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Abstract The output variability and uncontrollability of
renewables require grid operators to maintain @ lar

In this paper, a Hybrid Energy System (HES) coft spinn_ing reserve. If a large plant is askecbthuce
figuration is modeled in Modelica. Hybrid Energ@eneration as the result of using lower-cost sotar
Systems (HES) have as their defining characteristiéd, the plant has to ramp down and eventually
the use of one or more energy inputs, combined WidNP Up again. This is harmful, as the cyclicabloa
the potential for multiple energy outputs. Comparé@d reduces the life of the plant, or requires Igost
to traditional energy systems, HES provide additiofiaintenance.

al operational flexibility so that high variabilitn In addition to output variability, another concern
both energy production and consumption levels camen designing a power plant is the potential ckang
be absorbed more effectively. This is particulariy the cost of inputs as well as the price of otgpln
important when including renewable energy sourcesconventional plant, there is only one input and o
whose output levels are inherently variable, detemtput. A consequence of this one-to-one energy
mined by nature. mapping is that the plant has little control over i

The specific HES configuration modeled in thigrofitability when a price change occurs. An incea
paper include two energy inputs: a nuclear plam, an the cost of the input, or decrease in the poicthe
a series of wind turbines. In addition, the syste@itput will most likely cause a decrease in profit.
produces two energy outputs: electricity and symthdhere is a clear tradeoff between using the lowt cos
ic fuel. The models are verified through simulasiofenewables and the higher level of control that-con
of the individual components, and the system as/@ntional plants offer.
whole. The simulations are performed for a range of One approach for managing such tradeoffs is the
component sizes, operating conditions, and contdavelopment of Hybrid Energy Systems (HES). HES
schemes. consider multiple energy inputs and outputs in one

ple-input; multiple-output; renewable power; optimi- HES uses two or more energy inputs, such as nuclear
zation and wind, and produces a single output, most often

electricity. A Multiple Input Multiple Output

(MIMO) system includes multiple inputs and pro-
1 Introduction duces multiple outputs, such as producing both-elec

tricity and synthetic fuel. Since they are capatiie

Over the many years during which the current ene amically utilizing diverse input; and outputsh/vi
ecosystem was designed and has evolved, technofJerent costs, MIMO HES provide a flexible and
ical and social growth occurred slowly and envirofiobust alternative for the energy ecosystem.

mental impact was not a primary concern. However There are distinct advantages to having multiple
in the current context of global climate change agfiergy inputs and outputs. Consider the HES archi-
economic volatility, the old energy system is fdecture shown in Figure 1. This MIMO HES uses a
from optimal. Renewable energy sources promise l&mewable energy source (e.g., wind or solar),re no
alternative that is both low cost and environméytarenewable energy source (e.g., nuclear), and awearb
friendly. However, renewables also pose a challengeurce to provide both electricity and chemicaldpro
they introduce significant variability in their qutt. ~ ucts. The HES whose models are presented in this
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paper use the architecture illustrated in Figur@de analysis, and control becomes more challenging. A
proposed mode of operation when generation fraacond disadvantage concerns the lifespan of key
renewables is high is to direct steam from the nacemponents, such as heat exchangers, which may
renewable source to the chemical plant, which miffer from additional wear due to thermal cycling.
quires high-temperature steam to produce synthedicother concern for HES is that they have to deal
fuel. The amount of steam diverted to the chemigaith dynamic conditions that cannot be well repre-
plant can be dynamically varied so that the HES caented in a static model. In addition, dynamic simu
load-follow, i.e., it can quickly react to changes lation is critical to controller design and optimiz
the availability of renewables or the demand frotion. To support dynamic modeling, models are im-
the grid. The price of electricity may change dremalemented using the Modelica language, and simu-
ically, not only during different seasons, but aldated using Dymola [9].

during the course of a day. Itis even possibletti@ | the remainder of this paper, other HES models
price of electricity becomes negative, and plarfigm the literature are first reviewed. Then, madel

must pay to dispose of the electricity they producge presented for the thermo-fluid systems, elesitri

Producing for a short period at negative prices maystem, and chemical system of the HES architecture
sometimes be acceptable because the cost of ramglgyn in Figure 1. Simulations of these models are
down and ramping back up is greater than the &Kan reported and interpreted. In addition, lessons
pected loss from paying to push the electricityoonfearned throughout the model creation process are

the grid [S]. Plants or MISO systems that only presesented. Finally, concepts for future work are de
duce one output have little flexibility as they nah g¢ribed.

