to calculate flows.

3 Model Generation Algorithm

To solve an equation system, it is necessary to generate a symbolic Jacobian
matrix, together with vectors of state variables and system equations. The first
step is to parse a Modelica file, containing a model object with connectors, al-
gorithms, equations, variables and parameters. Connectors are hard-typed and
the actual connection must be handled by the target simulation environment.
Variable limitations specified by the user must also be taken into account. There
are two important criteria for the equation system to be solvable. First, the
number of equations must equal the number of variables. Second, the resulting
Jacobian matrix must not be singular. Verifying the first condition is obviously
trivial. Solving the dynamic parts of the system can be done by using the trape-
zoidal rule, see equation [7} A more effective way of using this is to use bilinear
transform, see equation [8 This transforms the equations from continuous to
discrete-time by replacing all Laplace operators with a function of the delay
operator (z), see figure

st +h) = 2(t) + %h(x(t) +a(h+1))

2z—-1
=F | =
o= 2 =1 a(TZ—I—l)

(7)
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An important aspect in models of non-linear systems is variable limitations.
Certain variables are for physical reasons not allowed to be smaller than or larger
than specified limits. It is often also necessary to explicitly set the derivatives of
the variable to zero when exceeding the limits. In a fixed-step environment with
distributed solvers it is not practical to rely on event handling for restarting the
solvers when a variable exceeds its limitation. Instead, all limitations must be
inserted directly into the transformed equations. Two special functions are used
to specify limitations, VarLimit () and VarDerLimit (), which limit only the
variable, or the variable together with the derivative, respectively. In the current
implementation, the call to the limitation function must be written directly after
the equation(s) defining the variable (and derivative) to be limited. It would be
desirable that these equations can be identified automatically by the parser, but
for time reasons this has not been included in this paper.

The use of bilinear transform makes it possible to explicitly factor out a given
variable from an equation. This allows limit functions to be inserted around the
remaining part of the equation. First consider equation [9] This equation gives
a relationship between a position z and an external force f. First, the position
variable is factored out symbolically as in equation [I0] Finally, a 1imit() func-
tion is inserted around the remaining part of the equation, effectively limiting
the variable x, see equation

Fi(z, f) =0 9)
z—Fi(f)=0 (10)
x — limit(F1 (), Tmins Tmaz) = 0 (11)

The limitation of derivatives are performed in a similar way. Equation
defines the velocity v as a function of the position and the force. The velocity
variable is factored out (equation, and a function called dxLimit () is inserted
before the remaining part of the equation . This function returns one if
the position variable is within limits, otherwise zero. The limitation functions
limit() and dxLimit() are shown in figure [3| The derivative of limit() is
dxLimit (), and the derivative of dxLimit () is zero.

Fo(v,z,f) =0 (12)
v—Fy(z,f) =0 (13)
v — dxLimit(x, Zmin, Tmaz)Fo(z, f) =0 (14)

It is important that the generated equations are simplified as much as possi-
ble. Having longer equations than necessary means that the generated code will
take longer to evaluate each time step, resulting in a slower model. Furthermore,
it is important that equations are simplified in the correct way. It is for example
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(a) limit() (b) dxLimit()

Fig. 3. Two limitation functions can be inserted into the transformed equations, one
that limits a variable, and one that limits the derivative of a variable.

desirable that all delay operators are factored together. Having too many de-
layed variables will otherwise become a bottleneck. Too many power operators,
including square roots, will likely also reduce performance.

The next step is to generate a Jacobian matrix. This is done by analytically
differentiating each equation with respect to each state variable. As a conse-
quence of the fact that users are allowed to write equations in arbitrary order,
it is possible that the Jacobian matrix will become singular. When solving an
equation system in matrix form, however, inverting the Jacobian matrix will be
inevitable. A singular matrix thus makes the system unsolvable and must be
avoided. One way to guarantee this is to ensure that no element on the diagonal
are zero. This can be achieved by ensuring all diagonal elements are constants.
With this method, the matrix will always be invertible regardless of the working
point. This is possible for most physical equation systems. A weaker requirement
is that all diagonal elements must at least be analytically different from zero. In
this case, the Jacobian may become singular, but only for certain values of the
state variables.

Once a non-singular Jacobian has been generated, any fixed-step numerical
solver can be used. In this paper, an iterative Newton-Rhapson solver is used,
see equation In most cases one iteration is sufficient, but more iterations may
be required in models with strong non-linearities.

Tpy1 = 2 (t) — Je(t) T Gz (1)) (15)

Inverting the Jacobian matrix each time step is a time-consuming solution.
A more efficient method is to use LU-decomposition, a matrix form of Gaussian
elimination [I2]. The Jacobian is first decomposed to a product of an upper
matrix, which only has elements above the diagonal, and one lower that only
has elements on or below the diagonal: Jx = b <& LUx = b. Then the system
Ly = b is solved for y, which in turn is used to solve Uz = y for x. This algorithm
can also easily be re-written for parallel execution [I3]. In this paper, parallelism
was, however, implemented in model space rather than using parallel algorithms.

The full procedure for generating and simulating equation-based models are
shown in figure
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Generate 1 1

<
[ Linearize around working point
J
Simulate 1 l
N
[ Fixed-step Newton-Rhapson solver

Fig. 4. Bilinear transform is used to convert equations to discrete form. This makes it
possible to apply variable limitations before generating the symbolic Jacobian. Equa-
tions are solved using distributed fixed-step solvers.

4 Implementation

The algorithm described in this paper was implemented in Hopsan, a cross-
platform distributed simulation environment developed at Linképing University
[14][7]. The application is fully object-oriented and uses pre-compiled component
libraries. No compilation is thus required during runtime. The simulation core
is separated from the graphical interface, making it suitable for both desktop
and embedded applications [I5]. It has built-in support for multi-threaded sim-
ulations, which uses the time independences introduced by the transmission line
element method [I].

Converting equations to plain code requires symbolic computations. SymPy
is a free Python library for symbolic computations, providing objects for sym-
bols, functions and expressions. It is capable of all necessary operations such as
replacing symbols, simplifications, factorization and differentiation [I6][L7]. The
choice fell on SymPy mainly due to the fact that Hopsan has a built-in Python
console, making a Python library ideal for early experimenting.

Due to the use of distributed solvers, only a subset of the Modelica lan-
guage can be used. Most importantly, all connectors are hard-coded to match
the Hopsan node types. An example of a hydraulic node connector is shown in
listing This is necessary because all connections are handled by the sim-
ulation core. Custom connectors are, therefore, not allowed. Other Modelica

Proceedings of the 53rd SIMS
October 4th-6th, 2012, Reykjavik, Iceland

174



SIMS 2012

WWW.Scansims.org

features that contradict the distributed modelling approach, such as the inner
and outer keywords, are also not allowed. Another reduction is imposed by the
use of fixed-step solvers. This practically eliminates the need for event handling,
which is thus not supported. Sub-classing and functions are also not supported,
although this could easily be implemented in the future. Algorithm sections are
allowed, but only once before and once after the equation section in each model.
Nested algorithm sections are not allowed due to the limitation of only one Ja-
cobian matrix in each component. There are, however, no technical difficulties
in introducing this in the future. The standard Modelica library contains many
built-in intrinsic mathematical functions [I8], most of which are supported. A
list of supported functions are shown in table [4

sin atan2 exp div
cos sinh log rem
tan cosh logl0 mod
asin tanh sign floor
acos abs integer ceil
atan sqrt der

Table 1. These Modelica functions are supported by the implementation of the model
generation algorithm.

connector NodeHydraulic "Hydraulic Node"

Real p "Pressure";

Real q "Flow";

Real c "Wave Variable";

Real Zc "Characteristic Impedance';

end NodeHydraulic;

Listing 1.1. Connectors must be hard-typed to match the Hopsan node types. This
code shows a hydraulic node connector in Modelica syntax.

Equations can either be written directly in the graphical interface in Hopsan
or loaded from an external Modelica file. The generator utility function parses
the equation, verifies the syntax and the number of unknowns and replaces any
reserved words with temporary strings.

Lists with all equations, variables, state variables and parameters are created.
These are in turn used to define symbols, functions and expressions in SymPy.
The equations are transformed to discrete form. After this, the variable limits
are applied using the factor() and subs() SymPy functions for factorization
and variable substitution. The Jacobian matrix is created by differentiating the
equations using the diff () SymPy function. The equations are then returned
to Hopsan and translated from Python to C++4 syntax. Unit delays in the equa-
tions are replaced by Hopsan delay methods (2~ "2 = mDelay(z,n)). All integer
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variables are also converted to decimal numbers to ensure precision and avoid
phenomena such as ”71/2 = 0”.

The next step is to ensure that the resulting Jacobian matrix is not singular.
This is performed by a bubble-sort algorithm that attempts to arrange system
equations so that they include their corresponding state variable. If this fails, the
generation is aborted because the system is not solvable. The performance of this
sorting could be improved by a more sophisticated algorithm, but this was not
considered necessary as the required time was very small compared to the rest
of the process. If everything was successful, the Jacobian is converted to C++
source code together with a fixed step Newton-Rhapson using LU-decomposition,
which is in turn compiled to a Hopsan component. The symbolic Jacobian is also
displayed in a dialogue to the user.

5 Example: Hydraulic Pressure Relief Valve

As a demonstration of the method, a model of a hydraulic pressure relief valve
is presented. This problem is interesting because it contains several difficult
modelling phenomena, such as second order dynamics, variable limitations and
a non-linear flow function. A relief valve consists of a cone attached to a spring.
When pressure on the high-pressure side overcomes the pre-tension of the spring,
the cone will move, allowing oil to flow to the low-pressure side, see figure

N\

W

Plow

Fig. 5. A pressure relief valve consists of a spring-loaded cone. It will open when the
force from the high-pressure side exceeds the pre-load of the spring.

The cone is modelled as an inertia with damping and end of stroke limitations.
It is subjected to a spring force, a spring pre-load and the forces from the low
and high oil pressure, see equation The flow is a function of the square root
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of the pressure difference. Square roots, however, are undefined for numbers that
are smaller than or equal to zero. For this reason, a sign function is used. An
overlapping is also introduced to avoid the non-linearity at zero, see equation
Normally, a model of a hydraulic valve should take cavitation (zero pressure)
into account. For time and space reasons, this has been left out in this example.

Mvi'u + ij:v + kexv = (pl — P2 _pref)Av (16)

q= ch\/im ) (17)

The Modelica code is shown in listing An annotation is added that
tells Hopsan that this is a Q-type component (see section . Two hydraulic
connectors and two signal connectors are then added; the latter are used to show
cone position and cone velocity for debugging purposes. Parameters are specified
in standard Modelica syntax with type, name, unit, default value and description.
Four local variables are also used. These are assigned in the algorithm section,
before the equations. Moving explicit expressions from equations to algorithms
like this can greatly improve simulation performance. In the equation section,
the Variable2Limits function is written among the other equations. The two
equations above must define the variable and the derivative to be limited. The
limit equation will not be included in the system equations later on; it will
be removed once the limitation is applied. The resulting Jacobian matrix and
system equations are shown in equation [I§

1 0 0 0 f(p,p2) f(p1,p2) Ty f(p1,p2, g2, o)
f(p1,p2,2s) 1 0 0 f(xv) f(xy) v f(dzv, p1, P2, Tv)
f(p1,p2) 0 1 0 f(p1,p2,20) f(p1,p2,%0) | | @2 | _ f(dev, zv)
0 0 1 1 0 0 o | f(q1, q2)
0 0 0 —Za 1 0 p1 f(p1, q1)
0 0 —ch 0 0 1 P2 f(pz7 qz)
(18)

The example model was verified against an existing model of a relief valve
written in plain code. For this, an example model consisting of a volume provided
with constant flow, connected to a pressure relief valve and an orifice was used,
see figure[6] The size of the orifice is reduced by a step function after 0.3 seconds
to test the dynamics of the relief valve. All components in the test system model
were created from Modelica equations and compared to a reference system model
where all components were written in plain code. The resulting pressure in the
volume in the two models are shown in figures [7] and [§]

Simulation performance was investigated by running 10° iterations and mea-
suring simulation time. The model generated from Modelica had an average
of 2379 ms while the reference model was notably faster, with an average of
454 ms. Enabling the multi-core support in Hopsan on a dual-core computer re-
duced simulation time for the generated model to 1696 ms. The reference model
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Fig. 6. A system model consisting of a pressure relief valve connected to a volume with
a flow source and an outlet orifice was used for validation.

performed less well with parallel simulations, due to overhead time costs. Com-
paring the smallest average time for both models, the Modelica model was 4.535
times slower than the reference model. A fair comparison with another simula-
tion tool is not possible because Hopsan is the only tool with support for TLM
with correct time delays. In the test run, only one iteration was used in the
solvers. This was sufficient to give accurate results when using the same time
step as the reference model.
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0.1 0.2 0.3 0.4 0.5

Time [s]

Fig. 7. When the pressure relief valve reaches its reference value it will have some
oscillations due to the mass-spring dynamics and a disturbance after .3 seconds.
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Fig. 8. The generated model show no differences in simulation results compared to the

reference model.
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model MyPressureReliefValve "My Hydraulic Pressure Relief Valve"
annotation(hopsanCqsType = "Q");

NodeHydraulic P1, P2;
NodeSignalOut xv, dxv;

parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter

Real
Real
Real
Real
Real
Real
Real
Real
Real
Real
Real

Real Av "Valve
Real w "Area Gradient";

Real kf "Flow Force Spring Constant";

Real ke "Total Effective Spring Constant";

rho(unit="kg/m~3")=870 "0il Density";
visc(unit=Ns/m~2"")=0.03 "Dynamic Viscosity";
Dv(unit="m")=0.03 "Spool Diameter";
Bv(unit="N/(m*s)")=0.03 "Damping Coefficient";

Mv (unit="kg")=0.03 "Spool Mass";

Xvmax (unit="m")=0.03 "Maximum Spool Displacement";
Cq(unit="-")=0.67 "Pressure-Flow Coefficient";
phi(unit="rad")=0.01 "Stream Angle";

ks (unit="N/m")=100 "Spring Constant";
pO(unit="Pa")=1e5 "Pressure For Turbulent Flow";
pref (unit="Pa")=2e7 "Reference Opening Pressure";

Cross Section Area";

algorithm
Av := 3.1415%Dv*%*2/4;
w := 3.1415%Dv*sin(phi);
kf := 2*Cq*w*cos (phi)*(pl-p2);
ke := ks+kf;

equation

Mv*der (der (xv.out))+Bv*der (xv.out)+ke*xv.out = (Pl.p-P2.p-pref)*Av;
Mvxder (dxv.out)+Bv*dxv.out+ke*xv.out = (P1.p-P2.p-pref)*Av;
VarDerLimit (xv.out, dxv.out, 0, Xvmax);

P2.q = xv.out*Cq*w*sqrt(2/rho)*(sqrt(pO+abs(P1.p-P2.p))-sqrt(p0))*sign(P1.p-P2.p);

Pl.q = -P2.q;
Pl.p = Pl.c+P1.Zc*Pl.q;
P2.p = P2.c+P2.Zc*P2.q;

end MyPressureReliefValve;

Listing 1.2. A hydraulic pressure relief valve was modelled in Modelica. A special

variable limitation function was introduced.
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6 Conclusions

A distributed solver approach provides good numerical properties and is suit-
able for running parallel simulations. This paper presents a method for gener-
ating components for a distributed solver simulation tool using the Modelica
language. A solution for efficiently implementing variable limitations, including
their derivatives, is also described. Finally, the method is demonstrated by gen-
erating a dynamic model and comparing it to a reference model written in plain
C++ code.

Results show that the method is applicable. Experimental results show no
fundamental differences in simulation results compared to a reference model.
The generated model is, however, substantially slower than the reference model.
This was expected since equation-based models require the solvers to do more
work than in a manually coded model, where equations to a large extent can be
solved beforehand. Optimizing simulation performance further is, however, still
desirable, especially if models are to be used in real-time applications. Possible
speed-ups could be achieved from performing the LU decomposition analytically
before generating the components, instead of numerically each time step. Further
simplification of the equations may also be possible, as well as optimizing the
generated code and the solver.

The model generation in itself was quite slow, due to the use of a Python
package. Some symbolic operations in SymPy are also not implemented for spe-
cial cases, and therefore not fully reliable. A great improvement would be to use
a C+4+ library for symbolic computations instead. Using the Modelica parser
and rewriting it for distributed solvers could also be an option.

One of the most important advantages of using equation-based modeling
with distributed solvers is scalability. The time required for solving an equation
system numerically increases super-linearly to the number of equations, making
centralized solvers slow for large models. With distributed modeling, the equa-
tion system is naturally decomposed into one small system for each component,
which can greatly reduce simulation time.
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Abstract

In this article a numerical model for solving a transient one dimensional compressible homogeneous two phase model
is developed. It is based on a homogeneous model for predominantly one-dimensional flows in a vertical pipe element
with internal rifles. The homogeneous model is based on the assumption of both hydraulic- and thermal equilibrium.
The consequences and aspects will briefly be discussed in that context. The homogeneous flow model consists of three
hyperbolic fluid conservation equations; continuity, momentum and energy and the pipe wall is modelled as a one
dimensional heat balance equation. The models can be reformulated in the four in-dependant parameters p(pressure),
h(enthalpy) u(velocity) and T,,(wall temperature). Constitutive relations for the thermodynamic properties are limited to
water/steam and is given by the IAPWS 97 standard. Wall friction and heat transfer coefficients are based on the Blasius
friction model for rifled boiler tubes and the correlation by Jirous respectively. The numerical method for solving the
homogeneous fluid equations is presented and the method is based on a fifth order Central WENO scheme, with sim-
plified weight functions. Good convergence rate is established and the model is able to describe the entire evaporation
process from sub-cooled water to super-heated steam at the outlet.

1. Introduction/motivation

Along with the liberalization of electricity markets in Northern Europe and Denmark, there is an increasing need
to quickly regulate the large central power plants to cover the current supply of electricity and district heating. Much
focus has been put in optimizing the individual power plants, so they can meet the requirements to stabilize the power
supply and district heat production, caused by the stochastic nature of wind farms. Electricity generation based on wind
has primacy in terms of production and the central power plants have to fill the gap between producing and consuming
power. In periods of very high wind generation, the central power plants are thus forced to run down into low load
and maintain a contingency in case the wind unexpectedly fails to come. In these situations, there may still be a need
for district heating production, why we might consider turbine bypass in the steam power plants and directly produce
district heating from the boiler at moderate pressure.

© 2012 Published by Elsevier Ltd.

Keywords: Two phase flow, Vertical evaporator, Dynamic load, Internal Rifled Boiler Tubes, Central WENO,
Hyperbolic balance laws.

*Modelled by a fifth order Central WENO scheme for solving hyperbolic balance laws.
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Operating flexibility is therefore of great importance for the business economics of the plants and also a
prerequisite for a stable electrical system. No matter how strong focus is put on this operational flexibility,
power plants, however, will always be subject to technical limitations - e.g. boiler dynamics, coal mill dy-
namics, flame stability and material constraints. The power plants’ ability to stabilize the electrical system
can be increased substantially if we get a better understanding of the thermodynamic and flow changes,
which occur in the evaporation process. Siemens has spent years developing a new evaporator concept, in
brief; it has developed an evaporator with vertical boiler tubes lined with internal rifles. The system is called
the SLMF principle (Siemens Low Mass Flux), see [1], which can be used for very specific evaporator sys-
tems. One of the advantages of using SLMF is that the boiler’s primary operating area (Benson minimum)
can be moved from the traditional 35-40% load. In new constructions this transition point is to around 20%
load. In this way we avoid the very expensive and time consuming Benson transition, when an installation
must adapt to the free electricity market and drive down the load. There is very little literature on the subject
and there is a modest material relating to the mathematical description of heat transfer and pressure drop
in rifled boiler tubes. Back in 1985 Harald Griem, [1] wrote on the subject, and both KEMA and Siemens
have performed considerable experimental work that is considered company secrets. Other authors who
have dealt with the topic experimentally are [2], [3], [4] and [5]. They have developed consistent algebraic
expressions for frictional pressure drop and heat transfer in internally rifled boiler tubes. A Weighted Es-
sentially non-oscillatory (WENO) solver code is implemented in c++ under MicroSoft Visual Studio 2008,
and the solver is validated in [6]. The water/steam table is based on a fast bi-linear interpolation scheme,
where the lookup table are based on the IAPWS97 standard, which is implemented in FORTRAN 90. The
lookup table is described in [7].

2. Evaporation in steam power boilers

A power plant boiler works as a heat exchanger. On one side the fuel is burned and the product of
combustion is a hot gas exchanging radiant heat to the water on the other side of the heat exchanger. The
boiler is traditionally built as a tower, inside the hot gas is produced and the walls of the boiler are made of
pipes welded together, in these pipes the water flows.

The heat flux is approximately 200-400 kW/m? in the lower sections of the boiler and is represented as
radiation. At the upper part of the tower, the radiation is still dominating, but it is also necessary to take
convective heat transfer into account. At the bottom section, where the radiation from gas to the pipe wall
is dominating, the heat transfer on the outside is so massive that it is no longer setting the restriction for the
optimal heat transfer. Instead, the limit is set by the heat transfer rate from the pipe-wall to the water inside
the pipe.

Fig. 1. Center cutting of an internal rifled boiler tube

One parameter that determines the heat transfer rate on the inside of the pipe is the fluid velocity near
the inner pipe wall. If the velocity can be increased without increasing the net mass flux through the boiler,
the heat transfer rate can be increased. With that assumption it is possible to build a more compact boiler,
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by taking into account the specific type of combustion processes (Coal, Gas Wood pellets ect.). Internally
rifled boiler tubes (IRBT) are an attempt to speed up the velocity at the wall and keep the vertical tube of
a boiler construction. The mass flux through the IRBT are usually in the range of 1000 kg/m?s and is less
than the half as is seen in traditional Benson boiler panel walls, with a moderate pipe inclination.

In addition to the increase in heat transfer, the IRBTs are characterised by an excellent performance
concerning two phase flow. The swirl is very good for separation of liquid from gas. The centrifugal force
will increase the rate of light fluid to the centre of the pipe and force the heavy fluid components to near the
wall, which will improve the cooling of the pipe and thereby increase the heat transfer and decrease the wall
temperature of the pipe. Additionally the IRBT have the following advantages: The rifles will enlarge the
surface of convective heat transfer, increasing the turbulent intensity in the boundary layer and increase the
relative velocity between the wall and core fluid by rotational flow.

The advantages of the IRBT have a price. The pressure loss is higher than in the traditional boiler tubes,
but it can be used in a constructive way. When super critical boilers operate at part load, stability problems
can occur. The problem is usually solved by building individual pressure loss at each pipe inlet section.
Thus the increased pressure loss in the IRBT can be utilized to replace the traditional built in pressure loss
and thereby not increase the pumping power
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Although the assumptions of thermodynamic equilibrium are often made in two-phase flow models,
the phases rarely find themselves at thermal equilibrium. Some degree of thermal non-equilibrium arises
in practically all situations and specially in dynamic situations, thermal non equilibrium must always be
present so that heat and mass transfer can take place. Thermodynamic equilibrium does exist between a
liquid and its vapour separated by a flat interface e.g., water and steam in a closed vessel. In the classical
case of stationary vapour / bubble in large amount of liquid, the vapour and liquid temperatures are equal.
However, due to the effect of surface tension, even in this equilibrium situation, the system temperature
must be slightly above the saturation temperature corresponding to the pressure of the liquid. It is only in
the case of the flat interface, that both phases can be exactly at saturation. Thus, the absence of hydraulic
and thermal equilibrium is the rule rather than the exception in multi phase flows. In this chapter we outline
a homogeneous dynamic flow model, based on the two layer flow model outlined in [8].

3.1. Thermo-Hydraulic model

The homogeneous model is based on the assumption of both hydraulic and thermal equilibrium and
consists of three conservation equations, which can be reformulated in the three in-dependant variables
p(density), riz(mass flow) and E(internal energy), where the dependant variables z (axial position in the pipe)
€[0,..., ;] and t(time) € [0 ,..., oo[. The pipe length is I,. For the massflow given by: riz = puA we find:

Continuity equation:
0 0
Ey (PA) P (i) )]
where A=7rri2 is the cross section area of the pipe and r; is the inner radius of the pipe. The mixture density

is given by p.

Momentum equation:

1o

oo 1e - 0p
Aat(m)+Za_z(m“)_ oz pgcos(0) — F,, — F; ()

where the mixture fluid velocity is given by u, g is the gravity and 8 is the angle of pipe inclination measured
from the vertical direction. The mixture pressure is given as p and the shear forces due to wall friction is

given by: F Wz%‘rw and 7, is given by (6) and S, is the perimeter. The turbulent Reynolds stresses in the
mixing fluid is given by Fy = %T‘Y.
Energy equation:
0 - 1 0. - 1 "
= (pAh + 5[)141,!2 - pA) * 5 (mh + miuz) = S,.q, —mgcos (6) 3)

Here the mixture enthalpy is given as h. Equation (3) can be reformulated by use of the definition of the
total specific convected energy: & = h + 1/2u? + gz cos (6) and by using the continuity equation to eliminate
the gravitational terms on the left side, we find:

S (A@e— )+ 5 (2) = 4.8 , ~ ing cos ©) )
t 0z

where ¢, represents the heat flux per unit surface area through the inner wall and S, is the perimeter of the
heated domain. The internal energy E is given as: E=(pe — p) - A, which is measured in [J/m].
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3.2. Hydraulic closure laws

Closure laws in relation to the momentum equation is presented here. The axial shear stress is modelled
by for example the Van Driest mixing length theory, see [9]:

Ty = _6% (ou’v")

ou?
~[%p— 5
Po &)
and is used as an damping in the solution domain where we experienced transients initiated by large gradients
in the density (compressibility). This is only applied for a restricted domain where the steam quality x €
[-0.02,0.02]. The corresponding wall shear stress is given by

_u - |ul
Ty = prT
G- |G

-1y (©)

The term f,, is the dimensionless friction coefficient based on the single phase frictional coefficient in heated
rifled tubes: f,,=z% +c. In table (1) we propose coeflicients given by [1], for different rifled profiles. In [3]
the same formulation of f,, is used and the author has for specific rifled pipes reported an absolute relative
error less than 6.3 %.

Table 1. Algebraic relations of f,, for different profiles. [1]

type RR6 RRS RR4 RR2
a 1702 0.56 1626  1.65
b 118 032 0.71 0.44
¢ 0032 001309 001509 0.02344

In the two-phase region the friction factor is adjusted according to a two-phase multiplier, formulated
by [10]. In that case f,, is based on fluid properties for saturated liquid. The model that is based on [10]
calculates the two phase multiplier as:

¢2:1+B-x.(ﬂ—1) %
pr
Where the coefficient B is: )
B= 1.58—0.473—0.11-(3) (8)
Pc Pc

Note that the critical pressure (p.) is 221.2 [bar] for water/steam. B is adjustment as: B =B - (B - 1)-(10- x
- 9). The correlation of (7) is compared to the well known and more computation intensive model of Friedel
and is illustrated in figure (2).

3.3. Pipe Wall Model

The heat transfer processes from a combustion process (radiation and convection) to the water and steam
circuit in a power plant, is using the pipe wall as the transfer median, to transport the energy from the furnace
to the cooling media, in this case water / steam flowing in the panel wall. The solution of problems involving
heat conduction in solids can, in principle, be reduced to the solution of a single differential equation, by
Fourier’s law. The equation can be derived by making a thermal energy balance on a differential volume
element in the solid. A volume element for the case of conduction only in the z-direction is illustrated in
figure (3).
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T
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Two Phase Multiplier [-]
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Dryhness [-]

Fig. 2. Comparison of two-phase-multipliers of Jirous and Friedel.

fi fw To

Fig. 3. Energy transfer and heat flow terms on a slice of a pipe wall element.

The balance equation becomes:

aTw 62Tw Qr N "]e diﬂ
— = + —— —, z€[0,[JAt=0 9
ot « 072 Pw pr Ac  pw pr A <04l ©

where C,,, and p,, are the heat capacity and the density of the pipe wall and A, = #(r2 — riz) is the cross
section area of the pipe wall. 7, is the mean wall temperature forced by the heat fluxes ¢, and ¢, expressing
the heat flux from the furnace and the heat flux to the cooling fluid respectively.

Hence we can summarize the system of balance laws (SBL), given by (1), (2), (4) and (9), into a compact
vector notation, given by:

0D(z, 1) N Of(@(z, 1)
ot 0z

D
=g(d)(z,t))+h(%—,(1>(z,t)), DPeR" m=4, t=0A z€Q (10)
Z
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where the dependent variable @ and the flux vector f are given as

pA n

. 1i?
m — + pA
o= E > f((D) = p(%+pA)r’n
A
T, 0

and the source and diffusion vectors are given as:

0 0
- | 2 22
p%—? — pgAcosf - \/%fw _n;‘;n‘ —l—i?‘ %&2
g(®) = P and h(®) =| #A° %
Swq,, — mgcos (6) 0
aazTW 9 S _ _4e dnm 8T,
02 " pu Cpw A pu Cou Ac 52

Here the dependent variables are p, 1, E and T, meaning the fluid density, mass flow, total energy of
the conserved fluid and wall mean temperature respectively. The pressure can be determined iteratively by
water steam tables: p=p(E, p). The source term g consists of both source/sink terms and the diffusion term h
includes contributions from the mixing length eddy viscosity (5), working as a damping term in the vicinity
of x=0, and the thermal diffusion in the pipe wall as well.

3.4. Constitutive relations for the heat pipe model

For isotropic materials, we introduce the thermal diffusivity given by: a = pk_C,w given in [m?/s], which
in a sense is a measure of thermal inertia and expresses how fast heat diffuses through a piece of solid. For
a typical panel wall, the thermal diffusivity is approximately 1.98 - 107® [m?/s] at 200°C, see [11]. The
radiation from the furnace to the pipe surface is given by the heat flux ¢,. The heat flux g, represents the
convective heat transfer between the pipe wall inner surface and the flowing fluid in the pipe, and is given
as: g.=h/(T,,—Ty), where h, is the convective heat transfer coeflicient and T\, — T’ is the driving temperature
difference, which is positive for boiling. For isotropic materials (pipe wall), we have expressions for specific
heat capacity C),,, heat conductivity k,, and density p,, as function of temperature in Kelvin from [11] and
[12].

A simple, fast and robust model of the heat transfer in film boiling, is given by [13]. The heat transfer
coefficient &y, is given as

hpy = cg " [W/mPK] (11)

where the coeflicient ¢y is given by the below expression, which is a function of the saturation temperature

(T,), measured in [°C]

0.06136
¢ = (12)

T, 0.73
[1 _ (m)o.oozs]
The single phase laminar heat transfer coefficient (/) is calculated from
ky
=4.36 (13)

Nug

and is valid for L/d; > 50 and dl"l—G < 2000. For turbulent single phase flow and d"TG > 10,000 we use

Nu, = hsdi
kg
~\0.8 1/3
= 0.023 (E) (%) (14)
Hu kg
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The total heat transfer coefficient is given by (15), and consists of two contributions; one from the
convective heat transfer boundary layer associated to the flowing fluid inside the heat pipe and one that
relates to conduction through the pipe wall material.

1

h= ——— 15)

1 i
nt kr— “In(r, /1)

where A, is expressing the heat transfer coefficient due to the thermal boundary on the inner side of the pipe
wall and r,, is defined by T, = T,(r,,). Since we use the calculated average wall tube temperature as driver
in the calculation of the total heat transport to the fluid, we must know r,,.

Due to the knowledge of radial conduction in the pipe, we use a simple analytical wall temperature
profile, for estimating the inner wall temperature, expressed by the averaged wall temperature (7)), based
on the heat transfer through the isotropic pipe wall to the flowing fluid. Let T,.(r) represent the radial
temperature distribution by

T,-T,
In(5)

= ay 1n(ri) +T,

T(r) = 1n(ri) +T, (16)

where r is the pipe radius with suffix (i=inner) and (o=outer). This temperature profile for radial isotropic
pipes, is the steady state solution to the 1D Fourier’s law of heat transfer. Hence, for small values of the
thermal diffusivity, the averaged wall temperature can reasonable be estimated by:

1 [T
T, = A—f 2nr - T,.(r)dr (17

_ fT” [ao [0 00/2 -2 /4]" = aon () [/ 2]:] +T,- 2

=ar-Ti+(1-a)-T,

r
o

where a; is given by
rl.2 1
=12 2n(rifr,)

ap = (18)
Hence the entire heat transfer can be estimated for the temperature range in between the wall mean

temperature (7,,) and the fluid mixture temperature (7'y), which is assumed homogeneous and well mixed

with a temperature boundary layer represented by /h.. The one dimensional pipe wall model does only

consists of axial heat transfer term, and have no spatial resolution in the radial dimension.

The inner wall temperature can be determined by use of the equation for pure conduction through the pipe:

2rk 2nk,,

= W(To - Tz) = m(Tw - Tl) (19)

QS

Hence we find T; by insertion (17) in (19):

¢S In(2)(1 - ay)
=Ty+—FF——

i — 1w 20
2rtk,, 20)

and hence r,, in (15) can be determined from (17) and (20) and we find

1
h= 1 ri(ai=1) (21)
wt o (/)

where . is smoothed in-between £, and £y, depending of the dryness of the fluid. Additionally £, is adjusted
on the basis of a smoothing between laminar and turbulent single phase flow as well as for two-phase
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flow. The smoothing function is based on a third order function and the associated slopes are determined
numerically. Note that the heat flux is positive for 7; > T¢. Using the model parameters from table (2)
we find a;=0.423 and the temperature fall above the thermal boundary is: 7,-7;=27.9 [°C], which gives a
temperature gradient in the pipe wall of dT/dr= 3930 [°C/m] for a heat flux of g,=100 [kW/m?]. The heat
conduction in the material is the most significant barrier for an effectively cooling of the tube wall.

3.5. Auxiliary relations

The Water / Steam library IAPWS 97 by [14] is used as a general equation of state, to derive thermody-
namic properties of water and steam. In some relations we need a relationship for the pressure as function
of density and enthalpy: p=p(p,k). This can be done by a Newton Rapson solver. To improve the com-
putational speed, we recommended to use a look up table within at least 200000 nodes, based on bilinear
interpolation, see [7]. Here we create a look up table to ensure water/steam properties within an accuracy
below 0.3% as an absolute maximum, due to [7]. Note that the density is smoothed in the vicinity of the
saturation line of water to avoid heavy gradients and discontinuities.

3.6. Boundary conditions

It is convenient to use boundary conditions to the model which are physically measurable. Therefore,
the following properties are used as boundary conditions; velocity (), pressure (p) and enthalpy (/). This
allows us to rewrite the boundary conditions to those properties, which are described by ®, see (10). The
Dirichlet boundary conditions are given by (22) and the corresponding Neumann boundary conditions are
obtained by applying the chain rule for differensation of complex functions, and are given by (23).

PA
A
Dirichlet BC : { | (22)
PA(h + % + gzcos () — pA
pTw
where 6 is the angle of the pipe inclination with respect to the horizontal.
9 9A
AL + oyl 4 pAd
Neumann BC : | % " P& TP % o o (23)
0 [h +5 +gzc0s(9)] + pA [a_z +ug: +gcos(0)] -Ag - r%
T,
3
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3.7. Numerical Solution of Hyperbolic Transport Equation

Let us consider a hyperbolic system of balance laws (SBL) formulated on a compact vector notation,
given by (10), where @ is the unknown m-dimensional vector function, f(®) the flux vector, g(®) a contin-
uous source vector function on the right hand side (RHS), with z as the single spatial coordinate and ¢ the
temporal coordinate, Q is partitioned in n, non-overlapping cells: Q= U:’;]Ii € [0, L], where [, is a physically
length scale in the spatial direction. This system covers the general transport and diffusion equations used
in many physical aspects and gas dynamics as well. The SBL system is subjected to the initial condition:

D(z,0) = Do (2) (24)

and the below boundary conditions given by:

Dirichlet boundaries:
D(z=0,1) = Ou(t) and D(z = 1, 1) = Dp(t) (25)

and

Neumann boundaries:
00z =0.0) _ 900 0D =11) _ 9Ds(1)

0z 0z 0z 0z

The above boundary conditions can be given by a combination of each type of boundaries. The Dirichlet
condition is only specified, if we have ingoing flow conditions at the boundaries.

The development of a general numerical scheme for solving PDE’s may serve as universal finite-
difference method, for solving non-linear convection-diffusion equations in the sense that they are not tied
to the specific eigenstructure of a problem, and hence can be implemented in a straightforward manner as
black-box solvers for general conservation laws and related equations, governing the spontaneous evolution
of large gradient phenomena. The developed non-staggered grid is suitable for the modelling of transport of

(26)

mass, momentum and energy and is illustrated in figure (4),where the cell / j:[z 1725 Zj41 /2] has a cell width
Az and At the time step.

¢ 1 ¢l§
West boundary East boundary
#, ¢ o b b | b b b
.- B D DR DR DR R DR DR DR DR B
2 1 0 | t 2 3 . n:-2 n:-1 n: n:+1 n+2 n:+3

Non-staggered grid
2,0, =b

Fig. 4. The computational grid [0,/,] is extended to a set of ghost points for specifying boundary conditions.

In this section, we review the central fifth order WENO schemes in one spatial dimension, developed by
[15] with uses modified weight functions outlined by [16]. We recall the construction of the non-staggered
central scheme for conservation laws. The starting point for the construction of the semi-discrete central-
upwind scheme for (10) can be written in the following form:

do;n 1

4 Az [Fj+1/2 - Fj—l/z] + 5 (D). 27

where the numerical fluxes F .1/, are given by

P B a}r+1/2f(q);'+1/2) - aj_'+1/2f(q)}r+1/2) a;+1/2aj_'+1/2 o D )%
j+12 = o T = [ +1/2 j+1/2]' (28)
Aivi2 ~ %12 Aivi2 %
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Notice that the accuracy of this scheme is determined by the accuracy of the reconstruction of @ and the
ODE solver. In this chapter the numerical solutions of (27) is advanced in time by mean of third order TVD
Runge-Kutta method described by [17]. The local speeds of propagation can be estimated by

of(@7,,,) af (@7,
a;.'+1/2 = max {AN(%),AN (8#1/2),0} , (29)

(L (OF@ )Y (F@, )
@1, = min {/11( (’9(]1)1/2 ),/11( a(JDI/z ],O}.

with 4; < ... Ay being the eigenvalues of the Jacobian given by sz. Here, (D;TH/z:ij(sz/z), and
<I)J‘.+1 =P j(Zj+1/2) are the corresponding right and left values of the piecewise polynomial interpolant {p;(z)}
at the cell interface z=z;,1/>.

To derive an essentially non-oscillatory reconstruction (ENO), we need to define three supplementary
polynomials (®;, ®,, 3), approx1mat1ng ®(z) with a lower accuracy on [;. Thus, we define the polynomial

of second-order accuracy, <D1(z) on the reduced stencil S: (l;_», I;_1, I;), Cbz(z) is defined on the stencil
S (IiZ1, 1;, I;11), whereas (D3(z) is defined on the stencil S3: (f;, I;11, ,+2) Now, we have to invert a 3 X 3
linear system for the unknown coefficients {a;}, j € {0, ..., 2}, defining @, d,, ©5. Once again, the constants

determining the interpolation are pre-computed and stored before solving the PDEs. When the grid is
uniform, the values of the coefficients for @, ®, and @5 can be explicitly formulated. It is left to the reader
to read [15] or [6] for further details about determining the coefficients in the reconstructed polynomials. To
implement a specific solution technique, we extend the principle of the central WENO interpolation defined
in [18]. First, we construct an ENO interpolant as a convex combination of polynomials that are based on
different discrete stencils. Specifically, we define in the discrete cell I;:

&)"(Z)zzwjxcbj(z), ij:l for w; >0 forje{l,..4}, (30)
J J

and @, ®, and ®; are the previously defined polynomials. @, is the second-order polynomial defined on
the central stencil S5: (I;_», I;_1, I;, I;41, I;1») and is calculated such that the convex combination in (30), will
be fifth-order accurate in smooth regions. Therefore, it must verify:

B, p(2) = ch x ®;(z) Vzel, ch =1 for C;20 forje{l,..4, (31)
J J
The calculation of d)l o /2,<Dl +1/2 produces the following simplified result:
- 7 1 - 1 5 21
(D;:-l/2 ( 120W4 - Bwl) D, + (§W2 + 6W1 + EW;;) q)i—l (32)

+

N +11 N 73 (I)+ 1 7 7 B+ 1 1 &
Wz W1 6W3 120W4 6W2 6W3 12OW4 i+1 3W3 60W4 i+2

1 - 1 7 7 -
z+1/ (60W4+ W1)®i_2+(—6W2—6W1—mW4)(D1

5 1 11 73 = 1 5 21 1 7 -
ng + W3 + —w; + — )CD + (—W2 — =w3 + —W4) (I),‘+1 + (——W3 - —W4) (Di+2

* 6 120" 378" 10 6" " 120

(33)

To calculate the weights wj, j€ {1,2, 3,4}, we review another technique to improve the classical smoothness
indicators to obtain weights that satisfy the sufficient conditions for optimal order of accuracy. It is well
known from [15], that the original WENO is fifth order accurate for smooth parts of the solution domain
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except near sharp fronts and shocks. The idea here is taken from [16] and uses the hole five point stencil
S5 to define a new smoothness indicator of higher order than the classical smoothness indicator 1S;. The
general form of indicators of smoothness are defined in [18]:

. 13
IS = ajAZ + —

3 @A+ 0(AL), jell,2,3) (34)

and the form of IS is given by [15]:

‘ 13 1
IS = d®AZ + ?a% + §a1a3] AL+ 0. (35)

where ag and a; can be determined by solving the coefficients to reconstructed polynomial @4 on Ss. For
estimating the weights wy, k € {1,2, 3,4}, we proceed as follows: Define
ISk + €
IS; = ———— 36

kTS Pt E+TS (36)
where ISy, k € {1,2,3} are given by (34), IS 4 given by (35) and 75=|IS | — IS 3|. The constant € is a small
number. In some articles € ~ from 1- 1072 to 1- 107°, see [18]. Here we use much smaller values of e for the
mapped and improved schemes in order to force this parameter to play only its original role of not allowing

vanishing denominators at the weight definitions. The weights wy are defined as:
! . _ G

=—, oy =-—, k€{l,2,3,4} 37
Z?:l“? ‘ ISy

Wi

The constants C; represent ideal weights for (30). As already noted in [18], the freedom in selecting these
constants has no influence on the properties of the numerical stencil; any symmetric choice in (31), provides
the desired accuracy for (I)opt. In what follows, we make the choice as in [15]:

C1=C3=1/8,C2=1/4andC4=1/2. (38)

3.7.1. Convection-Diffusion equations
Let us again consider the general System of Conservation Laws (SCL), given by equation (10), where
the source term g is replaced by a dissipative flux:

AD(z, 1) .\ Af( @)
ot 9z T oz

(g(CD(z, 1), ?%))) , 120, zeQ (39)

The gradient of g is formulated on the compressed form: g(®, o—f)z as a nonlinear function # zero.
This term can degenerate (39) to a strongly parabolic equation, admitting non smooth solutions. To solve
it numerically is a highly challenging problem. Our fifth-order semi-discrete scheme, (27)-(28), can be
applied to (10) in a straightforward manner, since we can treat the hyperbolic and the parabolic parts of (39)
simultaneously. This results in the following conservative scheme:

Ao
dr

1
Y [Fj+l/2 - Fj—l/z] +G(D,1). (40)

Here Fj, 1/, is our numerical convection flux, given by equation (28) and G, is a high-order approxima-
tion to the diffusion flux g(®, ‘L{;)Z. Similar to the case of the second-order semi-discrete scheme of [19],
operator splitting is not necessary for the diffusion term. By using a forth order central differencing scheme,
outlined by [20], we can apply our fifth-order semi-discrete scheme, given by (27) and (28), to the parabolic
equation (10), where g(®, ’Lf)z is a function of ¢ and its derivative in space (diffusion). The diffusion term
can be expressed by a high—f)rder approximation:

1
Gi(1) = 135 |-G, (@2);12) + 8- G(@si1, (D)) = 8- G(1, (@) + G(@s2, (@)2)] - (41
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where
(©,)42 = LA [25c1>,+2 4805, +360; — 160, | + 3c1>j_2], (42)
(©)41 = LAZ 30,2 + 1001 - 180, + 6@, — @, 5],
(@), = 2# |12~ 60,1 + 18D, — 10D, —3®; 5| and
(@), 2 = %AZ [-3®12 + 1601 = 36®; + 48D, - 250,

and @; are the point-values of the reconstructed polynomials.

3.7.2. Source Term

Next, let us consider the general SCL given by (10) and restrict our analysis to the source term of the
form: g(®d, ) as a continuous source vector function # zero. By integrating system (10) over a finite space-
time control volume I;, At one obtains a finite volume formulation for the system of balance laws, which
usually takes the form

At
O 1" = OG0 = 1= (fn = fr-ip) + Mgy, 120, z€Q (43)

The integration of (10) in space and time gives rise to a temporal integral of the flux across the element
boundaries fj.1/> and to a space-time integral g; of the source term inside /;. In practice, one must replace
the integrals of the flux and the source in (43) by some suitable approximations, that is to say one must
choose a concrete numerical scheme. For SBL a numerical source must be chosen. Here, not only the three
classical properties are required, but some additional properties are needed for the global numerical scheme:
It should be well-balanced, i.e. able to preserve steady states numerically. It should be robust also on coarse
grids if the source term is stiff.

3.7.3. Boundary conditions for Non-staggered grid

For a system of m equations we need a total of m boundary conditions. Typically some conditions must
be prescribed at the inlet boundary (z=a) and some times at the outlet boundary (z=b). How many are
required at each boundary depends on the number of eigenvalues of the Jacobian A that are positive and
negative, respectively and whether the information is marching in or out for the boundaries.

By extending the computational domain to include a few additional cells on either end of the solution
domain, called ghost cells, whose values are set at the beginning of each time step in some manner that
depends on the boundary condition. In figure (4) is illustrated a grid with three ghost cells at each boundary.
The idea behind the ghost point approach is to express the value of the solution at control points outside the
computational domain in terms of the values inside the domain plus the specified boundary condition. This
allows the boundary condition to be imposed by a simple modification of the internal coefficients using the
coefficients of the fictitious external point. This can result in a weak imposition of the boundary condition,
where the boundary flux not exactly agree with the boundary condition. By establishing a Taylor expansion
around the boundary a or (b), we can express a relationship between the ghost points outside the solution
domain and grid points inside the domain. For further details see [6].

3.7.4. Time discretization
The semi-discrete ODE given by (27) is a time dependent system, which can be solved by a TVD
Runge-Kutta method presented by [17]. The optimal third order TVD Runge-Kutta method is given by

c1>“> D+ ALL(DY), (44)

3 1 1
2 _ n (D (D

OF = 207+ 20 + S AL (@),
1 2 2

oM = @+ S c1><2> += AtL((D( )), for j€[l,n,l.
3 3 3
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The stability condition for the above schemes is

A
CFL = max u”~—t <1, (45)
I Az

where CFL stands for the Courant-Friedrichs-Lewy condition and u' is the maximum propagation speed in
cell /; at time level n.
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4. Results

In this section we setup and solve a homogeneous boiler tube model for two cases; one without IRBT
and one with Siemens RRS pipes. The governing equations are defined by the system of balance laws given
by equation (10) including the pipe wall model given by equation (9) for the solution domain given by Q €
[0,,].

4.1. Numerical setup

Three Dirichlet boundary conditions are applied for the hydraulic case and two Neumann boundaries are
applied for the pipe wall model, given as zero gradients in the wall temperature at each pipe end (No heat
loss). The intention is to model an evaporator, which can induce oscillations initiated by the compressibility,
which arise as a result of a phase shift in the lower part of the evaporator. Therefore, we apply a constant
downstream Dirichlet pressure boundary condition, that is corresponding to a stiff system, without any
pressure absorption effects in the down stream turbine system due to compressibility. An analogy to this
is a geyser, where there is a constant surface pressure and an intense heat absorption in the bottom region,
whereby an oscillating pressure wave is initiated due to the compressibility of the fluid, caused by intense
heat from the underground. Additionally we force the model with both a constant enthalpy and mass flux
located on the upstream boundary, supplied by a constant heat flux along the entire heat pipe. The numerical
scheme is the fifth order WENO scheme outlined in chapter (3.7) and consists of 400 computational points
with CFL number of 0.8. The numerical scheme is tested for consistency and stability with respect to both a
scalar- and a system of hyperbolic equations and has been successfully compared to analytical results from
the literature as well as other published results. This work is outlined in [7].

The model is soft started in two steps, at t=0 [s] is the pure hydraulic model soft started during 4 seconds,
without heat flux. After 10 seconds the heat flux is build-up during four seconds. This is done to avoid heavy
shock waves moving forward and back in the entire solution domain. If the soft start period is reduced to
only 1 second, heavy pressure oscillations occur. The soft start model is based on a third order theory [21],
which gives a C? continuous sequence, which means zero gradients of the first derivative at both ends of the
soft start period. The model data are listed below in table (2). The dynamic start-up process can be seen in
figure (6), where the density is given in [kg/m3], pressure in [bar], Temperature in [°C], enthalpy in [kJ/kg]
and mixture velocity in [m/s].

4.2. Model consistency

The model consists of 400 differential elements, thus ensuring a smooth continuous solution. By reduc-
ing the number of computational cells to only 50 elements, one would observe a more intensive standing
wave at the entrance of two-phase region, which is due to intensive heating of the differential cell in the
vicinity of the boiling zone, where we have an intensive negative slope in the density as function of the en-
thalpy, hence the density change becomes so violent that a pressure wave is established to ensure momentum
balance. Using a CFL number higher than 1.0 is leading to instabilities due to the semi implicit scheme.

4.3. Simulation results - without IRBT

In figure (5) we illustrate the output results for each 25 sec. of simulation, referring to the solution of
the full-scale evaporator at Skerkakvarket unit 3 (SKV3) in Fredericia (Denmark), without IRBT. Here
we have a tower boiler which consists of 4x56 parallel boiler tubes representing an entire mass flow of 90
[kg/s] flowing in 193.5 meter long heat pipes with an inclination of 12 degree. A steady state solution is
obtained after approximately 250 seconds, and is depicted in figure (6) together with the initial conditions.
The entire pressure drop and heat uptake fit (+ 5 %) with steady state experiments performed at (SKV3).
The simulation results shows how the state of the fluid gradually moves from the inlet condition, in the form
of subcooled water, to the two phase zone, in which the boiling is starting, and finally reaches the super
heating zone, where the dry steam is superheated to approximately 360 [°C]. The pressure drop is fixed
downstream in the form of a Dirichlet boundary condition, corresponding to measured pressure level from
(SKV3). The Pressure distribution along the evaporator reflects different pressure loss models, the pressure
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Table 2. Geometrical and numerical specifications. Data in parentheses are referring to simulation without IRBT.

Parameter Value Unit Parameter Value Unit
Gravity (g) 9.81 [m/s*]  Spatial start position 0.000 [m]
Spatial end position (L) 38.25(193.40) [m] Inner diameter of pipe (d;) 23.8 [mm)]
Outer diameter of pipe (d,) 38.0 [mm)] Heat conductivity in wall (k,,) 10.139 [w/mK]
Wall density (o) 7850.0 [kg/m3]  Specific heat capacity of pipe wall (Cp,,) 527.21 [J/kg/K]
Heat flux (¢.) 100.000 [W/m?]  Wall roughness (1) 1.0E-6 [m]
Initial Enthalpy - Inlet 1187.6988 [kJ/kg]  Initial Enthalpy - Outlet 1187.6988 [kJ/kg]
Initial Pressure - Inlet 92.3762 [Bar] Initial Pressure - Outlet 92.3762 [Bar]
Initial Velocity - Inlet 0.0 [m/s] Initial Velocity - Outlet 0.0 [m/s]
Pressure BC (Dirichlet - Outlet) 92.3762 [Bar] Enthalpy BC (Dirichlet - Inlet) 1187.6988 [kJ/kgl
Velocity BC (Dirichlet - Inlet) 0.200(1.1711)  [m/s] Simulation time 200.0 [s]
Output frequency 0.1 [s] CFL number 0.80 [-]
Number of computational grids (NV,) 400 [-] Riffle type RR5 1.5994(No rifels) [-]
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Fig. 5. Solution of SKV3 evaporator model without IRBT after (a):25, (b):50, (c):75 and (d):100 sec.

gradient of single and two-phase regions respectively. The pressure drop in the two-phase region involves
the two phase multiplier, outlined in (7), which multiplies the pressure gradient with up to 16 times relative
to the pressure gradient for saturated water. The inlet velocity is specified as an upstream Dirichlet boundary
condition, and is soft started by use of the before mentioned smooth function, having a soft start period of
four seconds. The super heated steam leaves the down stream boundary at steady state flow condition with a
speed of app. 24 [m/s]. This ensures a smooth hydraulic flow condition of a cold evaporator. After words the
heating is build up smoothly, applied by the same smoothing technique, so that undesirable thermal shock
phenomena is reduced to a minimum. A standing pressure wave in the front of the boiling zone of the fluid
is created by the very intense negative slope in the fluid density at the entrence to the two phase region. This
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Fig. 7. Solution of Modified SKV3 vertical evaporator model with SLMF after (a):50, (b):100, (c):150 and (d):200 [s].

pressure-drop oscillations could occur, when there exists large upstream compressibility in the flow boiling
system, see ([22], [23]). This phenomenon is increased in a vertical evaporator where the heating phase has
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Fig. 8. Modified SKV3 vertical evaporator model with IRBT at station A(left) and B(right).

a heavy column of liquid to be transported out of the solutions area, which can initiate stability problems.
This phenomenon occurs at low operating pressure in the evaporator or low firing, ie. heating the bottom
of the evaporator. The dryness line in figure (5) expresses the mass based percentage of the steam flowing
in the evaporator tube, not surprisingly, this process linearly corresponding to a constant heat flux along the
tube.

Pressure-drop oscillations can be characterised as a secondary phenomenon of dynamic instability,
which is triggered by a static instability phenomenon. Pressure-drop oscillations occur in systems hav-
ing a compressible volume upstream of, or within, the heated section. Pressure-drop oscillations have been
studied in considerable details by Maulbetsch [24] and Griffith [25], for sub cooled boiling of water, and by
Stenning et al. [26], [27], for bulk boiling of freon-11. Maulbetsch and Griffith found that the instability
was associated with operation on the negative sloping portion of the pressure-drop - flow curve.

4.4. Simulation results - with IRBT

By converting the SKV3 boiler to a system equipped by RRS internal rifled boiler tubes (IRBT), this will
normally lead to a complete redesign of both the furnace- and the evaporator system, but in this fictive case
we use the same heat transfer area, despite the fact, that the IRBT considerably improve the heat transfer in
the boiling zone. In this new setup, the length of the boiler tubes are reduced from 193.5 [m] to 38.25 [m]
and the number of parallel tubes are increased from the original 4 x 56 to 4 x 270 parallel tubes. We have
proved used a very low mass flux (corresponding to approx. 10% load), specifically to analyze the effects of
the wall temperature distribution. It should be emphasized that this simulation event is a fictional setup and
is rather a calculation example of what can happen in an evaporator tubes, if near zero flow momentarily
occurs.

The vertical IRBT leads to an decrease in the mass flux, which is illustrated in (7) for instant pictures of
100, 150, 175 and 200 [s] of simulation. The wall temperature are varying in time and reach a peak while
the flow locally is approaching zero, caused by local pressure oscillations initiated by the compressibility
at the entrance of the two phase region. The bad cooling caused by near zero flow can have disastrous
consequences for the pipe material and may ultimately lead to a meltdown of the evaporator tube. In practice,
this is avoided by increasing the circulation through the evaporator. The pressure drop through the evaporator
tube is unrealistically low, due to the very low mass flux (105 [kg/m?s]). Normally, the mass flux of IRBT
is approx. 1200 [kg/m?s] at 100% load. In figure (8) is listed timeseries of the thermo hydraulic data at two
stations located at A(z:%lz) and B(z:%lz). The thermo hydraulic conditions in station A is situated in the
subcooled region while the station B is situated in the super heated region. Both stations are affected by
the compressibility effect, initiated in the entrance to the boiling zone. Pressure waves are approaching up-
and down stream due to the eigenvalues of the hyperbolic governing equations (1;=c, dy=u+c and A3=u-
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c) where A;, i=1,3 is the eigenvalues and c is the local speed of sound for the two phase mixture. In the
downstream station B we can also see minor slugs of enthalpy for t=100 [s], which also is referring to the
compresibility phenomena.

4.5. Model consistency

The model consists of 400 differential elements, thus ensuring a smooth continuous solution. By reduc-
ing the number of computational cells to only 50 elements, one would observe a more intensive standing
wave at the entrance of two-phase region, which is due to intensive heating of the differential cell in the
vicinity of the boiling zone, where we have an intensive negative slope in the density as function of the en-
thalpy, hence the density change becomes so violent that a pressure wave is established to ensure momentum
balance. Using a CFL number higher than 1.0 is leading to instabilities due to the semi implicit scheme.

4.6. Discussion

The two simulation cases shows two very different thermo hydraulic conditions. The simulation of
(SKV3) without IRBT is verified against steady state measurements and the pressure drop and heat uptake
fits quite well (= 5 %). The case of IRBT does not reach a steady state condition after 200 [s] and is
illustrating an absolute worst case of boiler layout. It is interesting to see that it is possible to initiate local
temperature spikes in an evaporator tubes - even before the boiling region - caused by the compressibility
phenomena. The above results show that the numerical model is able to simulate the pressure drop and
heat transfer in evaporator tubes (with and without IRBT), in both a time and spatial resolution. However,
despite the extremely large in-linearities in the fluid density, and the hyperbolic nature of the governing
equations, the model is capable to calculate a dynamic response over the saturation zones in the evaporator.
Under normal conditions, the sub-cooled section of the evaporator will be separated from the two-phase
section, to ensure numerical stability, but by use of the WENO technique, this can be handled in one setup.
It is unfortunately not possible to compare the numerical calculations with measured data, since the IRBT
evaporator model is a hypothetical example, but the boundary data are taken from measurements from
SKV3.

It is interesting to see how the tube wall temperature may be increased, as a result of poor heat transfer
due to the low flow rate in the subcooled section of the evaporator. Further downstream, where the flow
speed increases, progressively better heat transfer are observed and a more homogeneous axial temperature
distribution all the way down to the superheated section, where the material temperature rises again.

Similarly, we can observe that there are several different models of the wall friction into play, which
is revealed by considering the slope of the pressure downstream in figure (7). The pressure gradient is
ultimately the greatest in the two-phase region, due two-phase multiplier. we see also that the pressure
gradient for superheated steam also, not surprisingly, are larger than sub-cooled liquid.

The Central WENO schemes are designed for problems with piecewise smooth solutions containing
discontinuities. The Central WENO scheme has been successful in the above applications, especially for
solving the pressure distribution down streams an evaporator. The inlet conditions is sub cooled water and
the out flow is superheated steam. Minor pressure waves are initiated in the transition zones to the two
phase region (x=0), because of the compressibility of the fluid. The pressure oscillations generated in the
entrance to the boiling zone is controlled by the shear stresses in the momentum equation (0.01 [m?/s],
which smooth the oscillations due to diffusion of momentum. The model is very time consuming in solving
the system, because the total energy is determined iteratively as well as the density is a function of pressure
and enthalpy. The model is stable as long as the CFL number is less than one and the speed of sound is below
the highest calculated speed of sound in the fluid domain, determined at each time step. We can conclude that
the solution procedure is non-oscillatory in the sense of satisfying the total-variation diminishing property
in the one-dimensional space. No numerical wiggles are observed in the hyperbolic models and smooth
solutions are observed in the continuous zones of the flow regimes.
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4.7. Conclusion

In this article we have solved the dynamic flow equations and associated wall model for a boiler tube, by
use of a fifth order WENO scheme. Simulations with and without a model of the inner rifling of the boiler
tube has been carried out. The calculations include the entire evaporation process from sub-cooled water to
super-heated steam, which includes a massive change in fluid density downstream. The simulations show
that there is a very large pressure drop across the boiler tube without rifling, while the tube with rifling has
a significantly lower pressure drop, due to the lower mass flux, although the relative pressure drop in the
rifle tube is significantly higher compared to the smooth boiler tube. We also see that the mass flux in IRBT
for design reasons are significantly lower. The model handles perfect the pressure oscillations occurring
in the two phase region, as a result of the increased compressibility of the fluid. This instability generates
minor enthalpy slugs downstream in the calculations. In the IRBT simulations we experience very low
mass flux just before the entrance to the two-phase region, which locally gives a very poor cooling of tube
wall and rising wall temperature. We can generally conclude that WENO scheme both numerically and in
terms of stability is well suited to solve such an complicated hyperbolic system of PDE’s with respect to the
transformed independent solution parameters.
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Abstract

Telemark University College is offering a mas-
ter degree program called “Systems and Con-
trol Engineering”. Most students of that pro-
gram have a background in either electrical, me-
chanical, control engineering or a combination
of those. Since Norway covers about 99% of
its electrical energy demand using hydro-electric
power plants it is natural to also educate master
students in the subject of hydro power systems.
About three years ago the Telemark University
Colleges started a cooperation with the Norwe-
gian power company “Skagerak Energi” in or-
der to offer real-life projects for students and
to establish a new teaching course for sec-
ond year master students called “Modelling and
Simulation of Hydro Power Systems”. That
course teaches the students the basic principles
of hydro-electric power generation starting the
prediction of precipitation “down” to the distri-
bution of electrical power in the grid with other
loads and consumers connected to it.

This paper presents the teaching approach we
have taken so far and our evaluations of open-
source tools to be used within the “Mod-
elling and Simulation of Hydro Power Systems”
course. The evaluations were also focused on

*Dietmar.Winkler@hit.no
"Bernt.Lie@hit.no
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possibilities of scripting model simulations.

1 Teaching hydro power sys-
tems

1.1 Overview

Teaching hydro power systems gives one the
great opportunity to deliver combined knowl-
edge of at least three major engineering do-
mains:

e Mechanical engineering
e Electrical engineering
e Control engineering

In detail the course deals with:

e Formulation of mathematical models
across different physical domains (e.g.,
mechanical, electrical, hydrological).

e Introduction to the object-oriented mod-
elling language Modelica.

e Development of a simple hydro power plant
model which can be extended to more com-
plex and accurate models.
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e The benefit of using object orientation
when implementing such models, with spe-
cial emphasis on how the model can be
gradually extended.

We use the modelling language Modelica'
which was especially designed for models which
contain components from different physical do-
mains. The benefit of using Modelica in teach-
ing are for example:

openness Students can look at the exact equa-
tion based mathematical description of
physical systems

multi-domain nature In Modelica it is possi-
ble to connect the different domains (e.g.,
electrical, mechanical, control) within one
model in order to get close representation
of the real physical system.

object-orientation Enhancing models in a
“top-down” manner is very simple. This
means students can start working on sim-
ple models and increase the level of detail
later on.

1.2 Using modelling and simulation
in projects

After having learnt about the mathematical and
physical theory of hydro power systems, stu-
dents can now apply that knowledge in work-
ing on operational studies. Those studies consist
normally of real-life problems which need to be
solved. In the past our students have for exam-
ple worked on “Modelling and Optimisation of
Deviation in Hydro Power Production”[1] and
“Stability Analysis of AGC in the Norwegian
Energy System”[2]. In the latter example it was
especially important to use scripting and optimi-
sation tools.

"Modelica®is a registered trademark of the Modelica
Association https://modelica.org
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2 Modelling tool chain used
so far

2.1 The modelling language Model-
ica

Modelica® is a unified object-oriented language
for systems modelling. It is developed by the
Modelica Association> which was founded in
1996 and consists of members from industry,
university and rersearch organisations.

The Modelica Association also develops the
free and open-source Modelica Standard Li-
brary(MSL)? which is currently at version 3.2
and consist of 1280 non-trival models and 910
functions. The MSL makes it possible to gener-
ate models of complex systems in a simple and
quick manner.

Since Modelica is especially suitable for multi-
domain modelling and also because of the trans-
parency of its models we decided to base our
“Modelling and Simulation of Hydro Power
Systems” course on this powerful modelling lan-

guage.

2.2 The modelling tools

In the course so far, we were using the com-
mercial modelling tool Dymola®. There are sev-
eral reasons for this. One is that our students
are mainly engineering students with little pro-
gramming background. Since our hydro power
systems course should mainly concentrate on the
modelling and simulation tasks and not so much
on the programming side we needed something
that the students are comfortable working with
and can learn within a reasonable short period
of time. Basically this means that we needed a
Modelica tool that allows to edit models graphi-
cally in a drag-and-drop manner rather than do-
ing textual programming.

Another reason was that for the course we also
liked to demonstrate the real power of Model-
ica with detailed models of a complete hydro

http://www.modelica.org
Shttps://modelica.org/libraries/Modelica
“http://www.dymola.com
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power system. For this task we came across
the HydroPowerLibrary® which includes such
complex models and easy to use examples.

2.3 Example from the
HydroPowerLibrary

A typical example that the students model in the
end of the course is a complete hydro power sys-
tem as depicted in Fig. 1 consisting of:

e Reservoir

Waterway

Turbine with turbine regulator

Generator

Power grid

With such a model one can investigate the pro-
cess of synchronising a generator that is driven
by water turbine to the grid and then look at the
power balance.

There are a lot of interesting aspects that the stu-
dents can look into. E.g.,

e How aggressive should the turbine con-
troller be?

e when can the electrical connection between
the electrical generator and the electrical
grid be made?

e what happens when it comes sudenly to a
load change on the electrical grid?

And those are just some of the many scenarios
that one can simulate with this model. One thing
all of the different simulation scenarios have in
common though is that one would like to auto-
mate the simulations with variations of some pa-
rameters, i.e., doing parameter sweeps.

>The HydroPowerLibrary is developed by Modelon,
see http://www.modelon.com
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2.4 Drawbacks of the commercial
tools

Especially the automation of several simulations
is something where Dymola was kind of weak or
cumbersom to use. Also at this point the engi-
neering students begin to see why it might be
necessary and more convenient to be able to use
a scripting language.

One of the most powerful scripting languages is
Python®. Unfortunately, the tool Dymola pro-
vides neither a convenient to use own scripting
language nor does it provide a direct interface
for Python. That is why we started to look at
alternatives.

Another drawback, we as an academic institu-
tion see, is that students should be learning to
use tools that they will also be able to use af-
ter they finished their degree at our university
college. This might be a kind of moral aspect
but a valid one none-the-less since many of our
students come from countries where they basi-
cally can not afford to buy a licence (even when
working at a company). It is also important for
the students to be able to reproduce the results of
their project and study work without restrictions
after they have left higher education.

3 Going Open-Source in
Modelling and Simulation

Using Modelica® as an open modelling lan-
guage is only the first step. We now looked into
open-source tools that allows us to create the
models in a convenient way, execute the simu-
lation and do post-processing and optimisation.
The most advanced open-source Modelica
modelling and simulation tools are currently
OpenModelica’ and JModelica.org®.

First we looked at OpenModelica which already
provides a graphical editor called “OMEdit”.
Unfortunately that editor did not appear to be
all that stable at the time of writing so we con-
centrated more on the script interface. Here

®http://www.python.org
"http://openmodelica.org
8http://jmodelica.org
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Figure 1: Screenshot from a HydroPowerLibrary example modelled in Dymola

OpenModelica provides the possibility to use
MetaModelica, a special language that was de-
veloped not just for scripting but also program-
ming the compiler itself[3]. As of version 1.8.1,
OpenModelica also provides a beta version of
Python Scripting.

JModelica.org is heavily reliant on Python and
the whole simulation routine is controlled by us-
ing Python. Also does JModelica.org use the
FMI standard [4] that offers the possibility to use
exported models from other simulation tools.
Thus we decided to start testing JModelica.org
at first and wait with OpenModelica until the
Python interface has become more mature.

Though not yet feature complete when it comes

to the Modelica Language Specification[5] both
tools are already powerful enough to simulate
hydro power systems. However the remaining
part of the paper shall present the experiences
we made with JModelica.org.

3.1 Simplifying the models

The first thing we tried was exporting a
HydroPowerLibrary model as a FMU and then
later importing this into JModelica.org. Un-
fortunately this was not possible and we con-
cluded this was possibly caused by either a non-
standard export on the one side or a not fully
implemented import functionality on the other
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side.

However we continued with loading a simple
HydroPowerLibrary model directly. Again
this failed because of lacking support of cer-
tain functions used in the HydroPowerLibrary
model. In the end we decided to build a very
simplified model that represents the functional-
ity of a hydro power system consisting of a tur-
bine and generator equivalent that is controlled
by a turbine controller and is that then synchro-
nised with the grid.

The SimpleSysten is depicted in Fig. 2.

The idea for this model is that one can look at
the turbine and generator unit as torque source
hpTorque that is used to accelerate their inertia
hpInertia. The before an electrical generator
can be connected with the electrical grid it needs
to be synchronised. The process of synchronisa-
tion consists for several prerequisites:

e Same direction of rotation
e Same voltage level
e Same frequency

Now the simple model can only be used to sim-
ulate the frequency difference and the direction
of rotation, i.e., the run-up of the generator. But
this is actually sufficient for quite a lot of case
studies.

When we only look at the active power balance
then we can think of the electrical grid as a large
inertia gridInteria. If the generated power
and the load power are in balance then the grid
inertia rotating at a constant frequency of 50 Hz.
Any electrical load can be represented via the
loadTorque that can be calculated by:

Ty = %
where 7T,; stands for the electrial torque, P,; for
the electrical power and ®* for the specific ro-
tational velocity? The last central component in
the SimpleSystem is the synchronisation switch
which is represented by a mechanical clutch

°Ddepending on the number of poles in an electrical
generator the angular velocity can vary and needs to be
taken into account when calculating the rotatonal energy.

WWW.Scansims.org

SyncSwitch which closes when the frequencies
of the generator and the grid are near enough. In
this case we are starting to close the “switch”
when the frequencies are within 1Hz of each
other.

3.2 Simulation with JModelica.org

The simplified system from Fig. 2 could almost
be loaded into JModelica.org. The only thing
that we needed to fix was that JModelica.org did
not cope with some of the more advanced initial-
isation options used in the clutch model but not
actually needed in our case.

Error messages that we needed to fix were:

The binding expression of the
variable initType does not match
the declared type of the variable

and
String variables are not supported

The simple solution was to simply remove those
parts from the models used from the Modelica
Standard Library. This is best achieved by doing
as so called “save total” of the model and then
manipulating the used models there.

The following script will then generate a suc-
cessful simulation of the SimpleSystem in
JModelica.org:

# Import the function for compilation
# of models and the FMUModel class
from pymodelica import compile_fmu
from pyfmi import FMUModel

# Import the plotting library

import matplotlib.pyplot as plt

# Define model file name and class name
mofile = ’SimpleSystemTotal.mo’
model name = ’SimpleSystem’

# Compile model
fmu_name = compile fmu(model name,mofile)

# Load model
grid = FMUModel (fmu_name)
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Figure 2: Screenshot of a simple system
# Simulate the model # Import the plotting library
res = grid.simulate(final_ time=600) import matplotlib.pyplot as plt
f gen = res[’wToHz.y’] # Import numpy
f_grid = res[’gridInertia.w’] import numpy as np
t = res[’time’]
# Define model file name and class name
# Generating the Plot mofile = ’SimpleSystemTotal.mo’
plt.figure(1) model _name = ’SimpleSystem’
plt.title(’Synchronising a generator’)
plt.ylabel(’Frequency [Hz]’) # Compile model
plt.xlabel (’Time [s]’) fmu_name = compile_fmu(model name,mofile)
plt.plot(t, f_gen, t, f_grid)
plt.grid() # Load model
plt.show() grid = FMUModel (fmu_name)
and the resulting plot can be seen in Fig.3 # Define initial conditions
p_var = 10
o e o e s p_min = 40e6
3.3 Scripting and Optimisation b max = 140e6
Now that we can run a simulation an exten-
sion for doing a parameter sweep can be eas-  turbine_gain = np.linspace(p_min,p_max,p_var)/
ily achieved. It follows a variant of the previ- (2+np.math.pi*50)
ous simulation script only this time we run sev-
eral simulations after each other in order to see # Setup of plot
the effect of having different hydro plant powers plt.figure(1)
available (in the range of 40MW ... 140 MW): plt.hold(True)

plt.title(’Synchronising a generator’)

# Import the function for compilation plt.ylabel(’Frequency [Hz]’)
# of models and the FMUModel class plt.xlabel (°Time [s]’)
from pymodelica import compile_fmu

from pyfmi import FMUModel # Running the different simulations
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Figure 3: Simulation result from JModelica.org

for i in range(p_var):
# Set initial conditions in model

grid.set(’turbineGain’,turbine_gain[i]JModelica.org is a graphical editor.

# Simulate

res = grid.simulate(final_ time=600)

# Get Simulation result

f_gen = res[’wToHz.y’]

f_grid = res[’gridInertia.w’]/

(2*np.math.pi)

t = res[’time’]

plt.plot(t, f_gen, t, f_grid)
plt.grid()
plt.show()

Using thise code we will get a plot like shown
in Fig. 4 where the different rising graphs repre-
sent the frequencies of the accelerated turbine-
generator unit. For example can one see that
the starting power of Py, = 40W is in this case
not enough to bring back the grid frequency to
50Hz.

4 Conclusion

Our study has shown that is possible to sim-
ulate Hydro Power Systems with open-source
tools that also allow for convenient scripting.
However the there is still room for improve-
ment both, on the compiler side in order to sup-
port more Modelica models, especially from the

Modelica Standard Library. The other thing that
is actually still lacking (but in development) in
Without
such a tool it will be hard to convince engineer-
ing students of the benefits and possibilities of
Modelica and its rich modelling potentials.

The scripting itself is thanks to Python very easy
and quick to learn and the produced plots are
thanks to Matplotlib also more advanced as
what Dymola would be able to produce.

To be honest, the open-source tools are not quite
mature enough to allow us to completely switch
our courses away from the commercial solutions
we are currently using. But at least for student
projects (i.e., where students can invest more
time and energy) those offer a very interesting
alternative and we are definitely continuing the
evaluation as the tools keep improving all the
time.
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Abstract

A new modeling approach of fluid flow in geothermal reservoirs is
presented in the paper. Two models are presented, one which is applicable
for groundwater hydrology and another more complex for hydrothermal
systems. The performance of the groundwater model is then compared
with the well known Theis solution.

Both problems are formulated and solved by using a highly customiz-
able set of C++ libraries and tools, collectively named OpenFOAM, along
with polynomial interpolation for the physical properties of water as func-
tions of temperature.

Preliminary results from a more general modeling work on hydrother-
mal systems are presented in simple case studies, showing the basic abilites
of the programming platform to solve problems for flow in porous media.
It is concluded that the modeling framework is both flexible and efficient,
and an added benefit is that it is under constant improvement by a large
group of developers and incorporates cutting edge technologies in numer-
ical analysis for mathematical modeling.

1 Introduction

Using numerical methods to solve non-linear partial differential equations (PDE)
first became feasible in the late 1960’s with the advent of digital computers.
These methods were first applied to problems involving groundwater as well
as oil and gas reservoirs, while the modelling of geothermal reservoirs lagged
behind [1]. This was mostly due to the fact that the modelling of geothermal
reservoirs is considerably more complicated where the equations are typically of
the advection-diffusion type, describing conservation of mass, momentum and
thermal energy. These equations are furthermore coupled with each other and
are frequently non-linear, which adds considerably to the complexity of their
solutions.

The earliest efforts to apply numerical models to geothermal reservoirs were
made in the early 1970’s, while the usefulness of numerical modelling did not
begin to gain acceptance by the geothermal industry until after the 1980 Code
Comparison Study [2]. Since that study was performed, the experiences gained
in carrying out site-specific studies as well as generic reservoir modelling studies
have led to a constant improvement in the capabilities of numerical reservoir
models.
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Over the last 20 years computer modeling of geothermal reservoirs using
finite volume methods has become a standard practice. The most common ap-
proach is to apply the TOUGH2 code, developed by the Earth Sciences Division
of Lawrence Berkeley National Laboratory in the 1980’s. TOUGH2 is a general
numerical simulation code for multi-dimensional coupled fluid and heat flows of
multiphase multicomponent fluid mixtures in porous and fractured media [3].

An alternative modeling work is presented here, based on OpenFOAM, which
is a library of highly efficient codes developed for the solution of general PDE’s.
The object orientation and operator overloading of C++ has enabled the de-
velopers of OpenFOAM to build a framework for computational fluid dynamics
that enables modelers to work at a very high level of abstraction [4]. This makes
it possible to manipulate the set of partial differential equations that describe
the problem and customize the solver itself for each class of cases that needs to
be solved. This is the main motivation for using OpenFOAM, as an alternative
to currently existing models, such as TOUGH2.

2 Methods and Materials

In this section the governing equations for two phase flow in porous media are
presented in the form they are implemented in a numerical model. This involves
the equations themselves, fluid properties, boundary conditions and then the
programming implementation itself.

2.1 Solver for groundwater systems

Implementation of new models in OpenFOAM is in most cases relatively simple.
Low level operations regarding individual computational cells or the solution of
linear systems do not need to be addressed in most cases, and the programming
framework is designed with customization in mind.
As an example of this, one can take the basic equation that describes hy-
draulic head in a homogenous aquifer over time
op T,
=gV P (1)
where T is the transmissivity and S is the storativity of the aquifer.
This equation can easily be implemented in OpenFOAM by the following
lines

fvm::ddt(p) - fvm::laplacian(T/S, p)

where the transmissivity and storativity have been defined. Nevertheless more
coding is needed, such as defining the variables as field functions, but the devel-
oper does not need to become familiar with the inner workings of the numerics.
A good example are the functions fvm::ddt and fvm::laplacian shown above,
which will automatically result in a construction of a linear system for an im-
plicit solution of an unsteady diffusion equation.

In order to verify the solver, it is possible to compare it with the well known
similarity solution to equation 1 that Theis gave in 1935 for a homogenous
confined aquifer [5]. By using the similarity transform

r2S
“= T @)
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where r is the radial distance from the well and ¢ is time, Theis showed that
the drawdown s could be expressed in terms of the well function W such that

_Q
= MW(U)~ (3)
Here @ is the volumetric extraction of water from the well and W is the well

function, which is known as the exponential integral outside of hydrogeology
literature and is defined as

S

O (L 1)kt1yk
El(u):W(u):—'y—lnu—kZ% (4)
k=1

where v ~ 0.57721 is the Euler-Mascheroni constant.

Since an analytical solution exists for this case it is ideal for testing purposes
of the code. However there are some differences that should be addressed, for
example the well has to have some finite surface area, in order to define the
boundary conditions of the aquifer, and the size of the aquifer has to be finite.

2.2 Solver for a hydrothermal system

In order to model two phase flow in porous media it must be assumed that mass
and energy are conserved. The continuity equation describes mass conservation
and is given such that 5

5P TV (o) =0

where p is the average density of the phases and u is the superficial velocity.
This eqation is solved for every time step in order to ensure continuity.

The solver then applies a PIMPLE pressure-velocity corrector loop, where
SIMPLE and PISO algorithms have been merged for a more robust pressure-
velocity coupling. This makes it possible to solve stiff differential equations by
coupling a SIMPLE outer corrector loop with a PISO inner corrector loop, while
also achieving more stability for larger time-steps compared to PISO [6].

In this case the problem at hand involves laminar flow, where inertial forces
are negligable Darcy’s law can be applied to the velocity equation, giving

0 o

D+Za=0 5
o (o) + L (5)
instead of the full Navier-Stokes equations.

The energy equation is then given as

%(ph) + V- (pith) =V - (aVh) (6)

where h is the enthalpy of the water and alpha is the effective thermal diffusivity
of the water. Note that the porosity is disregarded here, but without the loss
of generality.

The physical properties of density p, viscosity i and heat capacity c, are all
assumed to be seventh degree polynomial fuctions of temperature, such that

7
F(1) =3 a1 (7)
=0

where f is the physical property and a; are the respective coefficients given in
Table 1.
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Table 1: Coeflicients for physical properties

p(T) w(T) cep(T)
ao | -4.844433993781387e+04 27.732508110282716  1.869467009204107e+06
ap | 1.004443612129644e+03 -0.578169744144130  -3.863103544592875e+04
as -8.796904074130724 0.005172930468241  3.434316124950962c+02
as 0.043005953646541  -2.573544345985454e-05 -1.698437537901375
as | -1.265747239408929¢-04  7.686291653398755¢-08 0.005045265306273
as | 2.240156150413993e-07 -1.377781528721409¢-10  -9.000139889194412¢-06
ag | -2.205980438513678¢-10  1.372177963166062e-13  8.925534508747834e-09
ar | 9.319510246689768e-14 -5.856417743042797e-17  -3.795296368702309¢-12

3 Results

3.1 Groundwater system

A one dimensional axi-symmetric mesh was generated for simulating groundwa-
ter flow around a well where water was being extracted. The mesh was divided
into 100 cells.

Figure 1: A top-down view of the axi-symmetrical one-dimensional mesh.

The mesh can be seen in Figure 1, its radius extends to 1km, but the well
is assumed to have a radius of 10 cm.
Figure 2 shows the numerical solution and the Theis solution at time ¢ = 10°.
It can be seen that there is good agreement between the solution, despite the
approximations in the numerical solution, such as the aquifer only extending
to a finite radius from the well, and the requirement on the well to have some
finite surface area.
Figure 3 shows the relative difference between the two solutions. It can be
seen that they agree very well, where the maximum difference between the two
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Figure 2: A comparison of the Theis solution and the numerical solution for a
confined aquifer up to 1km radius

is below 0.35%.

3.2 Natural convection in a ideal reservoir

The case study for hydrothermal systems is more complex than the previous
one. The problem is modeled as two dimensional geothermal system, with
constant temperature at its roots and at its surface. The system is assumed to
have homogenous permeability of k = 107! and a temperture of 280K at the
bottom and 380K at the top.

Figure 4 shows the temperature distribution in the reservoir resulting from
the temperature difference between the roots of the system and the top. The
figure shows irregular behaviour of upwards flowing regions and downwards
flowing regions. This is even indicated more clearly if the velocity vectors are
considered where hot plumes rise from the bottom to the top and drop again
once they are cooled.

Figure 5 shows the density distribution, which drives the flow. Since it is a
function of temperature it follows figure 4 closely. Lighter hotter plumes can be
seen rising, while colder denser plumes fall back down.

4 Discussion

This paper illustrates the applicability of the OpenFOAM platform to take on
current problems in geothermal reservoir modeling as well as flow in porous me-
dia in general. Because of the structure of the OpenFOAM libraries, the partial
differential equations which describe the problems and the models themselves
can be implemented in a consistent manner with minimal work.
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Figure 3: The relatice difference between the Theis solution and the numerical
solution up to 1km radius

However this work is still in progress, so there are many factors still unac-
counted for. The hydrothermal model is for example not compressible, which
makes it lack some features of the groundwater model. The next step in the
project is to combine those two models, where the physical properties are also
functions of pressure by applying a thermodynamic formulation such as TAPWS-
1F97.

Currently the main focus of the research is to include phase changes in
the model and account for a two phase mixture within some regions of the
reservoir. The main challenge in this work is to ensure a stable solution despite
the discontinuities in physical properties that arise as a result of phase changes.
This has still not been resolved adequately and some instabilities are seen in
two phase solutions, hence no results are shown here for such computations.

Despite those current issues, it can be proposed that the OpenFOAM plat-
form is very promising for geothermal reservoir modeling. However, such further
research and modeling work will always require comparison work, especially with
well known and mature reservoir models.

On a whole, this approach in modeling geothermal reservoirs has several
advantages over present methods. Since the libraries are highly customizable,
wellbore-reservoir interaction can for example be modeled in a flexible way and
adjusted to represent known data from measurements. Furthermore, standards
such as TAPWS-IF97 for fluid properties can be implemented directly into the
code, giving a more accurate description of hyrdothermal systems.
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Figure 4: The temperature distribution and streamlines of a hydrothermal sys-
tem

Figure 5: The density distribution and streamlines of a hydrothermal system
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Longterm hydro and geothermal reservoir operation

In order to find the optimal way to model a hydro dominated system one needs to
avoid unnecessary spillage of water. The operation cost of thermal plants is in
accordance with used fuels while the source of energy for geothermal plants is free
and for short time considerations unlimited supply. Hydro plants on the other hand
also have a free source of energy but limited supply. To avoid unnecessary spillage
Lindqvist (1962) essentially proposed a method to give value to the water stored in a
reservoir in order to find optimal ways for the operation of power systems. This
water value method is used in Landsvirkjun proprietary long term reservoir
simulation software named LpSim but has been developed futher. LpSim simulates
the system operation iteratively in a two step process.

First a dynamic programming algorithm is used for water value calculation. The
water value is the price of water formulated as a function of reservoir volume and
time. The water value defines the strategy used for releasing water from the
reservoirs. The second step is the simulation of system operation for a period of N
years with time resolution down to one day. Simulated values are; releases from
reservoirs, generation in hydro, geothermal and thermal power stations,
transmission on a simplified DC transmission system and delivery of energy to
customers. Stochastic nature of inflows is accounted for by simulating the operation
several times for different inflow scenarios.

One of the main drawbacks of using dynamic programming for water value
calculation is it’s sensitivity to dimensions often called ,,the curse of dimensionality”.
To avoid this problem a simplified version of the power system is used in water value
calculation often containing only one equivalent reservoir.

F

(@}
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Figure 1 : Simplified system used in water value calculation. A. Reservoir, B.
Generator, C. Bus, D. Load,E. Transmission line.

A widely known method for addressing this simplified problem is to combine all
reservoir volumes and power plants into one and then the inflow into the equivalent
reservoir becomes the sum of inflow into individual reservoirs in the original system.
By doing this the characteristics of the inflow into the equivalent reservoir become
the mix of inflow characteristics into individual reservoirs. However, since the
original inflow characteristics are essential to the operation of the whole system this
mixture of characteristics can potentially become a bad approximation.

To avoid this problem, LpSim constructs three equivalent reservoirs, each having a
sum of inflows that have similar characteristics and belong to the same subsystem.
The water value for each subsystem is then calculated. This way the main inflow
characteristics can be preserved and mapping the watervalue onto the true system
can be done in a simple way.

System N

\’

System A

System S

This method has the drawback that the load for each subsystem is not known as this
method does not take into account the transmission of energy between subsystems
using the transmission system.

To solve this problem Landsvirkjun has developed a simple iterative process.

1. The water value for the system is calculated by combining all reservoirs and
hydroelectric stations into a three reservoir equivalent system

2. The water value is applied to all reservoirs not accounting for different inflow
characteristics
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3. The operation of the original system is simulated with week long timesteps.
Comparing the cost of hydroelectrinc generation to thermal using the water
value.

4. Now a second water value calculation is prepared by splitting the system into
subsystems. The load for each system is the local load plus the exported
energy to other subsystems minus the import from other subsystems as it was
simulated in the first simulation phase (3). This way the method accounts for
transmission possibilities between the subsystems.

5. Based on new water values the operation of the original system is simulated
again.

6. Step 4 is repeated if the last simulation resulted in better operation than the
last simulation.

The heuristic approach described here has been tested extensively on Landsvirkjuns
system and outperforms the original method (step 1 to 3) when system load is high.
That is sufficient for Landsvirkjun a hight load is essential in many practical studies.
The water value converges under normal conditions after three calculation steps (1
and 4) but the convergence must constantly be monitored.

Typical reduction is cost of thermal production and power purchases is in the range
of 20-40%.
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ABSTRACT

The main objective in this study is to develop a
coupled wellbore-reservoir simulator to allow for
more integrated modeling and to use wellhead
conditions to a greater extent than has been done so
far by defining them as main inputs to the coupled
model. The program TOUGH2 is used to simulate the
behavior of a reservoir while a new model, FloWell,
is designed to simulate two phase flow in a wellbore.
Finally, a detailed numerical model of the Reykjanes
geothermal field in Iceland is constructed, including
the coupled FloWell-TOUGH?2 model.

FloWell produced simulations in good agreement
with pressure logs from wells at Reykjanes and
Svartsengi geothermal fields. An inverse estimation
with iTOUGH2 was effective in finding new
permeabilities for the Reykjanes reservoir, providing
a reasonable match for the natural state of the
reservoir as well as the observed pressure drawdown.
Predicting the response of Reykjanes reservoir in
2012-2027, for a production to maintain 150 MW,
power generation with 77.8 kg/s injection, caused the
mass being removed at a higher rate than physically
possible. Increasing the injection to 220 kg/s resulted
in a steady decline in pressure and after 15 years of
simulation a total of 18 bar drawdown in pressure
was detected in the reservoir and 12 bar at the
boundaries.

NOMENCLATURE

A cross sectional area [m’]
d  diameter [m]

f friction factor

Fr  Froude number

g acceleration due to gravity [m/s’]
G mass velocity [kg/m’s]
h  enthalpy [J/kg]

m  mass flow [kg/s]

k  permeability [mD]

p  pressure [Pa]

Q  heatloss [W/m]

PI  productivity index

Re Reynolds number

slip ratio

velocity [m/s]

Weber number

steam quality

axial coordinate

friction correction factor
surface tension [N/m]
void fraction

density [kg/m’]
dynamic viscosity [Pa/s]
roughness [m]

WEEQQ@NRQSCQ
Q

Subscripts
[ liquid phase
g  gas or vapor phase

INTRODUCTION

With growing world population and increasing
environmental concerns, the demand for renewable
energy and sustainable use of resources is steadily
rising. Excessive exploitation of geothermal
resources is often pursued, resulting in cooling of
rocks, reduced production capacity and finally
depletion of geothermal reservoirs. Mathematical
models are therefore one of the most fundamental
tools in geothermal resource management for they
can be used to extract information on conditions of
geothermal systems, predict reservoir's behavior and
estimate production potential (Axelsson, 2003).

Most reservoirs are monitored by descending
equipment to measure pressures and temperatures in
wells. From these measurements the drawdown in
pressure in a reservoir can be estimated. This is a
time consuming and expensive process which usually
involves a production stop in producing geothermal
wells. On the other hand, well conditions are
observed constantly by measuring instruments
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accessible at the top of wells. From the information
gathered at the wellheads much can be learned about
the behavior of wells and consequently the reservoir
behavior. Therefore, a method for simulating the
response of geothermal systems to exploitation, such
as the drawdown in pressure, by easily obtained
wellhead parameters is very desirable.

The main objective in this study is to create a
practical tool to evaluate the state of geothermal
reservoirs and well performances using measured
wellhead conditions and inverse analysis. This is to
be done by coupling a wellbore simulator to a
reservoir simulator with the measured conditions as
main inputs. For this purpose the program TOUGH2
is used to simulate the multi phase flow in a reservoir
while a new wellbore simulator, FloWell, is designed
to simulate the behavior of wells. The inverse
analysis, performed with the program iTOUGH2,
enables continuous evaluation of chosen parameters
in both FloWell and TOUGH2 and the measured
wellhead conditions provide up to date data to model
the current situation in the geothermal system.

In addition to coupling FloWell to TOUGH2 the
wellbore simulator FloWell is validated with pressure
logs from the Reykjanes and Svartsengi geothermal
fields in Iceland. Finally, a detailed numerical model
of the Reykjanes geothermal field including the
coupled FloWell-TOUGH2 model is constructed and
used in several forecasting scenarios where different
reservoir management options are examined.

THE PHYSICAL MODEL FLOWELL

Following sections describe the mathematical
approaches behind the wellbore simulator FloWell.
The expressions of the governing equations for single
and two phase flow proposed by Palsson (2011) are
used in this study.

Single phase flow

The continuity equation derives from conservation of
mass and can be written as

(H

The energy equation contains a kinetic energy part,
gravitational potential energy part and thermal energy
part. The equation can be written as

@

The momentum equation contains inertia, pressure
changes, hydrostatic pressure and head loss part. The
relation is written as follows

©)

where f is the friction factor and d is the pipe
diameter. Possible relations for the friction factor are
the Blasius equation for smooth pipes

S “4)

and the Swamee-Jain relation, where the effect of
pipe roughness is included;

(&)

The Reynolds number used for the evaluation of the
friction factor is defined as

(6)

Two phase flow

In two phase flow the flow consist of liquid and
vapor states. Assuming constant pipe diameter, using
the void fraction definition and introducing the
uniform velocity u instead of the actual velocities, the
continuity equation becomes

(7

Similar to single phase flow, the energy equation can
be written as

- — — (M

By using the mass fraction x, the uniform velocity u
and the partial derivatives the energy equation can be
expressed on the form

o _ _ 2)

where v is defined as
- 3
The momentum equation for two phase flow can be
written as
_ _ _ _ __ @)

where @’ is the frictional correction factor for
pressure loss in two phase flow and # is defined as

o (%)
Since u is based on a fluid with liquid properties, the
friction factor is evaluated based on

(©)

Friction correction factor

Various relations exist for the friction correction
factor @°. Here, two relations will be presented, the
Friedel and Beattie approximations. The Friedel
correction factor is defined as

(7

where

®)
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(10)

(11

(12)

(13)

The p, is the homogenous density based on steam
quality. The Bettie correction factor is much simpler,
and can be calculated by a single equation (Garcia-
Valladares et al., 2006)

(14)

Void fraction definition

One of the critical unknown parameter in predicting
pressure behavior in a wellbore is the void fraction,
which is the space occupied by gas or vapor.
Countless void fraction correlations have been
created and it can often turn out to be a difficult task
choosing the appropriate correlation.

The homogeneous model is the most simplified. The
two phases, liquid and wvapor, are considered as
homogeneous mixture, thereby traveling at the same
velocity. Another approach is to assume that the
phases are separated into two streams that flow with
different velocities. The modified homogeneous
model introduces the slip ratio, S, which is the ratio
between the flow velocities at given cross section.
The model can be written as
_ (15)

In the homogenous model it is assumed that the slip
ratio is equal to one. Other models extend the simple
homogenous flow model by using other derived
relations as the slip ratio. Zivi (1964) proposed that
the slip ratio was only dependent on the density ratio
of the phases;
(16)

Chisholm (1973) arrived at the following correlation
for the slip ratio

(17

One of the more complex void fraction based on slip
ratio is the one introduced by Premoli et al. (1970).
Their slip ratio is defined as

- (18)

where

(19)

(20

@

(22)

_ (23)

The Lockhart-Martinelli correlation (1949) is often
chosen due to its simplicity. In this model, the
relationship between void fraction, steam quality,
density and viscosity is derived as

(24)
Rouhani and Axelsson (1970) proposed a void
fraction computed by a semi-empirical equation
given as

(25)

This model is more extensive than previous model,
where it takes into account the effects of cross
sectional are of the pipe, mass flow rate of the
mixture, surface tension and gravitation.

THE MODEL TOUGH?2

TOUGH?2 is a general numerical simulator for non-
isothermal multi phase flow in porous and fractured
media. TOUGH2 calculates the thermodynamic
conditions present in a predefined geothermal
reservoir by integrating basic mass and energy
balance equations for a given domain. The mass and
energy equations are discretized in space based on an
integral finite difference method. To obtain numerical
stability required for multi phase flow calculations
the time is discretized as a first order finite difference
in a fully implicit manner. This results in a set of
coupled nonlinear equations which are solved by
employing Newton-Raphson iteration. TOUGH?2
accounts for sinks and sources in calculations and the
generation rates can be time dependent or
independent. Furthermore, it can be assumed that
wells operate on deliverability against fixed
bottomhole pressures and productivity indices
(Pruess, 1999).
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THE MODEL ITOUGH2

Inverse problems often lead to difficult optimization
routines with no straightforward solution. Therefore,
no general method is at hand to solve all inverse
problems. The most common formulation is based on
system identification techniques and least-squares
fitting of parameterized models to measured data. In
brief, inverse modeling consists of estimating model
parameters from measurements of system response at
discrete points in time and space.

A number of mathematical models and data
processing techniques can be used in solution of an
inverse problem. A basic simulation package called
iTOUGH2 is frequently used. iTOUGH2 is a
computer program for parameter estimation and
sensitivity and uncertainty analysis. The program
contains various minimization algorithms to find the
minimum of the objective function which is the
difference between model results and measured data.
The basic procedure in iTOUGH?2 is to continuously
compare the calculated output from TOUGH2 to
measure data while changing the value of selected
input parameters. If a change in an input parameter
results in reduction of the objective function, the
program has found a better estimation for the
parameter. In this study the Levenberg-Marquardt
minimization algorithm is used to evaluate the
objective function.

iTOUGH2 is wusually run in combination with
TOUGH2, a forward simulator for non-isothermal
multiphase flow in porous and fractured media, but
can also be linked to non-TOUGH2 models. In that
way the iTOUGH2 can be used as an inverse
analyzing tool for models such as the wellbore
simulator FloWell (Finsterle, 2007).

To be able to link non-TOUGH2 models with
iTOUGH2, a protocol called PEST has been
implemented in iTOUGH2. The protocol enables
interaction between the non-TOUGH2 model and
iTOUGH2  through a clear and simple
communication format (Finsterle, 2010).

THE BASIC ARCHITECTURE OF FLOWELL

For this study, a numerical wellbore simulator has
been developed and named FloWell. The simulator is
built around eq. (1)-(32) defined in the chapter The
Physical Model of FloWell and MATLAB is used as
a programming language.

To perform a simulation with FloWell the following
input parameters are needed:

- Inner diameter and depth of a well

- Roughness of the pipe walls in a well

- Total mass flow rate at the wellhead
- Enthalpy of the working fluid
- Bottomhole pressure or wellhead pressure

Features and assumptions

The wellbore simulator is capable of:

- Modeling liquid, two phase and superheated
steam flows

- Allowing users to choose between various
friction, friction correction factor and void
fraction correlations

- Performing wellbore simulations from the
bottomhole to wellhead section, or from the
wellhead to the bottom of the well

- Providing simulated results, such as pressure
and temperature distribution as well as
steam quality, friction, velocity, enthalpy
and void fraction at each dept increment

- Providing graphical plots of simulated
pressure and temperature profiles

Some general assumptions have been made in the
development of the simulator. It is assumed that:
- The flow is steady and one dimensional
- Multiple changes of the wellbore geometry,
such as diameters and roughness, do not
occur
- Simulations will be restricted to wells with
single feedzones
- The fluid is pure water
- Phases are in thermodynamic equilibrium
- Fluid properties remain constant within a
step
- The presence of non-condensable gases and
dissolved solids is ignored

The simulator solves the continuity, energy and
momentum equations up or down the well using
numerical integration. The ode23 function built in
MATLAB is used to evaluate the differential
equations. The depth interval is adjusted by the
integration function and at each depth node the
function produces velocity, pressure and enthalpy
values.

VALIDATION OF FLOWELL

Validation is usually achieved through model
calibration, that is comparing results from the
simulation to actual system behavior. To validate
FloWell, data, provided by the Icelandic company HS
Orka, from wells at two geothermal fields, Reykjanes
and Svartsengi, in the Reykjanes peninsula is used.

FloWell offers a considerably wide selection of
empirical correlations for two phase calculations.
Which correlation performs best is a question many
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scientists and researches struggle to answer. More
often than not, there is no one right answer to this
question as it can prove to be difficult to find one
correlation to simulate the diverse characteristics
found in geothermal wells.

Utilizing the features iTOUGH2 has to offer, a
measure of how each void fraction correlation
performs in simulating the pressure and temperature
profiles in a well can be found. Since FloWell is a
non-TOUGH2 model, an inverse run with
iTOUGH2-PEST is initialized to calculate an
objective function. The function describes how a
simulation with FloWell fits measured data, in this
case data points from pressure logs. If, for example,
the objective function calculated using the void
fraction correlation by Rouhani-Axelsson is lower
than the one found with the Homogenous correlation,
the Rouhani-Axelsson correlation is more likely to
simulate the expected behavior of the well.

The objective function is calculated for each well and
for all void fraction correlations. The calculated
objective functions are compared within each well
and the correlation which yields the lowest objective
function is identified. With that, a ranking of the
correlations can be established for each well. These
individual rankings can be summarized to find an
overall ranking for the wells. Several feedzones are
present in a well but since FloWell is a single
feedzone simulator the most reliable simulations
would be the ones that only reach the bottom of the
production casing. Simulating further down the well
is also an option but it may invite unreliable
predictions

The results from the void fraction comparison show
that the model by Chisholm most often yields results
closest to measured data. The model by Premoli et al.
is the one that is most often in second place, the
model by Rouhani-Axelsson is most often in third
place and the model by Lockhart-Martinelli is most
often in fourth place. The model by Zivi is the one
that produces the worst predictions, placing most
often in the last two places. To further summarize the
results the correlation by Rouhani-Axelsson ranks
most often in the top three while the model by Zivi
ranks most often the lower three as before.

To better understand how FloWell performs, visual
results are of great help. Wells RN-11, RN-12, RN-
21, RN-24 and SV-21 have similar characteristics.
They are vertical wells with low enthalpy fluid and
steam fraction between 9-13% at the wellhead.
Simulations for wells RN-12 and SV-21 can be seen
in Fig. 2 and 3. For these simulations the Blasius
equation and the model by Friedel are used to

calculate the friction factor and friction correction
factor.

Figure 1: Simulations for well RN-12 with FloWell.

Figure 2: Simulations for well SV-21 with FloWell.

For well RN-12 the Rouhani-Axelsson and the
Chisholm void fraction correlations perform the best.
For well SV-21 the Homogenous correlation shows
simulations closest to the measured data. The
Homogenous correlation usually yields adequate
simulations for wells with a low steam fraction, for it
assumes that the phases travel at the same velocity.
This is the case in well SV-21, the steam fraction in
the well is between 9-10%, while the steam fraction
in well RN-12 is little over 13%.

Since FloWell is also capable of starting at the
bottom of a well and calculating up, it is interesting
to see a simulation up the well versus down the well.
Simulations up well SV-21 are presented in Fig. 4.
Comparing Fig. 3 and 4 it can be seen that
considerable difference is between simulating up the
well and down the well. Despite this difference, the
homogenous correlation still performs best and the
model by Zivi the worst. From this discussion the
question which option is more accurate arises. As it is
easier to measure wellhead parameters than
downhole ones, wellhead conditions are constantly
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being monitored and noted. From that alone it may be
concluded that simulating down the well is more
accurate but if carefully measured parameters exist at
the top and at the bottom it may prove difficult to
favor one over the other

Figure 4: Simulations for well SV-21 starting at the bottom
and simulating up.

FloWell manages to simulate the behavior of
geothermal wells to some extent but no correlation
simulates the exact pressure profile in a well. It is
intriguing to use inverse analysis with iTOUGH2-
PEST to improve parameters in the void fraction
correlations so simulations with FloWell better fit
measured data. Using the Homogenous model in Eq.
(22) to calculate the void fraction in well RN-11,
FloWell yields a simulation that is not very close to
the known pressure profile. It is assumed that the slip
ratio is equal to one in the Homogenous correlation.
If inverse analysis is applied to well RN-11 and the
slip ratio evaluated, several iterations with
iTOUGH2-PEST result in a new value for the slip
ratio, S=1.68. Using this value instead of one in the
Homogenous correlation, almost a perfect match to
the measured data is obtained with FloWell as seen in
Fig. 5.

Figure 5: Simulations for well RN-11 with the original
Homogenous model (blue) and with improved slip ratio

(green,).

THE COUPLED FLOWELL-TOUGH2 MODEL

In addition to designing a coupled wellbore-reservoir
model, an inverse analysis with continually measured
wellhead parameters as observations is applied to the
coupled model to improve the model design and keep
it up to date. For the model calibration the inverse
analysis program iTOUGH2 is used. Usually, the
emphasis is on calibrating the reservoir model
TOUGH?2, but the method suggested here is to apply
an inverse analysis on the wellbore simulator as well.
This is to be done in an iterative manner where
measured wellhead conditions are used to calibrate
the reservoir model to find estimates for the
bottomhole pressures in wells. These bottomhole
pressures are then used to calibrate the wellbore
simulator. This iteration process is explained in detail
in following paragraphs.

One of the main focuses in this study is to utilize the
measured wellhead parameters to a greater extent
than has been done so far, by using them as an input
to the coupled model and to calibrate the model with
an inverse analysis. As new wellhead parameters are
measured they are imported into the coupled model
and an iterative inverse analysis process is initiated.
This results in continuous improvements being made
to the model design in the reservoir simulator and in
the wellbore simulator.

The basic methodology behind the coupled model is
illustrated in Fig. 6. The parameters that are
measured or estimated at the wellhead, the mass flow
rate, enthalpy and pressure, are the input to the
wellbore simulator FloWell. FloWell calculates the
bottomhole pressures in the wells using available
empirical correlations. To couple FloWell to
TOUGH?2 the bottomhole pressures are inserted into
the input file for TOUGH2. An inverse analysis by
iTOUGH?2 on the reservoir model returns new values
for the bottomhole pressures in the wells. Lastly,
these new values are used in a second inverse
analysis performed on the wellbore simulator by
iTOUGH2-PEST to obtain a new estimate on
parameters in void fraction correlations. From this
point, the whole process is repeated where FloWell
calculates new bottomhole pressures with the
improved void fraction correlation. This iteration is
continued until a stopping criteria has been met.

Although the basic ideology seems simple enough,
the total coupling and calibration process is
considerably more complicated as illustrated in Fig.
7. The model design is best explained by taking a
regular power plant with several producing wells that
has been operated for i+l years as an example.
Historical data about the rate of production and the
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pressure drawdown in the reservoir is available, as
well as continually measured data at the top of the
wells

Figure 6: The basic ideology for the coupled FloWell-
TOUGH?2 model.

Figure 7: The detailed model design for the coupled
FloWell-TOUGH2 model.

In the first step a conceptual model is constructed for
the reservoir in question. Before simulating the
response of the reservoir to production the natural
state of the reservoir is obtained by using a
reasonable value for the permeability (kgye.s) until a
steady state has been reached. Supposing that
historical data describing the pressure drawdown in
the reservoir exists for year 1 to year i the data can be
used to calibrate the model in order to obtain a fairly
good estimate for permeability (k,.,) of the rock
structure in the reservoir.

In step 2 it is assumed that measured wellhead
conditions, mass flow rates (r1,), enthalpies (%) and
pressures (P,), are available for every month of the
year i+1. These parameters are used as inputs into
FloWell, which calculates the bottomhole pressures
(Pp) in producing wells in the reservoir.

Desirably, the next move would be to insert the
calculated bottomhole pressures and the measured
mass flow rates at the wellheads directly into the
TOUGH2 model. However, TOUGH?2 does not offer
an option in which a mass flow rate and a bottomhole
pressure for a well can both be used as inputs.

In the model design presented here, the DELV type is
used to couple FloWell with TOUGH2. In step 3, the
calculated bottomhole pressures from FloWell are
entered to the reservoir model that has been arranged
for year i+l and guess values assigned to the
productivity indices (PI) of the wells. By using mass
flow rates as observations to calibrate the TOUGH2
model and to find new estimates for the productivity
indices that suite the bottomhole pressure and mass
flow rate for each well, the flow rates have now been
linked to the coupled model. This calibration has to
be performed in twelve timesteps where each
timestep represents one month. In total the timesteps
add up to one year, year i+1 in production. The
reason for this is that TOUGH2 does not allow the
user to define time-dependant bottomhole pressures,
the pressures have to be fixed throughout the
simulation.

As it is custom to denote only one productivity index
for a well an average is taken of the twelve values
obtained above (PIl,.). The average values of the
productivity indices, one average value for each well,
are now inserted into the TOUGH2 model instead of
the guess values and a forward run in twelve
timesteps executed as before. After each run,
pressures in the elements where wells are defined
(P,) are extracted from the output report from
TOUGH2, along with mass flow rates (71,,,)-

At this stage, the variable K (which is dependent on
the density and viscosity of the fluid and the relative
permeability) can be calculated with following
equation as described by Pruess (1999);

In step 4 a new estimate for the permeability that
describes year i+1 is found with iTOUGH2. Similarly
to step 1, the MASS option in TOUGH?2 is used and
values for mass flow rates observed at the wellheads
inserted into time-dependent tables. Since forward
runs with MASS should not differ much from runs
with DELV, the element pressures found in step 3 are
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used as observations for the inverse analysis in step
4. The inverse analysis results in permeability that
yields element pressures that are close to the ones
used as observations. These new element pressures
can then be used along with correct mass flow rates
(m,), the productivity indices and the variable K
found in step 3 to achieve new bottomhole pressures
(Pb,new) with Eq (33)

The final step involves the calibration of FloWell
with iTOUGH2-PEST. The new bottomhole
pressures calculated in step 4 are used as
observations in the inverse analysis and the
parameters chosen for evaluation are variables in
void fraction correlations. When the void fraction has
been manipulated so bottomhole pressures match the
ones from step 4 the first iteration has been
completed. This new void fraction is inserted into
FloWell and the procedure repeated until a stopping
criteria has been reached.

A CASE STUDY OF REYKJANES GEOTHER-
MAL FIELD

Reykjanes Conceptual Model

The Reykjanes peninsula, situated at the south-
western end of Iceland, is an onshore continuation of
the Mid-Atlantic Ridge. The general topography of
the Reykjanes peninsula has been shaped by sub- and
postglacial fissure eruptions that created the northeast
trending hyaloclastite ridges and crater rows. No
central geothermal volcanoes have been developed in
Reykjanes so the heat sources for the high
temperature fields in the peninsula are a dyke swarms
(Fridleifsson et al., 2009).

From resistivity measurements reaching down to
1000 km it is believed that the geothermal system at
Reykjanes covers about 10 km® in area.
Interpretations of satellite pictures indicate however
that the geothermal system becomes considerably
more extensive with depth, where large parts of the
system may lie beneath the ocean floor far south of
the Reykjanes Peninsula (Fridleifsson et al., 2009).

The Reykjanes power plant began producing 100
MW, in May 2006 with two 50 MW, twin steam
turbines with sea cooled condensers. HS Orka plans
to expand the power production by 50 MW, in
coming years as well as increase injection to support
the pressure in the reservoir (HS Orka, 2009).

Little is known about the pressure change in the
Reykjanes reservoir before power production started
in the area but the data available indicates that the
drawdown in pressure was hardly more than 2 to 3
bar prior to production (Hjartarson and Juliusson,

2007). During the first months of production, steep
decline in pressure was detected which continued
until spring 2007. In total, from beginning of year
2006, the pressure drawdown in the center of the
reservoir (RN-12) had reached the maximum of 36
bar while at the boundaries (RN-16) the drawdown is
much less or 21 bar. This goes hand in hand with the
magnitude of mass being extracted from the reservoir
(HS Orka, 2011).

Numerical Model

The numerical model can be broken down into four
main parts:

i A natural state model defining the
Reykjanes geothermal reservoir prior to any
production from the area.

il. A reservoir model to simulate the production
history ranging from the year 1977 to the
year 2010 in Reykjanes along with
calibration of the model against measured
pressure drawdown in the reservoir over the
production period.

iii. A coupled wellbore-reservoir model where
wellhead measurements in 2011 are used to
calibrate both the wellbore and the reservoir
model.

iv. A forecasting model using the results from
parts i-iii where different scenarios are
simulated to predict the reservoir's response
the next 15 years.

The mesh design is based on the conceptual model of
Reykjanes geothermal field. Fig. 8 shows the overall
mesh used. The mesh covers 10x10 km area and
consists of 2064 elements where 344 elements are
defined inactive. The numerical model of Reykjanes
geothermal field consists of 12 layers, each with 172
elements and a thickness of 300 m. The horizontal
mesh remains the same for each layer. Fig. 9 displays
the innermost core of the mesh along with
placements of wells at Reykjanes geothermal field.
The rock types for the Reykjanes geothermal field
can be seen in Fig 10. Layers A and L have the rock
type names CAPR1 and BASEI! for the cap and base
rock and the boundary of the Reykjanes geothermal
field SIDEL. For the surroundings and the center of
the reservoir rock type names ROCKI1-5 have been
assigned.

The initial conditions of the reservoir are set by a
temperature  gradient of 100°C/km with a
corresponding hydrostatic pressure gradient. For
simplicity and to facilitate calculations in the inverse
program iTOUGH2 by reducing number of
unknowns, the permeability in x and y direction in
this model is assumed to be the same.
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Table 1: Physical properties

Physical properties

Values

Rock density
Thermal conductivity
Heat capacity
Porosity
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Figure 12: Simulated pressure drawdown vs. measured
drawdown in well RN-16.

For the coupled model -calculated bottomhole
pressures are inserted to the reservoir model along
with guess values (3.0-10"? m®) for the productivity
indices of the wells. The reservoir model is then
calibrated using observed mass flow rates and
enthalpies at the wellheads, yielding new estimates of
the productivity indices in all wells for the year 2011.
Along with the productivity indices, the permeability
of ROCKS in xy- and z-direction is calibrated. Only
the permeability of the center of the reservoir is
considered in order to minimize the number of
unknowns since the total process is very
computational expensive. The parameter, shown in
red in Eq. (32) in the Rouhani-Axelsson void fraction
correlation is chosen for the inverse estimation with
iTOUGH2-PEST to improve the model design in
FloWell.

It takes approximately five iterations for the average
of the productivity indices in the reservoir model and
the void fraction in the wellbore model to reach
equilibrium. The iteration process yields productivity
indices in the range of 0.300-2.267-10™"% m® for wells
in consideration and an estimation of 0.111-0.122 for
the parameter in the Rouhani-Axelsson void fraction
correlation. For the permeability it takes around eight
iterations to reach steady state. Minor changes are
observed for the permeability of ROCKS5, especially
for the permeability in xy-direction. This is not
unexpected since the simulation time only spans one
year.

The purpose of designing a reservoir model is to use
it to predict the future response of the reservoir to
different production scenarios. In this study, four
different production scenarios were modeled for the
Reykjanes geothermal field. All scenarios involved
simulations up to the year 2027.

- Scenario 1: Maintaining the same total
production and injection rates as in the year
2011.

- Scenario 2: Maintaining the same total
production rate as in the year 2011 and
increasing the injection rate to 30% of the
total extracted mass.

- Scenario 3: Increasing the production
capacity of the power plant by 50 MW, and
maintaining the injection rate as in the year
2011.

- Scenario 4: Increasing the production
capacity of the power plant by 50 MW, and
the injection rate to 30% of the total
extracted mass.

In the forecasting model the forward simulator
TOUGH?2 is used. FloWell is excluded in this part
but the permeability distribution found in the
historical and the coupled FloWell-TOUGH2 models
is used for the predictions.

Predictions of pressure drawdown in the center of the
Reykjanes reservoir (well RN-12) and at the
boundaries (well RN-16) are illustrated in Fig. 13 and
14. Scenarios are distinguished by colors where
dotted lines represent cases with increased injection.

The figures show that in scenario 1 the pressure
drawdown decelerates and the pressure in the
reservoir is close to achieving equilibrium with just a
total of 3-4 bar decline in pressure for the prediction
period. By increasing the injection, the pressure in
the reservoir starts to rise again as displayed for
scenario 2. In scenario 3 the power generation is
boosted up to 150 MW, with almost no injection
taking place. Approaching five years of simulation a
decline of 18 bar in the reservoir and 12 bar at the
boundaries is observed. After five years of simulation
a convergence failure is encountered in TOUGH2
indicating that mass is being removed at a higher rate
than physically possible. When adding considerably
to the injection in scenario 3 less decline is detected
and after 15 years of simulation the total drawdown
in pressure is equal to the total drawdown after 5
years in scenario 3.

Fig. 15 shows the development of the average
enthalpy for the years 1977 to 2027. From the figure
it can be concluded that the greater the production is
from the reservoir, the greater the average enthalpy of
the geothermal fluid becomes. Increasing the
production causes the pressure to drop to a greater
extent. As the pressure drops, boiling starts in
shallow feedzones in the wellbores and the enthalpy
increases. However, the injection in scenarios 2 and 4
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supports the pressure in the reservoir and hinders
boiling to occur, which yields lower enthalpy.

Figure 13: Pressure drawdown in well RN-12 in the
forecasting scenarios.

Figure 14: Pressure drawdown in well RN-16 in the
forecasting scenarios.

Figure 15: The average enthalpy development in wells in
Reykjanes in the forecasting scenarios.

As noted above, scenario 3 causes convergence
failure in TOUGH2. Increasing the production rates
of the wells and keeping them constant throughout
the simulation displays that the recharge to the
reservoir cannot keep up with the rate of extraction.

This also indicates that existing wells at Reykjanes
may not support increased production from the
reservoir and new wells covering larger area must be
drilled. It should be mentioned that calculations of
production rates needed for power generation of 150
MW, are based on the state of the geothermal fluid
observed in 2011. However, increased production
causes the pressure to drop and boiling to start in the
reservoir, yielding geothermal fluids with higher
enthalpy. More steam can be obtained from fluids
with higher enthalpy than the ones with lower
enthalpy so the total mass of geothermal fluid needed
for power production diminishes. Therefore, the
pressure drop due to increased production will
eventually result in less mass extraction from the
reservoir. From this discussion it can be assumed that
scenarios 3 and 4 display the worst-case scenario of
increased production from the reservoir and that this
increased production may even sustain greater power
generation than 150 MW..

CONCLUSIONS AND FUTURE WORK

The focus of this work was to develop a model that
can simulate the flow in a geothermal reservoir as
well as the flow in a production well in a coupled
manner using measured wellhead conditions as main
inputs. The program TOUGH2 was used to simulate
the behavior of a reservoir while a new model was
designed to simulate two phase flow in a wellbore.

The validation of FloWell displayed that in most
wells the simulations were in good agreement with
pressure logs from wells at Reykjanes and Svartsengi
geothermal fields. Furthermore, a comparison was
made between available void fraction correlations in
FloWell, resulting in the Rouhani-Axelsson
correlation fitting the data best in most cases while
the Zivi correlation produced the worst fit. Despite
these results it is difficult to favor one correlation
over the others, to reach conclusive results more
extensive data must be examined.

A detailed numerical model of the Reykjanes
geothermal field in Iceland including the coupled
wellbore-reservoir model was constructed. An
acceptable pressure distribution for the natural state
was obtained in most wells. The exploitation and
pressure drawdown history of the Reykjanes
reservoir was used to find new estimates for the
permeability in xy-direction and z-direction in the
rock types SIDE1 and ROCK1-5. The new estimates
yielded an excellent fit to the pressure data, but since
the rock structure of Reykjanes was only roughly
divided into sections it cannot be stated that these
estimates reflect the actual permeability distribution.
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Measured wellhead conditions for each month of the
year 2011 were used to couple the numerical model
to FloWell. The coupling procedure was carried out
in an iterative manner where the model design in
FloWell and in the numerical model was improved
by calibration with iTOUGH2. The parameters
improved were the productivity indices of the wells, a
variable in the Rouhani-Axelsson void fraction
correlation and the permeability in the center of the
reservoir.

The calibrated numerical model was wused in
forecasting scenarios to predict the reservoir's
response to future exploitation. Four scenarios were
considered where the production rates of the wells
were either kept constant as observed in 2011 or
increased to maintain a 150 MW, power production,
with an increase in injection or not. Increasing the
production the pressure dropped in the reservoir and
the average enthalpy of the geothermal fluid in the
reservoir increased. Seeing as the production rates
were fixed throughout the simulations in the
scenarios it can be assumed that they can sustain even
greater power generation than 150 MW..

In the future, several improvements could be made to
the wellbore simulator FloWell, the coupled FloWell-
TOUGH2 model and the numerical model of
Reykjanes. The option of multiple feedzones in a
well as well as diverse changes of a wellbore
geometry could be incorporated into FloWell. For the
coupled FloWell-TOUGH2 model and the numerical
model of Reykjanes it would be advisable to increase
the simulation time when more measured wellhead
data becomes available. Lastly, the modeling
approach introduced in this study should be applied
to other geothermal systems with as accurate data as
possible to improve its performance and hopefully
extend its application field.
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ABSTRACT

In this paper a comparison is made between OpenModelica and Dymola for a simulation model of a power
boiler. The similarities and differences are presented. Dymola has the advantage of having a more elaborate user
interface and solver, but the OpenModelica user interface and solver has improved very much during last few
years. The advantage of OpenModelica is that anyone can use the models without having to pay high license
fees, something that is of significant interest when installations are made in industries. In many ways a
combination of the two is advisable, where Dymola can be used for application developments and later
OpenModelica can be used in the actual installations. It has been seen in this application for a CFB boiler that it
is easy to use the same model in both environments without any modifications. Still, the solver for Open
Modelica is not as powerful as for Dymola, which may be a problem for on-line applications for larger models,
while no problem for small models.

1.INTRODUCTION AND LITERATURE REVIEW

Energy conversion system models are usually complex models which require a high structured programming
language. Generally dynamic models are preferred in order to reach a deeper understanding of the process. Many
studies have pointed out Modelica as a straightforward object oriented language developed for modeling of large
physical systems (Fritzson, 2004), (Modelica Association, 2007). Dymola is an engineering simulation tool
using Modelica language (Mattsson et al, 1998). OpenModelica is an alternative tool based on open source code.
Both Dymola and OpenModelica include several Modelica libraries (MSL — the Modelica Standard Library)
from Modelica Association in their distributions (Otter and Elmqvist, 2001). There are also Modelica libraries
for e.g. power plants (Casella and Leva, 2005) and other energy conversion systems (Salogni and Colonna,
2010). In Casella et al. (2007) a dynamic model of a biomass-fired-power-plant is presented. Jansson et al
(2008), Jarvensivu (2001), Hauge et al (2005), Mercangéz and Doyle (2006) and Dhak et al (2004) have shown
how model based control can be implemented and Karlsson et al (2009 ) how models can be adapted to
compensate for fouling. Sandberg et al. have modeled the actual fouling. Mélardalen University has developed
their own Modelica models for pulp and paper industry and power plant applications, as well as for gasification.
There is also commercial equation-based modeling and simulation software similar to Modelica used for process
industry. This is named gPROMS and was developed by Imperial College in London under leadership of
professor Costas Pantelides. Model structure is similar, but at least some years ago there were only two solvers
available for gPROMS. Thesehave a varying time step depending on how fast the dynamics of the process is.
OpenModelica and Dymola have solvers for both varying time step and fixed time step. Dymola have additional
functions compared to Open Modellica, but Open Modellica is adding new functions continually as well.

2. METHODOLOGY:

A semi-dynamic on-line application of the proposed simulation approach has been used in the simulation of a
CFB boiler at Malarenergi in Vasteras as well as at Korsnas pulp mill in Gavle in tests during 2010 - 2011. Here
the connection between the DCS and the simulation model was established with Simulink.Modelica models were
used after compilation allowing better control of the signal processing between simulation and the process
database. The project at Malarenergi was financed by Varmeforsk (and power companies) and the project at
Korsnés by KKS (and Korsnas and ABB).

The CFB boiler model developed by Malardalen University (MDH) includes the combustion section, the
water/steam system and the exhaust gas train. The model is validated towards real plant data and is capable to
successfully predict operation performance. A more detailed description of this model can be found in Sandberg
etal. (2011).
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During 2010 and 2011 the model was used on-line at Mélarenergi AB for diagnostic purposes. The plant is a
combined heat and power plant (CHP). Boiler 5 has been modeled. This is a 180 MWy, biomass fired CFB
boiler.

The components of the Modelica/Dymola model can be seen in Figure 1. The components are as follows: 1. Air
flow to boiler, 2. Fuel flow and composition, 3. Boiler/reactor, 4. Ash flow, 5. Air flow to Intrex, 6. Intrex — fluid
bed/G-valve where solids come down from cyclone and is heat exchanged towards steam, 7. Cyclone separator
where larger particles are separated but also gas cooled, 8. The heat exchanger in the walls of the cyclone where
gas is cooled towards steam, 9- 11. Steam heating, gas cooling heat exchangers, 12. Economizers where feed
water is heated (and evaporated), 13. Air pre-heating, 14. Exhaust gas flow and composition, 15. Air flow to pre-
heater, 16. Feed water flow, 17-18. Steam flow and temperature/pressure to turbine, 19. Electric power
produced, 20-22. Feed water injection to heat exchangers. There are three mass inventories in the model: (i) gas
in the boiler including the bed material, fuel etc.; (ii) bed material and gas in the so called Intrex, a bubbling bed
below the cyclones where separated sand is fluidized and cooled in two super heaters before the sand is re-
entering the CFB boiler; (iii) the steam system with water and steam.

Boiler 5

Figure 1. View of the CFB boiler in Dymola interface. Showing boiler 5 at Mélarenergi CHP plant.

Temperature, gas composition and flow rates are measured all the way through the boiler and exhaust gas train
and in the steam system. These measurements are then compared to the values predicted from the simulation
using the same input data. This includes fuel flow, fuel composition, air flow and feed water flow to the steam
drum. Unfortunately the fuel composition has not been able to measure; if moisture content varies the impact
will be significant. Measurment of moisture and higher heating value (HHV) of the fuel we want to include in
the future research. Use of NIR (near infrared) measurement on-line is a tool we develop together with
Bestwood. On-line measurement of moisture is already installed at Eskilstuna CHP, but the development of
models for HHV is still ongoing at our lab in Vasteras.

The equations used are primarily stoichiometric calculations of how the biomass is converted through
combustion, giving adiabatic temperature and cooling through heat transfer and through transport of material
from the boiler combustion zone. The mass in the bed inventory as a function of time is given from:

om inventory Jot = zm i,in _Zm i,out 1)

where m;j, is the mass input flow of each single component of the composition vector i=
(C,H,0,N,C0O,,H,0,NO,,ash) and m ; ., is the corresponding output flow. The change in concentration of each
component is given by c; in the bed inventory:
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aci/at = (Z(C i-m j)in - Z(C i-m k)out)/ My, @)

where j runs through all incoming flows and k all outgoing flows of the inventories. Except the bed inventory
we also have one inventory for the Intrex and one for the steam system. The steam system has only water and
steam components, while the Intrex has the same components as the bed. The temperature Tinenory in the
inventory is calculated from the energy balance:

((ZTJ. Cp; € oMy )—(ZTJ. -k-cp, < m ))+

8Tinven ol / at = /
fory (AH -U-A. (Tinventory _Toutside)) (3)

(M (2P, )

Here AH (enthalpy) is the energy released during combustion and U is the overall heat transfer coefficient, A is
the heat exchanger area and T,usige the temperature at the other side of the heat exchanger surface (steam
temperature vs. exhaust gas temperature), cp; is the heat capacity for each component i. The correlations
describing the change in each single component is also included in the model. Carbon, C, in the biomass is
combusted to CO,, and the hydrogen is forming H,O. Oxygen, O, in the fuel is used for the combustion aside of
the oxygen in the air. N, in the fuel is assumed oxidized to NO, partly, as a function of oxygen surplus and
temperature. Separation of sand is performed in cyclones and cooling in heat exchangers with gas to gas, gas to
steam or gas to water transfer. We have not included inventories in the heat exchangers as the residence time is
very short.

The combustion/gasification processes are modeled as an extension of eq (2):

cfot=(See, m ) -kefe] X m M

where K is a reaction constant and a an exponent giving the non-linearity of the conversion. For components
being removed c; is decreasing while for those being created ¢; is increasing

So far we have primarily been running the models as semi-steady state, but we want to include the full dynamics
as this has a significant importance for both the diagnostics and the model based control, especially to meet
varying moisture and HHV of the fuel.

3. MODEL VALIDATION AND RESULTS

The boiler simulation model has been verified towards process data. In Table 1 a comparison between measured
and predicted data from the simulation for full load and partial load is presented. We have just included these
situations for average load conditions to give a picture of how the model has been tuned towards process data. It
should be noticed that the measurements in the boiler are not “the truth”. In reality the temperature at different
positions in the boiler varies a lot. We thus have tuned the model towards reasonable averages measured in the
on-line positions at different positions in the boiler. The absolute value though may vary many hundred degrees
between the wall and the center of the boiler at the same elevation, according to measurements we have made
but not published yet.

Table 1 Measured process data (DCS) compared to predictions made with the simulation data

Part load (July 5, 2011) at 6.2 kg/s fuel, 30.1 kg/s
air flow and 24 kg/s feed water flow

Variables DCS Prediction | Error%

Steam
temperature after | 434 439 1.0
HPSH2 (°C)

Fluegas
temperature after | 550 566 2.9
cyclone (°C)
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Fluegas
temperature
before  cyclone
(°C)

551

576 4.6

Steam
temperature after
cyclone (°C)

366

353 -3.6

Full load (September 2011) 16.5 kg/s fuel, 79.8 kg/s

air, 48.8 kg/s feed water

Steam

temperature after

High  Pressure | 494 488 -1.2
Super Heater 2

(°C)

E;ed temperature 833 879 5.9
(°C)

Fluegas

temperature 759 757 0

before  cyclone

(°C)

Steam

temperature after | 385 379 -1.5
cyclone (°C)

As can be seen the absolute error varies between 0 and 5 %. With the proposed approach with a new
methodology for adaptation of models to process data we will improve the accuracy significantly. This includes
correlating the on-line measurements to manual measurements of the temperature profile at specified positions.

In figure 2 below we can see how the difference between different sensors in the boiler at the same elevation
varies in time over fibe hours. As can be seen they change level simultaneously, but the absolute value varies

with approximately 40 °C in this case.
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Figure 2. Bed temperature at the same elevation for eight meters.

For our purpose of using the model for diagnostics, decision support, maintenance on demand and model based
control still it is the variations we want to measure and not primarily the absolute values of temperature etc. Then
it is OK just to have reasonable data to fit the mass and energy balances.

4. COMPARISON OF DYMOLA AND OPENMODELICA FROM A USER PERSPECTIVE

OpenModelica and Dymola, as well as gPROMS all are equation-based and object oriented and all have
simultaneous solver approach. OpenModelica and Dymola as well as some other vendors support the Modelica
model standard, whereas gPROMS has its own model format. You configure the complete simulation problem as
a big equation system, which is solved simultaneously. In reality the equation system is split into smaller systems
automatically, to get faster convergence , but it is a big difference compared to the earlier simulation systems
with sequential solvers. With the simultaneous solver we can really correlate different sensor along the process
to each other, which gives us the possibility to get better diagnostics.

A Kkey task is then to formulate equations covering all modeling tasks, where the number of equations and
variables must be the same for each sub-model. This can seem like a simple task- just do it. In reality still it is
not self- evident what is a variable or a parameter and thus it may be complicated to know “where you are”. We
have noticed that it is even stricter with this in OpenModelica than in Dymola. A major problem thus for the
model developer is to both get the right number of variables and equations, as well as to know that it is actually
the RIGHT equations we have formulated. Sometimes you can note that you really would need one extra
equation, but it is definitely not clear which you can take away instead! A preliminary (not released) version of
OpenModelica contains a debugging tool that is addressing many of these problems, explaining which equations
give rise to selected computed variables, and providing on-line interactive stepping, breakpoints, browsing of
variable values, etc. (Pop et al, 2012). See also OpenModelica on-line simulation (Asghar et al, 2011).

Because of the structure with simultaneous equation solver it is very difficult to do debugging. In principle you
can work in a structured way so that you make a smaller system and then connect several smaller systems to one
big one. This is in principle simple, but in practice not that easy. This is especially tricky when you want to use
simulations on line, and start developing a steady state model with fixed values as input. When you then connect
dynamic input signals it may be quite tricky to really get the simulator to work, as the number of variables and
equations suddenly are incorrect. At MDH we have been using a link to process data bases making Modelica
models as compiled objects into Simulink/Matlab. When you then debug the actual Modelica model and all is
working, it may still be tough to get the compiled model to work when you make the linking to the on-line
signals. It thus would be interesting in the future to have some kind of automatic function between on-line use
and off-line use, where you just run with constants or simple general functions to generate input to the
simulations.

Concerning the transfer between Dymola and OpenModelica we have noticed that the new version of
OpenModelica actually can directly convert a Modelica Dymola model into one that can be simulated in
OpenModelica and reverse. Still, where we see a warning in Dymola it may be a real fault in Open Modelica, as
this has stricter definitions of what is accepted, more in accordance with the Modelica language standard. This is
both good and bad, but is definitely a problem as you have even more difficulty to debug them in Dymola. A

WWW.Scansims.org Proceedings of the 53rd SIMS 237
October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

recommendation thus would be to have less strict rules for this, so that you have a chance to compile and test-run
your code, before you do changes in the code. In future versions of Open Modellica there will be a warning
instead, to make it easier to debug.

Concerning accuracy we have not seen any difference between OM and Dymola, but sometimes the solutions
have taken longer time with OM. As the solvers for OM are developed continuously we hope this will be less in
the future, but it is of course a “moving target”.

An example of results from the on-line application of simulation towards measured process data is seen in the
figure 3 below.

Load vs. variables
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Fluegas temp after cyclone 5

Figure 3. Difference between simulated and measured data for five variables in boiler 5 July 4-7 2011.

Here we can see that the load (curve 1) was going down after approximately July 5. We can see that the
temperature predicted by the model first goes up in the flue gas compared to the measured temperature before
the cyclone as well as after the cyclone, but as the load is lowered this swings to the opposite. The flue gas
moisture signal (3) is constant all the time, and the variations are so small that it can be questioned if the sensor
is giving correct values. The steam temperature in the corresponding heat exchanger High Pressure Super Heater
2 (HPSH2 , curve 4) is moving in the opposite direction during the first two days, but is following the same
direction during the last two days. It is not obvious what the reason is, but may be related to fouling of the heat
exchangers during the first two days with a reduced heat transfer rate as a result, while the heat transfer is better
during the last two days. Still, this is not verified. The difference in fluegas temperature after cyclone (5) is first
increasing, but later decreasing again. We believe it is due to temporarily combustion in the cyclone, which
should not take place under normal conditions.

We also have sent the differences to a Bayesian Net, where different faults can be seen visually. An example of
this is seen in the figure 4 below.
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= Unballanced right
Unballanced left
= High combustion
— Normal
| go% ——Sensor10false
——Sensor 11 false
Sensor 12 false

Sensor 13 false

Probability

Sensor 14 false

[ 40%  ——sensor 15 false
——Sensor 16 false
——Sensor 17 false
Sensor 20 false
Sensor 21 false
——Sensor 22 false
—— Sensor 24 false

| 109 —Sensor25false

Figure 4. Bayesian Net of differences between simulated and measured data from Boiler 5 during the period
September 10 to September 18, 2011,

Figure 4 indicates problems with high combustion, feeding problems of fuel on right (violet) and left (green)
side, and also deviation between predicted and measured values for temperature meters in the bed above the feed
at the left respectively right side of the bed. Variables to the right: Unbalance right, unbalanced left, high
combustion, 6 temperature sensors in the bed, 7 temperature sensors above the bed.

5. DISCUSSION AND CONCLUSIONS

From the tests we have performed at Mélarenergy AB with on-line simulation combined with process data
measurements we can conclude that a number of different type of faults have been possible to determine. The
combination with BN, Bayesian Nets, is a feasible approach as experiences of different kind can be combined to
generate a good decision support for process operators. Still, it will take time to make the system automatically
adaptive with new experiences, although the goal will be to reach this. It is principally possible to develop a
model in e.g. Dymola and then convert it into an Open Modelica model just by opening it in this environment, or
the reverse. This is advantageous as it then is possible to make use of the advantages in the two platforms. This is
very positive for the users of Modelica language. It is thus possible to use new functions developed in one of the
platforms also for models developed in the other.
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Development of a multi-level approach to model and optimise the Kalina
Split Cycle for marine diesel engines
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Abstract

In the marine sector there is a strong motivation for increasing the propulsion system energy ef-
ficiency, mainly because of increasing fuel prices and stricter upcoming emission regulations. The
Kalina cycle, based on a mixture of ammonia and water as working fluid, exhibits higher conversion
efficiencies than conventional power cycles and could be suitable for this purpose. The Split Cycle
technique provides a method to further increase the thermal efficiency, by reducing the thermo-
dynamic losses in the heat recovery system. This is achieved by having two separate streams of
different ammonia concentrations entering and leaving a first evaporator stage before being mixed
at the inlet of a second evaporator stage. It seems that modelling efforts showing the advantages
of the Split Cycle have not been presented in the literature yet. Thus, a thermodynamic model
of the Split Cycle is introduced in this work. Modelling and optimisation of the rather complex
cycle requires approaching the problem at different system levels. This paper investigates tools and
methods suitable for demonstrating the feasibility and advantages of the Split Cycle. The inte-
grated model developed and presented in this paper combines three sub-models all using the NIST
REFPROP equations of state: a separator and mixing subsystem model to handle the inherent
constraints of the Split Cycle, a component-based model to optimise the heat exchanger operating
conditions, and a process model to investigate the complete thermodynamic cycle. Results suggest
a 9% net power output increase and 7% higher thermal efficiency compared to the baseline case.

Keywords: Kalina Split Cycle, Multi-Level Modelling, Process Integration, Waste Heat Recovery

1. Introduction to waste heat recovery power cycles, with the
) . o Kalina Cycle among those. Named from its in-
The International Maritime Organisation, ventor Alexander Kalina in 1983 [2], this ther-

under the United Nations organisation, is ex-
pected to adopt an energy efficiency design in-
dex (EEDI) for ships in 2013. For this reason
and because of increasing fuel prices, this sec-
tor is in need of technologies that could further

modynamic cycle is using a mixture of water
and ammonia as working fluid.

It was intended for waste heat recovery in
three main fields of application: geothermics

improve the efficiency of propulsion systems [1]. at temperatures from 100-200°C [3-10], inte-

In this context, growing attention is paid grated combustion engine heat recovery mainly

at temperatures around 300°C [11-15] and for

*Principal corresponding author. Tel.: +4545254113 gas turbines at even higher temperatures [16-
Email address: frh@mek.dtu.dk (Fredrik Haglind) 20]. A well-documented and tested Kalina cy-
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Nomenclature

Acronyms
EEDI Energy Efficiency Design Index

EOS Equation of State

1P Intermediate Pressure
NIST National Institute of Standards and
Technologies

SC Split Cycle
TRF Tillner-Roth and Friend
Greek Symbols
A Difference between to states
Symbols
7 Mass flow rate
Non-specific enthalpy
Specific enthalpy

m
H

h

P Pressure
Q Vapour quality
S

Mass flow rate splitting fraction

T Temperature

x Ammonia fraction by mass
Y Ammonia fraction by mole
Subscripts

b Boiling point

c Composite stream

d Dew point

e Exhaust gas

Separator feed stream

Inlet stream

—-

1 Lean ammonia concentration
L Liquid fraction

0 Outlet stream

r Rich ammonia concentration
A% Vapour fraction

w Working fluid

cle pilot plant converting heat at relatively high
temperatures (450-550°C), from a gas furnace
is the Canoga plant (USA)[4, 21-23].

In 1985 Kalina filed a petition for a US
patent [24] on the Split Cycle, which is an alter-
native configuration of the Kalina process. In
that petition the process is described only qual-
itatively and no model proving the comparative
advantages seems to have been published since.
The focus of this paper is therefore to present
a thermodynamic model and an optimisation

methodology of the Kalina Split Cycle process
(SC).

In the conventional Kalina cycle, heat ex-
change in the heat recovery system only takes
place between two streams: the heat source (e.g
exhaust gases from a gas turbine) and the heat
sink (ammonia-water mixture working fluid).

The specific feature of the SC is that two cold
streams of different ammonia concentrations
run through a preheater and a first evapora-
tor stage.
before entering a second evaporator and a su-
perheater.

The two streams are then mixed

The higher complexity of this process intro-
duces additional degrees of freedom and un-
knowns at different system levels. There is
therefore a need for a multi-level approach
which addresses these modelling and optimi-
sation challenges.

The approach and models developed to eval-
uate a Kalina SC are presented in the following.
The thermodynamic performance of the mod-
ified heat recovery system is assessed in com-
parison with a baseline case, which is a con-
ventional Kalina cycle based on exhaust gases
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at 346°C from marine diesel engines, as docu-
mented by Bombarda [25]. The baseline case
cycle is a type of Kalina cycle which is common
in the literature, among others documented by
Leibowitz et al. [21] and Jonsson et al. [19].
The SC model presented in the present work
maintains the same constraints and boundary
conditions as the baseline case.

2. Kalina Split cycle

Ammonia-water is a zeotropic mixture,
which means that vapour and liquid phases
at equilibrium never have both identical tem-
peratures and compositions. During evapora-
tion and condensation processes, the liquid and
vapour compositions of zeotropic mixtures will
continually change, and the saturation temper-
atures of these two phases will vary in conse-
quence. It is thus possible to affect the thermo-
physical properties of the Kalina working fluid
either by changing the operating pressure or
by varying the ammonia concentration of the
mixture.

Ammonia, being more volatile than water,
is the first component to evaporate. The am-
monia concentration in the liquid phase pro-
gressively decreases, causing a continual rise of
the boiling temperature. The existence of this
temperature glide may lead to a better match
between the temperature profiles of the heat
source and the working fluid, reducing the in-
ternal irreversibilities of the heat recovery pro-
cess.

In an attempt to further reduce them, Dr.
Kalina proposed in his patent petitions an al-
ternative arrangement of this power cycle, re-
ferred to as the Split Cycle [24]. Other work of
the same author [26] suggested that this con-
figuration could reach a 2"¢ law efficiency of
75-80% for various heat sources.

The idea of the SC is to use two separate
streams of ammonia-water, with different con-
centrations, running through a first evaporator.
An important constraint proposed by Kalina is
to have the ammonia-rich stream exit the first

evaporator as saturated vapour (dew point)
while the ammonia-lean stream exits as sat-
urated liquid (bubble point). This proposed
constraint is important for minimising ther-
modynamic losses and is therefore adopted in
this work, leaving an investigation of the con-
sequences of this assumption for future work.
The constraint makes it harder to set initial
parameters and to optimise the cycle and is
thus providing motivation for developing the
presented methodology. The two streams are
then mixed into a composite stream and the
newly formed two-phase mixture is evaporated
and superheated before running through the
turbine.

The modified Kalina SC is illustrated in Fig-
ure 1. The main differences from the conven-
tional configuration are the use of additional
mixers, splitters, pumps and recuperators be-
tween the separator and the turbine. In the
simple Kalina cycle, the ammonia-rich vapour
at the top outlet of the separator flows through
a recuperator first and then a mixer before be-
ing condensed, while the ammonia-lean liquid
at the bottom flows through another recuper-
ator before being throttled.

In the SC, the very ammonia-rich vapour is
first split into two sub-streams (19 and 26).
Both are partly diluted in different proportions
with fractions of the very ammonia-lean lig-
uid flow and pass a succession of two recuper-
ators where they are cooled down. The richer
of these two streams (22) is then condensed
(23) and pumped (24), before it is preheated
(25) and flows through the heat recovery sys-
tem. The leaner stream (29) is pumped (30)
and preheated (31) before running through the
first evaporator. These two streams are then
mixed at the same temperature (1) before en-
tering the second evaporator (2) and the super-
heater (3).

The very ammonia-lean liquid from the bot-
tom of the separator is split into three sub-
streams. Two (16 and 17) are used to adjust
the concentration and mass flow rate of the
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Figure 1: Process flowchart of the Kalina Split Cycle process

two rich vapour sub-streams from the top of
the separator. The latter (13) runs through a
recuperator where it is cooled down (14) be-
fore being throttled (15) and mixed with the
ammonia-rich solution out of the turbine sys-
tem.

Theoretical studies showed that, compared
to the conventional configuration, the SC in-
duces a lower entropy generation because of the
better match between the temperature profiles
of the two cold streams and the heat source
[26]. The gradient of the evaporation temper-
ature curve can to some degree be adjusted
to the temperature profile of the heat source
by selecting the optimal composition of each
of the two streams, as illustrated in Figure 2.
The line from (25,31) to the point (7;.;) repre-
sent the preheating stage. From here to point
(1), (2) and (3) the fully drawn line shows the
heat transfer in the SC case. The upper dashed
line show how the heat transfer would be if the
stream were not split but instead the compos-

ite stream was used. The point (73) shows the
boiling point of the composite stream, and it is
clear that the pinch point temperature differ-
ence is much smaller and possibly violated in
this case. The lower dashed line from (75 pup)
to (2), shows how the heat transfer would hap-
pen if only the rich stream concentration was
used. Evaporation would occur at lower tem-
peratures and thus likely causing a lower ther-
mal efficiency.

3. Methodology

Given the constraint of having identical tem-
peratures and pressures of the rich and lean
streams exiting the first evaporator, whilst
also requiring the rich stream to be saturated
vapour and the lean stream saturated liquid,
initial parameter estimation and subsequent
optimisation at full process level are not fea-
sible. The choice was made to build two sub-
models which could accurately predict the op-
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Accumulated heat transfer

Figure 2: Theoretical T-Q diagram of the Heat Recovery System to explain the Split Cycle

timum performance of the full process and sub-
sequently obtain full process validation. In
the next sub-sections, three modelling levels
are considered and presented: thermodynamic
property level, governing subsystems at com-
ponent level and full process level.

3.1. Thermodynamic property level

Tillner-Roth and Friend (TRF) presented
their model of the ammonia-water system in
1998 [27]. Their motivation was the rising in-
terest in modelling the Kalina cycle and thus
the arising need for an accurate model for this
working fluid mixture over a wide range of con-
centrations, temperatures and pressures. At
the time, there was seemingly no model cov-
ering both the liquid, two-phase and vapour
domains with satisfying accuracy [27]. Based
on a thorough survey [28] of the publicly avail-
able experimentally obtained properties for the
system, a fundamental equation of state (EOS)
which is claimed to be accurate up to 40 MPa
was derived.

Thorin et al. [29] compared in 1999 the
Tillner-Roth and Friend model with both ex-
perimental data and two other EOS derived
for the ammonia-water system (Stecco-Desideri
and Ibrahim and Klein). Analysis showed that
the TRF EOS is generally more accurate than
the two other EOS because of an additional
correction factor. Additionally the TRF EOS

is valid up to higher pressures than the two oth-
ers which are valid up to 11.5 and 20 MPa re-
spectively. Thorin also compared the thermal
efficiency of a Kalina cycle using boiler pres-
sures between 10-18 MPa and found that the
choice of EOS does influence the efficiency up
to 1.5% points at high pressures.

For the above mentioned reasons and since
the TRF EOS is included as a property model
in Aspen and in Matlab with NIST REFPROP,
this EOS was chosen for the sub- and full pro-
cess models. A disadvantage of using this prop-
erty model is its complexity. Except when the
phase is specified, the model needs first to de-
termine if the fluid is in the liquid, vapour or
two-phase domain. As experienced by the au-
thors and as also confirmed by personal com-
munication with Eric Lemmon (NIST), the
TRF model in REFPROP has occasional non-
convergence issues (at certain random points in
the thermodynamic domain). In Aspen Plus it
is possible to specify phase and thereby to in-
crease the convergence efficiency. When com-
pared to the Peng-Robinson EOS, the TRF
EOS seems to be significantly more accurate
for the Kalina cycle. Consequently, the base-
line model in the present work has minor de-
viances in the thermodynamic properties at
some points in the process, compared to the
model in the work of Bombarda (which is used
as baseline) [25]. An advantage of the Peng-
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Robinson EOS is that it is simpler and con-
verges easily, a benefit traded in this work in
order to obtain better accuracy.

3.2. Subsystem Level

A subsystem is here regarded as a system of
components which is an integrated part of the
whole process. In the following, two subsys-
tems are discussed: firstly, the heat exchang-
ers system described earlier, and secondly, the
separation and mixing system. The motivation
for making the models of these subsystems is
to ease initial parameter estimations and opti-
misation of the process. Both subsystems were
validated using corresponding subsystem mod-
els in Aspen Plus.

3.2.1. Heat exchanger system

The composite working fluid mass flow rate
exiting the boiler can be used as a measure
proportional to the process work output, since
the thermodynamics state at the boiler out-
let is held constant. The aim of the follow-
ing methodology is thus to uncover the relation
between the maximum possible mass flow rate
and the composition of the two split streams.

Rich and lean streams entering and exit-
ing the first evaporator should have identical
temperatures and pressures, and leave as satu-
rated vapour and liquid respectively. Any cho-
sen composition of the rich stream (x,) results
therefore in only one possible composition of
the lean one and only one ratio between the
rich and lean mass flow rates.

Thus the final optimisation is based on the
rich stream composition versus boiler mass
flow.

Composition of the lean mass flow (x;) is
calculated from the rich stream composition by
solving the following equation system:

Tnd:T(p:pwaQ: 1,1':.737«) (1)
Tl,b:T(p:pwaQZOafE:fUl) (2)
Tra—Tip=0 (3)

where 7). 4 is the dew point temperature of
the rich stream, Tj; is the bubble point tem-
perature of the lean stream, p,, is the working
fluid pressure and Q is vapour quality. Then,
the mass flow ratio between the rich and lean
streams are found by solving the following mass
balance equations (note that the actual mass
flow of the composite stream (172.) is not known
at this stage):

The — My 4 17y = 0 (4)

TeMe — Tty — xpiy = 0 (5)

where m, and m; are the mass flow rates of
the rich and lean streams and x. is the compos-
ite stream composition, i.e. the stream exiting
the boiler. Using an energy balance over the
entire boiler, the mass flow of the (composite)
working fluid, can be found. The hot source
mass flow, pressure and temperature at the
outlet and inlet are known parameters. Also
known is the superheater approach, the pres-
sure of the working fluid as well as the in-
let states (pressure, temperature and compo-
sition) of the working fluid streams:

hei - he o
me = meh _ o h ‘_ e h A (6)
W0 T b T8 T gy

where 1, he; and he , are the mass flow rate
and enthalpies in and out of the boiler respec-
tively. Ay, hr; and hy; are the enthalpies of
the working fluid exiting the boiler and the rich
and lean stream entering. All enthalpies in the
above equation are found using h = h(T,p, x).
Upon finding the mass flow of the composite
stream, the rich and lean mass flows can be
calculated. In order to estimate the minimum
temperature difference in the boiler, both heat
exchangers are divided into a number of steps
(n). The first evaporator (including preheater)
is modelled by dividing the temperature be-
tween outlet and inlet into steps ATy and as-
suming temperature equilibrium between the
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lean and rich streams in each division. Hereby
the enthalpy in each step is found:

Tip —Tws
ATS — M (7)
n
Tri =T = Tw; + (i — 1)AT, (8)
AI{s,j = mr(hr,j - hr,l) + ml(hl,j — hl71) (9)

where i = [2,3,...(n+ 1)] and j = [2,3,...n],
Ty, is the working fluid temperature, AHy
the difference in enthalpy between two steps
with ¢ and j representing the step number.
Since the enthalpy increase numerically in
each step is the same for working fluid and
heat source, the temperature of the hot source
at each step is thus found from the enthalpies,
T = T(h,p,z). The minimum temperature
difference can now be found and a similar
approach is used for the second evaporator.
By varying x, the maximum working fluid
mass flow rate is found, but still the question
remains whether the mixing system can deliver
the corresponding rich and lean streams.

3.2.2. Mixing system

Desired outputs from the mixing system
model are the mass flow fractions of the three
splitters (S1, S and S3 respectively), as shown
in figure 1, and the mass flow feeding the sepa-
rator (1ivy). Inputs are the mass flow rates and
compositions found in the heat exchanger sub-
system model. Being fed by the separator, the
mixing subsystem model includes this compo-
nent beginning from the inlet of the separator,
a stream which composition (z¢) is chosen to
be the same as the baseline case for compar-
Other inputs to the model are
Pw, Te and .. Assuming an isothermal adi-
abatic process, the single stage separator can
be modelled with the use of the EOS and an
ammonia mass balance. The equilibrium con-
centrations of the liquid and vapour phases (x;
and z,) are found using a REFPROP function,
provided an assumed temperature and pressure

ison reasons.

(Ty and py) similar to the baseline case (from
the Bombarda article [25]):

[ZUL,.Z'V]:X(T:Tf,p:pf,l':xf) (10)

where z15 = xy and x1; = z (figure 1).
Solving the following equation system of mass
balances, provides the liquid and vapour mass
flows from the separator:

(11)
(12)

mip = my — 1g
xpmy — w1gmyg — x1171m11 = 0

The following equations are common for the
three splitters, here splitter 1:

13
14
15
16

T26 = T18
19 = T18

(13)

(14)

Mo + Mg = 118 (15)
Tge = S11i118 (16)
Where S, is the ratio to be found and used
in the full process model. The mixers are de-

scribed by both a mass balance and an ammo-
nia mass balance:

Moy = M6 + Mg
To7Mor = T16M16 + T2671126

This equation system is solved iteratively
and returns the separator feed mass flow and
the splitter fractions, thereby producing the
desired rich and lean streams characteristics
(mm,z). Coupling of the two sub models de-
scribed here provides an accurate tool needed
to optimise the full process of the Kalina Split
cycle within the boundary conditions given.

3.83. Process modelling
3.8.1. Awailable models

Aspen Plus is a widely used commercial pro-
cess simulation software, which is based on sev-
eral methods and packages for estimations of
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thermodynamic properties. Modelling of the
overall Kalina cycle was carried out using As-
pen Plus(R) v7.2, based on the REFPROP
property method for consistency.

This process flow-sheet program also in-
cludes several sets of modules for simulating
unit operations such as compressors and tur-
bines, heat exchangers and separators, pumps
and throttles, etc. Calculations are based on
physical relations (mass and energy balances,
heat transfer and fluid dynamics) and are con-
ducted iteratively.

Aspen Plus is a sequential modular program,
meaning that the sets of equations used to
model the overall system are solved in a certain
order, in contrast to equation-oriented pro-
grams which solve the equation sets simultane-
ously. In case of processes with internal loops
(e.g thermodynamic cycles), equation sets are
solved iteratively and the implementation of
initial guess values and constraints is needed
to avoid convergence issues and accelerate the
problem resolution.

It is possible to implement kinetic-rate mod-
els (e.g kinetic mechanisms for chemical reac-
tions and rate-based models for separation and
distillation). However, it is assumed that an
equilibrium-based separator module can rigor-
ously model the two-phase separator used in
Kalina cycles.

3.8.2. General modelling assumptions

The simulations of the simple Kalina cycle
and of the Split Cycle were both based on the
following assumptions and data, adopted from
the baseline case, which is based on work pre-
sented by Bombarda [25]. The chemical com-
pounds considered in the simulations are: N,
09, HyO, COs, Ar and NH3. The heat source
considered in this study are exhaust gases from
two marine diesel engines, with the following
molar composition 74.6% Ng, 11.7% Os, 6.7%
H>0, 5.9% CO5 and 1.1% Ar and a total mass
flow rate of 35%. The ammonia-water mixture
enters the heat recovery system at a tempera-
ture of 83.5°C and has the following mass com-

position at the inlet of the turbine 77.2% NHs,
22.8% H50. Assumptions on the process design
are listed below:

e Exhaust gas pressure and temperature: 2 bar
and 346°C

e Stack temperature: 127.7°C

e Minimum allowable pinch point temperature
difference in boiler: 21.9°C

e Super heater approach: 16°C

e Minimum allowable pinch point temperature
difference in low and intermediate pressure
(IP) recuperators: 4.5°C

e Minimum allowable pinch point temperature
difference in high pressure recuperator: 16.5°C

e Pressure levels: 5.94, 10, 100 bar

e Separator temperature: 100°C

e Cooling water temperature: 20°C

e Adiabatic separator

e Homogeneous fluid flow and temperatures

e Turbine mechanical and isentropic efficiency:
96% and 75%

e Pumps driver efficiency and isentropic effi-
ciency: 95 % and 70%

e Ammonia concentration in composite stream,

y3: 78.6%

e Heat to the environment and pressure losses
in heat exchangers are neglected

3.8.3. Specific modelling assumptions

Specific assumptions related to the design
of the Kalina process without Split Cycle are
listed below:

e IP condensation temperature: 33°C

e [P recuperator: 2 streams

Specific assumptions related to the design of
the Kalina process with Split Cycle are listed
below:

e Additional pumps have the same efficiency
e Additional mixers and splitters are adiabatic

e [P condensation temperature: 26°C
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e [P recuperator: 4 streams

One of the main differences between the con-
ventional Kalina process and the Split Cycle is
the ammonia concentration of the rich mixture
at the inlet of the heat recovery system. In
the first case, the ammonia content is between
70-75%uw¢, which corresponds to a condensing
temperature of about 33°C at a pressure of 10
bar. In the second case, the ammonia con-
tent of the rich stream is 10 percentage points
higher, which corresponds to a condensing tem-
perature of 26°C.

In order to fully condense the ammonia-rich
stream in the Split Cycle, the operating tem-
perature of the condenser should be decreased
from 33°C to 26°C (effectuated by larger cool-
ing water flow rate). As a consequence, the op-
erating parameters of the cooling system and
of the condenser are slightly different compared
to the baseline case.

3.3.4. Optimisation

Optimisation of the Split Cycle is conducted
by changing the pressure level to reach the
same pinch point temperature difference in the
heat recovery system (21.9°C) while keeping
the same temperature inlet and outlet condi-
tions, and an identical ammonia concentration
at the boiler outlet (point 3 Figure 1).

4. Results and discussion

By varying the rich (and lean) stream com-
positions, the temperatures of the working fluid
in the first evaporator changes and thus also
the pinch point. This variation is shown in Fig-
ure 3 at pressures from 100 to 140 bar. The
constraint of pinch point temperature differ-
ence of 21.9°C is not respected at any concen-
tration at 140 bar pressure and above and the
maximum net work output without any viola-
tion is found at 138 bar and an x,.;.; of 0.90. It
is also shown in the figure how the pinch point
temperature difference is larger than the base-
line case of 21.9°C, when using SC at baseline
pressures and high rich stream concentrations.

28
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Figure 3: Rich stream composition versus pinch point
temperature difference

Changing the rich and lean streams compo-
sitions does not enable significant changes in
the maximum mass flow rate and consequently
the turbine work output. The maximum ob-
tainable turbine work output at various con-
centrations and pressures is shown in Figure 4.
The maximum output is, in most cases, found
at rich stream compositions of about 0.90.
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Figure 4: Rich stream composition versus turbine power

In Figure 5 the temperatures as a function of
the accumulated heat transfer in the entire heat
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recovery system, as seen from the hot source
side, is shown. Looking at the SC case at 100
bar, it is seen that the alignment of temper-
atures of the hot and cold streams, is dete-
riorated compared to the baseline case. De-
spite that, the turbine work output is slightly
higher because the early evaporation of the rich
stream enables a higher mass flow rate, a pa-
rameter limited by the pinch point temperature
difference. Compared to the baseline case, the
optimised case at 138 bar shows a visibly closer
alignment of temperatures of the hot and cold
streams, while the pinch point temperature dif-
ference is not changed from that of the baseline
case. The average temperature in the heat up-
take is clearly higher in this case. Although the
Split Cycle streams are only separated in the
first evaporator, the improved match continues
through the second evaporator.
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300 Y ", —a— SC 138 bar
¥ ‘ " —— SC 100 bar
(] A (]
E *Q:AAA .l.
5] L TSN "a
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»
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Accumulated heat transfer, kW

Figure 5: T-Q diagram of the boiler

Using the SC configuration is thus seen to
enable an increased maximum pressure in the
cycle without violating the pinch point tem-
perature difference constraint. Reversely, the
baseline case does not allow higher pressures
without a pinch point temperature difference
violation, indicating that the baseline cycle pa-
rameters are indeed optimised. Figure 6 shows
how the turbine work, cycle net work and ther-
mal efficiency increase with higher boiler pres-
sure. The shown cases were optimised in terms
of concentrations and mass flows of the rich and

lean streams, aiming at maximum power. Even
more power could be obtained with a smaller
pinch point temperature difference. Temper-
ature and vapour quality at the turbine out-
let decrease slightly as the inlet pressure in-
creases without affecting the rest of the pro-
cess markedly. The vapour quality at 138 bar
is 96% compared to 99% in the baseline case.
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Figure 6: Cycle output versus maximum pressure

As should be expected, the relative increases
in thermal efficiency of the cycle and the net
work output are identical and in the baseline
case the thermal efficiency is 20.1% while at 138
bar in the optimised SC case 21.5 % is achieved.
States of all the points in the optimised Split
Cycle are shown in the appendix.

5. Conclusion

A thermodynamic model of the Kalina Split
Cycle and a methodology for optimising the
cycle was presented. The methodology, con-
sisting of two subsystem models, has made it
possible to optimise the entire cycle effectively.
It has been shown that the concept of using
two different streams instead of one running
through the evaporator does bring some ad-
vantages. The temperature development of the
working fluid can be altered by changing the
composition and mass flow rates of the two
streams, in order to obtain a better alignment
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of temperatures of the hot and cold streams in
the heat exchanger.

Since the richer stream evaporates first and
thus results in a larger pinch point temper-
ature difference, higher boiler pressures and
work outputs are enabled without violating the
pinch point temperature difference limitation.

Results suggest a turbine power output in-
crease of about 9% can be achieved resulting in
an increase in thermal efficiency of 7%, or an
increase from 20.1 to 21.5% thermal efficiency
for the cycle.
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Abstract: Chromatography has been found an efficient tool for analysing the water quality, especially
natural organic matter (NOM) content, in water treatment processes. Information of the fast and
relatively easy chromatography measurements can be used, by itself or together with other process
measurements, for process control and improving the water quality. Unfortunately, some chromatography
measurement results are available only as graphical chromatograms or in software specific data file and
cannot be transmitted to other software for more detailed mathematical analysis, or to the automation
system of the water treatment plant. In this paper, the automatic chromatogram analysis method is
developed using Matlab. Graphical chromatograms are converted to numerical data for easier and more
efficient processing and analysing. The automatic analysis method calculates the significant values (e.g.
peak maximums, peak areas) of the chromatograms, and provides an effective and fast way to monitor
the water quality.

Keywords: Drinking Water; High-Pressure Size Exclusion Chromatography; Matlab; Natural Organic

Matter; Water quality.

1. INTRODUCTION

Water quality consists of biological, chemical and physical
characteristics of water. The quality of drinking water is
affected by many factors, for example raw water source,
water treatment techniques (sedimentation, filtration,
disinfection), distribution network material and biofilm,
etc. Natural organic matter (NOM) has become a
significant issue in drinking water treatment processes
since the negative health effects were discovered. NOM
causes colour, taste and odour problems to drinking water,
leads to the formation of disinfection by-products and
increase chlorine demand, and promotes bacterial re-
growth. The NOM affects also the water treatment
operations: coagulant and disinfectants are dosed based on
the amount of NOM, it blocks active carbon pores and is
one of the major membrane foulants. The amount of NOM
depends on climate, water source and season of the year.
(Teixeira and Nunes 2011, Vuorio et al. 1998)

The most important water quality indicators pH, colour,
taste and odour, dissolved metals and organics, salts and
microorganisms, are measured frequently from a water
treatment process. With basic measurements the general
condition of the water treatment process and water quality
can be achieved, but using chromatography techniques
have been found to give more detailed information.
Chromatography technique can be used to analyse the
qualitative changes in the water treatment process.
Changes in molecular size fractions can be measured from
raw water, after different purification steps and from
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drinking water. In addition to analysing the quality of the
water treatment process, chromatography technique can be
used to assist the process control.

Chromatography is an analytical technique which can be
used for separating chemical substances into its
components for analysis or identification. There are e.g.
paper, liquid, gas and ion-exchange chromatography
techniques which all function in the same way: mobile
phase (a liquid or a gas) flows through the stationary phase
(solid, or liquid supported on solid) and carries the
components of the mixture with it. Different components
travel at different rates and the time that a compound
travels to the output of the chromatography column is
called a retention time. Different components of the
analysed mixture are shown as separate peaks or patterns
on the visual output, the chromatogram. Concentrations of
substance components are measured as the peak area and
peak height.

Fast, easy and practical High-Pressure Size Exclusion
Chromatography (HPSEC) has been found to be a highly
effective and precise analytical method of evaluating the
molecular size and molecular weight (MW) distributions
of dissolved humic substances in drinking water (Conte
and Piccolo 1999, Matilainen et al. 2002, Teixeira and
Nunes 2011, Zhou et al. 2000). The HPSEC method
provides useful information about the quality of water and
the amount of NOM. Correlation among HPSEC and
traditional analytic methods like TOC and UV absorbance
have been found but in comparison with traditional
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analytical methods, HPSEC yields additional information
on the removal and transformation of NOM.

In HPSEC analysis, humic molecules are separated on the
basis of the different molecular size so that the largest
molecules elute first and the smallest molecules elute last
in the column (Matilainen et al. 2002). The amount of
NOM in one molecular size fraction can be calculated as
the height of the peak or the peak area. The peak area is
less sensitive to the influence of peak dispersion
mechanisms and thus is more reliable and corresponds
better to the quantity of the component. Due to dispersion,
the peaks may become shorter, broader and more
asymmetrical but the total area under the peak remains
nearly equal. Sometimes in chromatographic analysis the
area under the individual peak curve cannot be resolved.
The width of the base, wide of the half of the peak and the
height of the peak are also often studied indicators. The
total amount of the NOM in a measured water sample is
calculated as the sum of all peak areas or peak heights.

Usually from five to seven, even eight different peaks
(molecular size fractions) can be found in the
chromatography measurement of the Finnish surface water
sample. Peaks can be separated to high molecular weight
(HMW), which has the lowest retention time, intermediate
molecular weight (IMW) and low molecular weight
(LMW), which has the highest retention time. Raw water
consists mostly of large molecules and generally, high
molecular weight matter is easier to remove than low
molecular weight matter. (Matilainen et al. 2002, Vuorio et
al. 1998)

However, usually chromatography measurement results
are stored in software specific data and cannot be
transferred or used in other software or systems e.g.
Matlab or in the automation system of the water treatment
plant. In the worst case only graphical chromatograms are
available. In this study, the automatic chromatogram
analysis method which converts images to humerical data
and analyses the data is created. HPSEC measurements of
water samples taken from one Finnish water treatment
plant are used to demonstrate the functionality of the
developed method. Water samples are collected from
several stages of the water treatment process, from raw
water to the distribution system. The automatic
chromatography analysis method is programmed in Matlab
and it consists of image processing of graphical
chromatograms and analysis of the resulting data.

2. IMAGE DIGITIZATION

The image digitization is done using familiar methods and
Matlab functions. In the first step of image processing all
images containing the graphical chromatograms are loaded
automatically from a specific folder using Matlab function
‘imread’. Image data is converted to class ‘double’ and
converted to gray-scale intensity image by eliminating the
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hue and saturation information while retaining the
luminance. Same processing is done to the background
image which is subtracted from the original image. After
subtraction all values in image data greater than 1 are
converted to value 1 and all values lower than O are
converted to 0 to ensure the binary black and white image.
Pixels with value O are displayed as black and pixels with
value 1 are displayed as white. In the final step, the
contrast of the image is adjusted using ‘imadjust’-function
and enhanced using ‘adapthisteq’-function, and the
intensity of the image is converted to double precision.
(Matlab 2012)

After removing the background and processing the original
image, numerical data of the image is stored to a mat-file
where every pixel has its specific value, in this case
between 0 and 1. The spectrum can now be found by
reading the pixel values. After image processing some
sporadic values of the spectrum may be missing, but they
can be replaced by linear interpolation. Y-values of the
spectrum are scaled to real values by reading the minimum
and maximum values of the original spectrum from a
separate file. For relative comparison, scaling can be also
done, for instance, between 0 and 1. The main steps of
image digitization are shown in Figure 1.

Locations of studied spikes are case specific and
determined beforehand. The time/pixel -relation is used to
select the specific spike for area and height calculation and
analysis. The area of the spike is calculated using Matlab’s
‘trapz’  integration method, which computes an
approximation of the integral of the spectrum via the
trapezoidal method. In the analysis, a single spike can be
studied and the height of peak(s) or the total area of all
peaks can be calculated. Chromatogram can also be
divided into, for example, three molecular size fraction
areas, which are studied.

3. RESULTS AND DISCUSSION

In this study water samples are taken from eight different
process stages of a Finnish water treatment plant and
measured using the HPSEC method. Block diagram of the
water treatment plant is shown in Figure 2. Water samples
are taken from raw water (#1), after adding flocculation
chemical (#2), at slow mixing stage (#3), after clarification
by flotation (#4), after active carbon filtration (#5), after
disinfection using UV radiation (#6) and chlorine (#7) and
from the distribution system (#8). Eight peaks are found
and analysed in every measured spectrum.

Proceedings of the 53rd SIMS 255

October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

1,000y A

8.0+

2.0+

R e

" 160 125 120

350

3001

2601

200

150+

100

L L ! i
0 50 100 150 200 250 300 350 400 450 500

7000

6000 -

5000

4000 -

3000 -

2000

1000

0

L L L L ! -

0

50 100 150 200 250 300 350 400 450 500

Figure 1. Digitization of a chromatograph: (A) The original chromatograph, (B) Chromatograph after the background is
removed, (C) Image has been processed, stored to mat-file and after interpolation plotted, (D) Spectrum values have been

scaled to real values.

Water treatment plant

Drinking
water

Chemical
precipitation

Figure 2. Block diagram of the Finnish water treatment
plant.

Flocculation

Flotation Disinfection

Raw water Filtration

The automatic chromatogram analysis can process
hundreds of images in relatively short time. All results can
be listed in numerical form or plotted to various figures.
Analysis can be done by comparing different samples at
the same process stage, samples from different (or
consecutive) process stages, separate peaks in one
spectrum etc. Examples of calculated peak heights and
areas of raw water and drinking water samples in the
numerical form are shown in Table 1. Eight different
molecular size fractions are listed from high (#1) to low
(#8). Using numerical data, the exact comparison between
samples, process stages or peaks is more easy and precise
than comparing several plotted spectra.

WWW.Scansims.org

Table 1. Height and area of peaks analysed from raw
water and drinking water samples.

Raw water Drinking water

Peak Peak area  Peak Peak
Peak height height area
1 6400 129121 1051 12686
2 4226 54957 1600 17798
3 1798 22394 831 9392
4 947 5850 349 1822
5 382 18081 119 5502
6 134 2983 1072 10975
7 134 2706 57 1232
8 76 1210 81 1327

Proceedings of the 53rd SIMS

For visual examination, different figures can be plotted. In
Figure 3 peaks are separated to HMW, IMW and LMW
organic matter areas. Principles of separation can differ,
but in this case the first two peaks are selected as HMW,
the next three as IMW and last three as LMW. Figure
shows that raw water (process stage #1) consists mostly of
large molecules which are removed efficiently, but low
molecular weight matter is harder to remove.
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Figure 3. Molecular size fractions are examined as high, intermediate and low molecular weight areas.

In Figure 4, total areas of all peaks in every stage of the
water treatment process are presented as bars. Total peak
area is the highest in raw water (#1) and decreases towards
the sample taken from the distribution system (#8). Thus
the water treatment process is efficient and the amount of
NOM diminishes.

x10° Total area of all peaks

[Peak area]
pr
T
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[Water treatment process stage]

Figure 4. Total peak area of the water samples.

4. CONCLUSIONS

In this paper, a method for digitizing graphical
chromatograms describing the operation of the water
treatment plant has been developed. Methods familiar from
image processing have been used. The digitized data is
used in calculating peak heights and areas in the
chromatogram that correspond the molecular size
distribution of the flow in question.

The paper shows an example, how to use the calculated
values in analysing how the water purification proceed in
different stages of the plant and what happens to the water
quality and NOM in different stages of water treatment.
The example comes from one Finnish drinking water
purification plant. In this case, NOM is divided into low,
intermediate and high molecular weight areas and changes
in these are followed through the eight stages of the plant.
The results are logical compared with the practical
experience.

In the future, the calculations of essential indicators, inter
alia the peak area, are improved and the automatic

WWW.Scansims.org

chromatogram analysis method is used for processing and
analysing multiple chromatography measurement series
from Finnish water treatment processes. Results are
compared to each other and with other process
measurements to analyse the water quality and
functionality of the water treatment process.
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Abstract

Post combustion COcapturing holds an important position in the aodacarbon capture and
sequestration (CCS). Research is operating inaiféia ranging from experimental work to modelling
work. Dynamic models are interesting since thesrilge the plant operation during variations, up-
stream or down-stream. A model for the strippinlyicm of a capture plant is developed following the
rate based approach to represent the heat and traasser. Sensitivity of the model for different
physiochemical property correlations is analyzetie Tpredictions of the dynamic model for the
stripping column of the capture plant under varyapgrating conditions in the re-boiler are presgénte
Predictions of the transient behaviour of the deped! stripper model appear realistic.

Keywords: CO, capture; Dynamic model; Stripping column; MATLAB

1. Introduction

Achieving a sound solution for the G@mission reduction is of interest and a challefagethe
researchers who are actively involved in dealintp\the climate issue.

Power generation via fossil fuel-fired power plarssknown to be the largest single source of,CO
emission1]. The development of capture technologies tamgetuch sources therefore is important for
achieving the goals in GCemission reduction. Post-combustion capture, prebuistion capture and
oxy-fuel combustion are the three main technologieslable at presefi], and much research is done
with the prospect of developing those techniquethén. Post combustion capture is still the best
known technique, possibly due to the large numldeexasting power plants, and the promising
developments that are available. Gfapture by amine absorption and stripping is culyeconsidered

to be the most feasible option for the removalabon dioxide from the power plants’ exhaust gases

3].

Modelling work related to C&capture technologies plays an important role wepect to the design,
control and optimization of the capture processefd steady state models are already in use for
design and optimization purposes, but dynamic satiarh models are scarce. Development of dynamic
models is important since there is a demand farmétion related to the dynamics of a plant, sieh a
the transient conditions during the start-up and-slown and the operation of the plant under vayyin
loads.
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A CO, capture plant with solvent absorption (absorbig@er process) consists of several units which
will interact and eventually influence the contesld optimization of the process. The operation of a
power plant always depends on the power demandaaithbility of other utilities which can lead to
variations in its load. The load variations in tiggstream power plant cause varying exhaust des ra
which may cause operating challenges for the €4pture plant. A dynamic simulation model should
predict the influence of the components of the wagpplant on each other. Further, the model should
predict the influence from the up-stream power ptam the operation of the capture plant, when the
power plant is running under varying load condision

In recent years, the popularity of the non-equilibr rate based approach (NEQ) for column modelling

has surpassed that of the equilibrium stage appr@@®), where the liquid and vapour phases are
assumed to be in equilibrium. The EQ stage andieffcy based approaches are not very accurate
because columns rarely, if ever, operate at egqiufib in actual operation. Further, heat and mass
transfer are actually rate based processes thatrien by the gradients of temperature and chdmica

potentials. In the NEQ approach, the finite maasdfer rates across the liquid-vapour interface are
considered. The NEQ approach has been introducsttady state simulators like Aspen HHisand

is even more appropriate for dynamic models.

The dynamic models developed for representing im@listripping processes have to be accurate and
rigorous in order to give insight in the complearsient conditions, and simple to ensure the faigib
of the process simulatiorf§]. Simplicity will ensure higher execution speeadhich is an important
factor since simulation of transient conditionsmsich more complex than steady state simulations.
Therefore, it is important to make the model aspsémas possible yet good enough to be used in a
dynamic simulator. Use of simple thermodynamics loarconsidered as a wise strategy for developing
a dynamic model to ensure simplicity. Inclusion sanple equilibrium models such as the Kent-
Eisenberg moddb] instead of much more complex models like e-NRTLin a dynamic model is a
good example where the proposed simple equilibmumael will introduce simplicity to the model as
well.

Condenser

Validation of the predictions of the dynamic model
still remains a challenge due to the absence of v
appropriate experimental data. Comparing the CO,
predicted steady states from such a dynamic model to the
with the experimental data available in the ) 1/ compressor

literature is a possible first step in validatirge t
model.

Reflux
Stream

Rich

Little work exists on the development of dynamic Amine

models of the stripping tower of a post combustion
CO, capture plan{8]-[11]. The majority of the Stripping'
existing models have wused a complex Column
thermodynamic model which increases the

complexity of the models. Re-boiler

In the present work a dynamic model is developed ¢ .
for a stripping tower of a MEA (Mono-Ethanol- Lean Amine

Amine) based C@capture plant from the flue gas,

following the NEQ approach, and implemented

MATLAB. The structure of the stripping towe Figure 1. Diagram of a Stripping column
considered for modelling is given in Figure 1.
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Some steady state results and dynamic predictim$oand and recorded. The results are compared
with experimental data found in the literatuf®2]. The sensitivity of the model for different
physiochemical correlations is analyzed. Effecttlom predictions of the model from the inclusion of
minor reactions is also analyzed.

2. Dynamic model

A dynamic model for the stripping column of a £€pturing system is developed and implemented in
MATLAB. The stripping column is modelled as a comdttion of the main tower, the re-boiler and the
condenser. The main column is discretized alonch#ight and a set of time dependant equations are
developed. Each control volume consists of a sépaliguid and vapour phase. Physics and
thermodynamics of each phase and interfacial hehin@ass transfer are considered with assumptions
for developing the set of equations.

The important model assumptions are summarizediwbelo

Each phase in a control volume behaves as a cootnstirred tank (CST)
Ideal gas phase and ideal liquid phase

Interfacial mass transfer of only,@, CQ, and MEA are considered

Only the reactions in the liquid phase are of ingoce

Linear pressure drop along the column

The packing height of the column is considered

Constant volumetric flows of vapour and liquid aomsidered

Heat loss to the surroundings is neglected

ONoO~WNE

1.1.Main model equations

The main model equations consist of the molar (comept) and energy balances for the liquid and
vapour phases. The component balances for the ighdicquid phases are given by eqgs. 1 and 2,
respectively,

| | |
dc u dc +1 e (1)

= n

dt /1 dZ /1 i trans
d¢’ _  u’ dg 1 i
dt a-1) dz (@-A) "

(@)

where ¢, is the concentration of component is the timeu is the velocityA is the liquid hold up of
the columngdzis the height of a control volume antlis the volumetric molar flow or generation. The

superscriptsI” and ‘v’ and the subscriptstrans’ and “gert stand for the liquid and vapour phases,
and the interfacial transfer and the rate of gdrerarespectively.

Only the main reaction between €@nd MEA, which is given by reaction R1, is consgie for
computing the rate of generation of species.

CO, + 2MEA .0 - MEAH * + MEACOO" (R1)

Here MEAH is the protonated MEA and MEACO® the carbamate ion formed by the reaction.
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The energy balances for the liquid and vapour ghasegiven by the egs. 3 and 4, respectively.

dT| UI dT| h v ne, trans 7 1 - m T

=— + ’?‘leN| (T -TI )+ E_OIZ | ( _AHab)+ =~ | Zni,trans( _AHi,vap) (3)
dt A dz AC=c| AC ¢! AC,Zc,
dT' __ w dT'_ hA

dt  (1-1) dz (1—/1)2(cy6;,i)(Tv'T) )

HereT is the temperaturédy, is the overall heat transfer coefficient betwdsm tivo phased, is the
effective contact area between the phasesGand the specific heat capacity. Decoration “~" dkso
molar basis, whil€-4H,,) and(-4Hiyap) represent heat of absorption of £4hd heat of condensation
of specid.

The reflux flow, which enters the column in thesficontrol volume from the top of the stripping
tower, introduces the following changes (given bg.& and 6) into egs. 1 and 3.

u' dc :U_'l[ci',l—ci' JJ’i(C:’Z —ci'J -
A dz A Az A Az

udT W (T -T') U (T -T

A dz _7( Az j+7( Az ] ©

Here u! andu, are the velocities of the amine flow from the apsion tower and the reflux flow from
the reflux drum. Concentrations, andc/, represent the concentrations of the rich amineirgathe

absorption tower and the reflux stream, respegtivBémperatureg, andT, are correspondent to the
rich amine flow and the reflux flow at the inletttee stripping tower.

The MEA solvent system is considered for analysing] the thermodynamic and physical parameters
are given accordingly. The interfacial mass transfeaction kinetics, and phase equilibrium
formulations used are the same as presented byaflaya et alf13].

The model is implemented in MATLAB and solver ODE1S used to solve the set of differential and
algebraic equations.

1.2.Condenser and re-boiler models

The condenser of the stripping column is modelleth & reflux drum to hold the liquid until it is
refluxed. A flash calculation is performed (the destream to the condenser is flashed at constant
pressure and temperature) in the condenser to thedliquid and vapour fractions leaving the
condenser and their compositions. The liquid fleaving the condenser enters the reflux drum, and
the gas flow leaves for the GOompressor.
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The reflux drum is assumed to have constant crestogal area. The temperature inside the drum and
the liquid phase density (which is dominated byeratre also assumed to be constants. An overall
mass balance and specie balances are performétkefbquid phase inside the tank in order to find t
rate of change of the liquid height and the liqoithse composition (given by egs. 7 and 8).

dH., 1 /. ,
T = ARD,OI (mIRD,in _IOIVRID) (7)
| |
dCllRD = 1 | r.]il RD,in - Ci.F\:D m:?D in (8)
dt ARDH RD o Io ’
Here m, is the mass flow rate of liquid into the reflux druwhich is found from the molar flow into

the reflux drum:mj,, =Y (1., -Mi) whereM; is the molar mass of spedieLiquid height, specie
concentration, liquid density and cross sectionea af the reflux drum are given by, , ¢ .., 0 and
A, . Liquid height of the reflux drum is controlled b&ten an upper and a lower boundary by
manipulating the flow rate of the liquid from theflux drum {.,). When the liquid phase composition
and the mass flow rate from the reflux drum arevkmahe conditions of the reflux stream are known.

The re-boiler is modelled using a fixed vapourded fraction. Ideal temperature and pressure dontro
in the re-boiler is assumed. The re-boiler heay ¢Qt,) is calculated using:

» the energy required to heat up the feex] (¢, AT,,),
* energy required to vaporize the pre-defined fractibthe feedX (niV_RBAI-TVam) ), and
» heat of desorption of GdaH , ), which leads to eq. 9,

QRB = ri-]RB,inélpA-I-RB + z (hiYRBAl:I‘Vap,i )+ AH ab (9)

whereATre= Tre - Trein The feed flow into the re-boiler, specific heatasipy of the liquid and the
molar rate of vapour leaving the re-boiler are givg i, ¢, and n'

RB,in 7 i.RB "

1.3.Physical properties and other parameters

Physical properties and other parameters are intextito the model either as correlations or cohstan
values found in the literature, or else using vi@lbwn calculation methods. Some of the important
physical properties and other parameters are giv&able 1 with their literature sources.

1.4.Numerical method

The model is implemented in MATLAB and the solveDEL5s is used to solve the set of differential
and algebraic equations. Each tower model is digexkinto 50 control volumes using the method of
lines. The 50 control volumes are of uniform size.
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Table 1. Physical properties and other parametad in the MATLAB stripper model.

Property Source Comments
Enhancement factor Hoff et &14]
Forward reaction rate coefficient Jamal e{Hh]

Heat of absorption of CO

Kohl et al.[16]

Heat of vaporization ()0 and MEA)

Gaspar et a[10]

Liguid density

Weiland et aJ26]

Liquid diffusivity of CO,

Versteeg et dl18]

N,O analogy is used.

Liquid hold-up

Billet et al[19]

Liguid viscosity

Cheng et dl17]

Mass transfer coefficients Hanley et[20] Has developed for FlexipaclY
packing.

Overall heat transfer coefficient Cussler et g21] Chilton-Colburn analogy is used.

between phases

Phase and reaction equilibrium Kent ef@]. Simple and easy to apply.

Saturation pressure of water Hoff et[a¥ Clausius Clapeyron model is used

Thermal conductivity of M Incropera et g2] | Value of N is used for the gas

mixture.

Vapour diffusivity

Poling et al23]

Fuller equation is used together with
Blanc's law.

Vapour viscosity Perry et dR4] Mixture viscosity is found by
combining the individual component
values.

Wetted area of packing R.E.Dugfi?] Constant value, specific for

FlexipaclY packing.

1.5.Model predictions

The MEA solvent system is considered for the amslyand the thermodynamic and physical
parameters are given accordingly. Several pilontptases from the Separations Research Program at

the University of Texas at Austin are used for thkdation of the dynamic modgl2]. The stripping

column in the pilot plant is a packed column witexpac 1Y type of structured packing. This column
consists of two 3.05m packing sections with a otdle plate and redistributors in between. Applied
flow rates and packing properties are taken from literature[12], [25]. The model prediction is

satisfactory, and details are given in Table 2 Bigdre 2.

Table 2. Inputs and predictions for the Texas ca5¢&8, 30 and 32.

%%?e Inlet —_ Re- Inlet rich rean €Qloading Re-boiler duty [kW]
iquid | et | b | O, Pilot | Simulated| Pilot | Simulated
temp: [K] K] . loading plant plant
data data
25 342 104.1 390 0.386 0.277 0.280 469 433
28 345 82.1 393 0.412 0.282 0.284 366 387
30 349 54.9 394 0.453 0.280 0.276 255 259
32 359 40.7 400 0.428 0.272 0.268 152 164
WWWw.scansims.org Proceedings of the 53rd SIMS 263

October 4th-6th, 2012, Reykjavik, Iceland




SIMS 2012

Case 25 Case 28
10 10
— f— 8
E E
S E 6
2 =)
2 2 4
(o)) (o))
c c
= ~ 2
*
- . . _2 . .
340 360 380 400 340 360 380 400
Temperature [K] Temperature [K]
Case 30 Case 32
10 10
— 8 — 8
E E
£ 6 E 6
2 =)
2 4 2 4 \
o] ] \
S £ .
@ 8 \
o o ~
0 0 N
-2 ‘ ‘ -2 ‘ ‘ ‘
340 360 380 400 340 360 380 400 420
Temperature [K] Temperature [K]

Figure 2. Temperature profiles inside the stripptofumn at the steady state. — is the liquid phase
temperature, -.-. is the vapour phase temperatuisehe experimental data.

3. Senditivity analysis

Sensitivity of the model for different physiochealicorrelations and inclusion or exclusion of the
minor reactions is analyzed. Eleven different casessimulated and the predictions of the steaatg st
are compared with the steady state results of #se lzase. Pilot plant case 32 is selected for the
analysis. The combination of the physical propsréiad other parameters given in Table 1 are used fo
the base case simulation. Each case analyze #w eff the re-boiler heat duty, lean £@ading and
prediction of the temperature profiles inside ttigping tower.

Details of the cases with the alterations madepthdicted re-boiler heat duties and lean, @2dings
are given in Table 3.
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Table 3. Details of the simulations performed fog sensitivity analysis.

Re-boiler hear | Lean CQ
Case number; Amendment duty [KW] loading
Pilot plant 32| 152.2 0.272
Base case ) 164 0.268
1 Density model from Cheng et §l.7] is used 164 0.268
2 Viscosity model from Poling et R3] is used 164 0.268
3 Viscosity model from Weiland et §P26] is used 164 0.268
4 Spe(_:le genera_tlon is presented with additional|set 166 0.959
of minor equations
5 Model for wetted specific area is taken from 178 0.343
Billet et al.[19]
6 Model for wetted specific area is taken from 169 0.293
Onda et al[27]
7 Model for wetted specific area is taken from 169 0.294
Hanley et al[20]
8 Correlation for local mass transfer coefficients jis 151 0.281
taken from Onda et gl27]
9 Correlation for Henry’s law is taken from Jiru et 159 0.313
al. [28]
10 Satu_ration pressure o8 is calculated from 145 0.316
Antoine equation
11 Saturation pressure of,8 is calculated from the 147 0.319
Clausius Clapeyron relation

Cases 1 — 3 analyse the effect on the predictidheo§tripper model by the correlations for compuyiti
the liquid phase density presented by Cheng ¢t 8. liquid phase viscosity presented by Polinglet
[23] and liquid phase viscosity presented by Wella al.[26], respectively. Case 4 considers the
effect by including the minor reactions into thedab The term minor reactions refer to the set of
reaction presented by Liu et §9] for the system of COMEA-H,0. Cases 5 to 7 analyse the effect
from different correlations available for calcufagithe wetted specific area of the packing that are
presented by Billet et g119], Onda et al[27] and Hanley et a[20], respectively. Case 8 considers the
effect on the model predictions by the inclusiontlué correlation presented by Onda et[aF] to
predict the local mass transfer coefficients of $pecies. Changes of the model predictions when the
phase equilibrium of CQis calculated using Henry’s law constant presettediru et al.[28] is
examined by case 9. Cases 10 and 11 show the effiettte model predictions by inclusion of the
different methods, such as the Antoine equationthedClausius Clapeyron relation, to calculate the
saturation vapour pressure of(H

The predictions of the temperature profiles indide stripping tower, re-boiler heat duties and lean
CO, loadings for the cases 1 to 4 are very similatht® predictions by the base case simulation,
showing that there is no significant effect frone thiterations made in the cases 1 to 4 on the model
predictions.
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Comparison between the experimental data (fromt Bint case 32), temperature profiles from the
base case simulation and the temperature profibes the simulations of the cases 5to 7 and 8 to 11
are given in Figure 3 and Figure 4, respectively.

Base case, T
———— Base case, TV
e
Case 5, T
—rme—- Case 5, T
Case 6, 'I'|
ikt Case 6, T
Case7, T
ikt Case 7, T

»
T

Packing height [m]
N ES

| | | |
350 360 370 380 390 400 410
Temperature [K]

Figure 3. Temperature profiles predicted by theusations of the base case and the cases 5 to 7, and
the experimental data.
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Base case, T
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7o

Case 8, 'I'|
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Case 10, 'I'|
ity Case 10, TY
Case 11, T
Case 11, T

Packing height [m]
N

-2
350 360 370 380 390 400 410
Temperature [K]

Figure 4. Temperature profiles predicted by theutaions of the base case and the cases 8 to d1, an
the experimental data.

In Figure 3, the temperature curves predicted leysiimulations of the base case, case 5, case 6 and
case 7 for the liquid and the vapour phases, amcxperimental data points are presented. Predicted
curves from the cases 6 and 7 are very much the $aneach phase along the tower height. Liquid
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phase temperature profiles predicted by the casasd67 lie close to the liquid phase temperature
profile from the base case. Vapour phase tempergiafiles predicted by the cases 6 and 7 show an
increasing deviation which starts from the bottohthe tower, from the vapour phase temperature
profile of the base case, with a maximum deviat@dnabout 7 K at the top of the tower. The
temperature profile predicted for the liquid phagecase 5 has a considerable deviation from that of
the base case up to about 4 m along the colummthdige vapour phase temperature profiles from the
base case simulation and the case 5 simulation dravwecreasing deviation with a maximum of about
12 K at the top of the tower.

Wetted specific area predictions from the corref&iused in the cases 5 to 7 are lower than thheof
base case, resulting increased re-boiler dutiedemmdloadings. As a result of the reduced traresfea
followed by the reduced heat and mass transferiaien between the liquid and vapour phase
temperature profiles in each case has also inalease

In Figure 4, the temperature curves predicted lysimulations of the base case, case 8, case®, cas
10 and case 11 for the liquid and the vapour phases the experimental data points are presented.
Liquid and vapour temperature profiles predictecchge 8 lie very close to each other and consiat of
steep curve (almost constant temperatures) fromitaben to the top of the tower, while being very
much different from the results of the base casktha experimental data. Curves predicted by case 9
have shifted towards higher temperatures thanenbtise case, but lie closer to the curves from the
base case. The predictions of case 10 are veryasitoi those of case 11. The liquid phase profiles
from cases 10 and 11 have predicted lower tempesathan the base case simulation all the way to
the top of the tower from about 0.5 m and the mtedi temperature is higher than the base case up to
about 0.5 m from the bottom of the tower.

The correlation by Onda et 27] used in the case 8, has predicted higher galoethe local mass
transfer coefficients compared to the base case effiect on the overall mass transfer coefficieoinf

the over-prediction of the local mass transfer toehts is dampening by the effect on the
enhancement factor from the same alteration. Teatyer profiles inside the tower have been
predicted very similar to each other as a resulhefover-prediction of the gas side local massstiex
coefficient. The gas side local mass transfer odefft has a direct effect on the overall heatdfan
coefficient according to the Chilton-Colbuamalogy[21]. The re-boiler heat duty has reduced as a
result of the increased temperature of the liqeaving the stripping columns. Lower temperature
values inside the tower compared to the base cagehave increased lean g®ading value due to
the reduced reversed reaction rate.

The correlation by Jiru et d28] have predicted higher solubility of G amines compared to the
base case, which in return have predicted higlaer @03 loading value. As a result of the reduced,CO
transfer the KO transfer may also have reduced causing highepdgature values inside the tower
compared to the base case. The increased tempeddtthre liquid entering the re-boiler has reduced
the re-boiler heat duty.

The correlations used in the cases 10 and 11 fedigding the saturation pressure of water have
predicted higher values compared to the correldipioff et al.[14], which is used in the base case.
Higher saturation pressure values have resultednéneased vaporisation of water (or reduced
condensation), which can be considered as themdasoeduced temperature values inside the tower.
The reduced temperature values have resulted reased lean CQOoading. The re-boiler duty has
reduced as a result of the increased temperatuhediquid leaving the stripping tower.
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4. Dynamic analysis

The predictions of the transient conditions frora ttynamic model are analysed via a simulation with
varying re-boiler temperature.

The steady state results from the base case sionulate used as the initial conditions for this
simulation. Firstly, the re-boiler temperature danincreased gradually as an attempt to introduce a
varying heating load condition. Secondly, the rddsdemperature can be reduced gradually in order
to achieve the temperature set-point of the reeboilvhich represents the action of a temperature
controller to reassure the stability of the process

The simulation procedure is given below.
* The base case is simulated for 10 minutes
» The re-boiler temperature is increased from 400t6 &05.5 K in 5 minutes (until t = 15 min)
* Then, the re-boiler temperature is reduced from3l85to 400.5 K in 5 minutes
(until t = 20 min)
* The simulation keeps on for another 10 minutesti{ tm 30 min)

The temperatures are changed linearly for the sitian rather than introducing a step change, which
represents a more sudden change and more chaltjeoggnation.

Figure 5-(a) and 5-(b) demonstrate the change @ftémperature profiles of the liquid and vapour
leaving the stripping column with respect to thmeei Figure 5-(c) and 5-(d) show the change of ¢he r
boiler heat duty and the GQoading in the liquid leaving the stripping colurdaring the transient

situation.
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Figure 5. Predictions from the dynamic simulati@). Temperature of the vapour leaving the strigpin
column to the condenser, (b). Temperature of tngdi phase leaving the stripper to the re-boile), (
Re-boiler heat duty and (d). G@ading in the amine leaving the stripping column.
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The heat duty shows an increase as the re-boilgramture increases (Figure 5-(c)), obviously due t
the increased heat demand to raise the temperaiueevapour temperature appears to be increasing as
the re-boiler temperature increases (Figure 5-(a))ich is a direct effect from the increasing
temperature of the inlet vapour to the strippinuem. The liquid phase temperature decreases as the
re-boiler temperature increases (Figure 5-(b))netvmugh one may expect an increase as the inlet
temperature of the vapour increases. A possibkoreor this observation is the increased vapaer ra
as a result of the increased temperature in thoiter, which may then limit the heat transfer frtime
vapour to the liquid. Increased vapour rate haseased the mass transfer between phases and mcreas
the rate of the reversed reactions in the liquidsegh(this can be seen from the figure 5-(d)), which
leads to a reduction in the liquid phase tempeeadsrwell.

During the attempt to bring the temperature of tdoiler back to the temperature set-point, the
curves show a reversed effect as expected.

5. Conclusions

A good dynamic model provides the possibility tadst the effect of various disturbances on the
operating conditions of a plant and to apply imgmoents. Further, a dynamic model is useful for
implementing a control system for the plant andoésform optimization. Development of dynamic
models is vital for the understanding and improveinod the CQ capture process.

A dynamic simulation model for the stripper of a C&pture plant has been developed in order to
predict the transient conditions during variousrapieg scenarios. The simplicity of the model has
been maintained by use of simple models such asegheEisenberg model.

The steady state results from the simulation ofstnpping column have shown acceptable accordance
with the pilot plant data from the Separations Rese Program at the University of Texas at Austin,
which is taken as a primary validation of the model

Simulations are performed to analyze sensitivityhef model predictions to different physical praper
correlations and inclusion of the minor reactiom®e model predictions are not effected by the
inclusion of the minor reactions, different densityrelation for the liquid phase or different \asay
model for the liquid phase. Significant effect abllle seen by the selected correlation for calagati
the wetted specific area of the packing, Henryws ¢@efficient or saturation vapour pressure of wate
A simulation is performed to analyse the model mtezhs under varying operating conditions. The
model predictions of the transient conditions seeasonable.

Further validation of the model will be performeg dbomparing it with the behaviour of a real plant.
This is not included in the current work due to timitation in available data. The model will be
expanded to cover the whole €€apture plant, which can be used for developingrdrol system for
the capture process.
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Assess proper drag coefficient models predicting fluidized beds of CLC reactor
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ABSTRACT:

A two dimensional simulation fluidized beds of CLC reactor were carried out by using Eulerian-Eulerian
multi phase flow approach in the OpenFOAM v2.1.1 CFD software package. Data obtained from simulation part
compared with the fuel reactor of a pilot CLC rig at the Vienna University of Technology. Different drag
correlation were tested for varying size of particles: Ergun, Gibilaro, Gidaspow, WenYu, SchillrNaumann , in
order to find the model that exhibit flow behavior of gas and particles in the fuel reactor precisely. Slightly
discrepancy between these models were detected, however the Gidaspow model captured experimental trend
accurately more than the other models for the all range of particles size.

1. Introduction

According to the Statistics from IPCC, the last decade is ranked among warmest years recorded since 1850[1].
One of the main causes of this Global Warming is Greenhouse gases (GHG) like: H,0, CO,, CH,4, N,O, CFC’s and
SFe. Among these gases, CO, is considered making largest contribution to the GHG effect, since it represents
the largest emissions of the global anthropogenic GHG emissions, and also it has a high residence time in
atmosphere. CO, emission attribute to human activity as a result of the dependency on fossil fuels for energy
production. Until now, intensive investigations have been performed in order to reduce net CO, emission, in
instance a) increasing the efficiency of conversion of fuel to energy b) substituting the fossil fuel with
renewable energy or nuclear energy c) utilizing techniques for capturing CO, from exhaust gas and storing it. It
appears that Carbon Capture and storage (CCS) is one of the promising approaches for reducing concentration
of CO, in atmosphere and as a consequence mitigating GHG effects.

Three main methods have been considered to industrial and power plant for sequestering CO, from exhaust
gas: post-combustion systems, oxy-fuel combustion, and pre-combustion systems[2]. All of these technologies
have been reached to a good progress, and they can be available in commercial scale. The foremost drawback
of these techniques is, they contain a high energy penalty, which has effects on efficiency of the whole process.
Therefore, great efforts have been carried out to eliminate this defect, Chemical Looping Combustion (CLC) is
an alternative that can reduce the cost of CO, capturing significantly[1]. CLC has not been attained to maturity
but it has experienced a great development. Typical CLC system is made from two fluidized bed reactors,
oxidizer for combustion process is provided indirectly by means of oxygen carrier materials in absence of air.
The solid particles that contain oxygen require for combustion lose their oxygen in fuel reactor, the oxygen
depleted particles must re-generated before beginning new cycle, and this can be carried out in the second
reactor through passing air among solid particles. Through this procedure the exhaust gases in fuel reactor are
just H,0 and CO,, hence energy demand for separating these two gases from each other reduces considerably.
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The efficiency of chemical-looping system is dependent on flow behavior of oxygen-carrier from one reactor to
other one and awareness of it affects on scaling and designing steps[3]. CFD depicted that it can provide a
precious insight into the system behavior. For simulating CLC, different techniques can be applied, among them
multiphase fluid dynamic models supply more satisfactory level of details as result. In this method the solid and
fluid phases are modeled in the framework of the coupled Navier-Stokes equations through spatially and
temporally averaged quantities[4]. Since gravity and drag forces play great roles in fluidized bed system (bed
expansion, distribution of particles in vessel), so it require more consideration. Kinetic Theory of Granular Flows
(KTGF) is a promising approach for simulating gas-particle systems. The properties of solid phase like pressure
and viscosity are derived from KTGF[5].

This study is investigated on various drag models and compared the results in order to obtain best model that
predict the behavior of fluid and particles in CLC system.

2. Simulation

2.1. Model Equation
In this study, it was assumed that an isothermal fluid passing through particles and no reaction occurred so the
energy equation has not been included among conservation equations. In Eulerian-Eulerian multiphase
framework separate conservation equations in combination with various constitute models as complementary
are calculated for the gas and the solids phases. A brief outline is provided as follow.

2.2. Conservation equations
The continuity equations for both phases are solved as follow:

a
;(“gpy) + V- (agp,v,) = ayS, (21)
a
ot (asps) +Vv: (aspsvs) = agS; (2-2)

Right hand terms in both equations are source terms and account for mass transfer according to reaction but
since there is no reaction in this study, their values will be equal to zero.

Momentum conservation for the gas is provided as
a — — — = — — —
a(agpgvg) +V: (agpgvgvg) =—a,Vp+V T, +agp,g + ng(vs - vg) +S, (2-3)
And for solid as
a — — — — — —
P (aspsvs) +V: (aspsvsvs) = _asvp - Vps +V: Ts +agpsg + Kgs(vg - vs) + Ss( 2-4)

Where K is the interfacial momentum exchange or drag, t is stress-strain tensor. Similar to continuity equation,
source terms in momentum equations are also zero. In KTGF the random motion of granular particles are
addressed to gas molecules motion where kinetic theory of gas will be applied. Through this analogy fluid
properties as previously mentioned can be determined, the granular temperature is written in conservation
form as follow[6]:

31d - = = —
2 [a (asps@s) +V: (aspsvses)] = (_psl + rs): Vo, + V- (KOSVGS) — Yo, + Q)gs (2-5)
Further details about conservation and constitute equations can be found in[7].
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3. Drag models

The most drag models use values of Reynolds number, phase fraction, relative velocity between phases, and
drag coefficient. Also various expressions are used for calculating C4 depending on the Reynolds number. For
dispersed multiphase flow different drag correlations can be utilized. Some of them are investigated in this
section.

3.1. Schiller Naumann drag model
There is a transitional region between Stoke drag and Newtonian drag, where predicting analytical solution for
a falling sphere is so sophisticated. For tackling this obstacle, empirical expressions are applied to compute drag
in this regime. Schiller Naumann drag model is one such equation.

UZ
F=Cppp A (3-1)
Cp= i—‘:u +0.15Re%687) (32)
3.2. Wen Yu drag Model (Densely Distributed Solid Particles)

This model has similarity form as Schiller Naumann, just with one modification in Reynolds number and power
law correlation. Both of them are functions of the continuous phase volume fraction r. [6].

Cp = r;1%max (% (1 + 0.15Re'*%87), 0.44) (3-3)

Re' =r.Re (3-4)
3pga (1—0[ ) — — _

Ky, = =22 de g CD|us - uglagz'65 (3-5)

3.3. Gidaspow drag model
This model is a combination of Wen Yu correlation for low solid volume fraction, and Ergun’s law for larger
solid volume fractions[6].

Ergun equation is shown as follow[8]

2
_ ”g(l—“y) pg([ig—us|)(1-agy)
ng = 150—0[!1((15(2))2 + 1.75—(150 (3-6)

The constant ¢ is a shape factor for particles.

So Gidaspow drag model is like

K,;,(WenYu) a, > 0.8
K,=172" g (3-7)
9 |Ksg(Ergun) a,<0.8
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4. Simulation

4.1. Geometry and boundary conditions
3D Cylindrical fuel reactor had to be simulated on 2D plane due to computational effort (computational cost)
required. Reactor diameter is 0.16 m and height is 4.1, tangential and normal velocity of gas phase are set to
zero at the wall of reactor (no-slip), the gas outlet from top of reactor is defined as pressure outlet, and the gas
inlet is specified as velocity inlet. The particle size is investigated in two diameters 120, 290um[9].

4.2. Solver setting
OpenFOAM v2.1.1 CFD software package was used as solver. This software allows implementation of extra
equation and boundary conditions according to the requirements of the problems in comparison to other
software like Fluent, which make this software more flexible. Mesh generation was accomplished with
“blockMesh” Utility[4]. A summary of solver setting provided in Table 1.

Table 1: Summary of solver setting

Temperature 1173 (K)
Superficial gas velocity 1.8 (m/s)
Particle diameter 120, 290 (um)
Particle density 2800 (kg/m’)
Static bed height 0.6 (m)

Gas viscosity 1.789x10~ (kg/m.s)
Restitution coefficient 0.9
Specularity coefficient 0.5

5. Result and discussion

Four sets of numerical experiments were performed; in the first three the effects of different drag models on
hydrodynamic behavior of the system were investigated. Finally, the proper drag model was selected for
comparing behavior of two sizes of particles. Solids volume fraction and solids axial velocity as a function of
dimensionless lateral distance were utilized for comparing different models. Data of Volume fraction and axial
velocity of particles were collected from 0.5 m and 1.5 m, vertical levels of fuel reactor. The results were
depicted in Figure 1, and Figure 2. As the graphs show, the Gidaspow and Wen Yu drag model lines are in the
vicinity of each other in comparison to Schiller Naumann, which can be referred to that Gidaspow model
originated from Wen Yu. In addition, by contrasting the data gained through simulation (following graphs) and
ref [3, 5], it can be deduced that by implementing Gidaspow drag model in gas-particle momentum exchange
equation, more precisely results can be achieved.

WWWw.scansims.org Proceedings of the 53rd SIMS 275
October 4th-6th, 2012, Reykjavik, Iceland



SIMS 2012

2
0,6
155 5

0,5 -

- 14 0,4
c
‘E- -‘é‘ —Gidaspow
= __E —WenYu
5 0,5 —Gidaspow @03
= E schiller Naumann
[7] 3
> —Wen Yu _g
] 00,2
5 0~ Schiller Naumann 3
v
=
2 0,1
0,5 -
0 r T T
1 ; ; ; -1 -0,5 0 0,5 1
Dimensionless lateral distance x/R
-1 -0,5 0 0,5 1

Dimensionless lateral distance x/R

Figure 1: Solids axial velocity and volume fraction along the diameter of the reactor at axial position 0,5m for three drag
models: Gidaspow, Wen Yu, and Schiller Naumann
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Figure 2: Solids axial velocity and volume fraction along the diameter of the reactor at axial position 1,5m for three drag
models: Gidaspow, Wen Yu, and Schiller Naumann

In Figure 3, the time averaged volume fraction of particles with two sizes was compared with each other. The
particles concentration for fine particles is higher near to the wall but particles with bigger scale size distributed
more uniformly along width of reactor, just like in the real flow, the particle concentration is highest at the
bottom and on average the solid particles rise in the middle and come down as clusters near the walls[10].
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Figure 3: Particles volume fraction along the diameter of the reactor at axial position 0,5m acquired from Gidaspow drag
models

6. Conclusion

Various drag models are examined in 2 dimensional CFD simulation for a fuel reactor of a CLC system,
the distribution of concentration of particles and their velocities are obtained, the computed results
are also compared with experimental data[5, 11] that depict similar behaviors for the particles along
height of the column in this paper and [5], the Gidaspow model gives better agreement with
experimental data, even if there is a negligible differences between these models. Particularly,
Gidaspow drag model is applied for two particle sizes, and it demonstrates that at the height of 0.5 m
from bottom of the reactor the volume fraction of large particles are fewer than small ones which is
in agreement with real experiments.
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