produce another product. MIMO systems however,

are more flexible. If the price for one of its puts

drops significantly, the system can produce othor Rglated Work
outputs that are still highly priced. This incredse

diversity allows for plant owners to generate geeat Modeling and optimization of HES is not entire-

and more consistent profits. Since the MIMO Syst§l o\ There are multiple examples of research be-

does not need to cycle the non-renewable sOUrc§ S made in this area [13-15]. [15] is an exampla 0
frequently, its performance, reliability, and capAC pypyig wind-solar energy system for small scale ap-

factor are expected to be larger than for other S¥cations. The hybrid system does not connect with
tems. This in turn results in an opportunity fof i

: ‘the electrical grid and therefore avoids any cooapli
creased renewable penetration as well as profiiabiljqng associated with having to do so, such as-main
for plant owners. taining the same phase angle and voltage. This is
Although MIMO systems provide many benefitsanother area where HES can be applied; however the
there are also some disadvantages. Due to thesistems designed for off-grid use do not help allev
creased complexity of these plants, their desigite the non-renewable production of electricityt tha

Advanced Hybrid Energy System (MIMO)

Traditional Hybrid Energy System (MISO)

Renewable (e.g..

Wind, Solar)
Energy Storage
Element (e.g.. Battery) Electricity
Primary Heat Generation ST Steam Turbine- Required Generation
(e.g.. Nuclear) Generator (Power Grid)
- J

Fuel

Auxiliary Heat ‘ Heat Transfer
|  Generation "_ Element
Chemical Source ———— .
(e.g.. Natural Gas) Garhon Processing Plant L——)
| ] | J

Chemical Products
(e.g.. Transport Fuels)

Figure 1: The architecture for an Advanced HybngtEgy System (MIMO) [6, 7]
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dominates the electrical grid. There are examplesused are from the Modelica basic library as well as

on-grid applications, such as [13]. the ThermoPower library, which is used for model-
In [13], the task of handling renewable generaig of the thermo-fluid components [1].

tion for the purpose of connecting to the electrica

grid is addressed. This system however, focuses on

the control and optimization of a wind power gener- ‘,fs‘teamcvde;f‘
ation plant, as compared to HES. In this case, the T s
plant is optimized to account for dynamic changes T

that can occur in wind. Even so, this does notielim 00— e
nate the plants dependency on there being a suffi- & T
cient amount of wind to power the electrical grid. B ’
The issue of connecting a HES to the grid is dis- e Loy
cussed in [14].

In the case of [14], the HES consists of a photo-

steamCycleZk

system

/ N defaults ‘ ‘ i
f N

voltaic, diesel, battery combination. This is used - 2y * =
the purpose of supplying electricity to rural Saudi . | 777 n—
Arabia. In this application, software called the-Hy 1 chemicalPlant
brid Optimization Model for Electric Renewables Figure 2: Top-level model for the HES

(HOMER) was used to evaluate and optimize the
HES [12]. HOMER allows for the design of HES
architectures, in a high level view. It can be used3.1 Nuclear Reactor
evaluate the basic structure of HES, but does eait d
with the dynamic events occurring within a systenthe nuclear reactor’s purpose is to supply he#t¢o
In addition, HOMER handles loads such as electristeam cycle. This is the largest energy input ® th
ty and thermal, abstracting the smaller componehtES. The model for the reactor is shown in Figure 3
that would actually be involved in the design of Bhe model is simplified as the primary concerns are
large scale plant. with the dynamics of the interconnected system in-
volving the electrical and chemical components. The
There appears to be a gap in terms of designintgactor uses a heat source that ramps from a nbmina
full scale HES plant for the purpose of connectimg starting power to its full load. This representsliant
the electrical grid. The previous examples show theowering up from reduced load. This allows for a
there is potential for economic and environmentsystem that uses the reactor to warm up to steady
improvements from creating HES configurationstate operating conditions, as compared to trying t
either new or from converting old plants. start all of the equipment at full load. This heahs-
fer is applied to a pipe with water flowing throuigh
to represent a main heat exchanger.

3 Models

The modeling of the HES described above was di

vided into five main sections. The five sections:ar

the nuclear reactor, two steam cycles, a chemici
plant, and the electrical component. These subsy: ' - 1
tems are shown in Figure 2, which shows the indi A >3 :
vidual models connected to illustrate the finalistr
ture of the HES model. The nuclear reactor supplie
the primary heat generation that is utilized infilhst
steam cycle. The steam cycles consist of one se
ment that extracts work from the heated steam fc
the purpose of generating electricity, and the rothe Figure 3: The model for the reactor.
superheats steam for the chemical plant. The chemi-

cal plant takes hot steam and natural gas to peoduc

synthetic fuel. The electrical section contains tf#&2 Steam Cycle

renewable source, in this case wind turbines, &ith

battery and connects with the electricity generatétie steam cycle models are responsible for cagfurin
elsewhere to power the electrical grid. The modélse transfer and distribution of energy of the ther
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fluid portion of the HES. This is broken into twareases, the “30% Turbine” and eventually the “15%
segments: one whose primary purpose is the prodliarbine” will also be added. Other than this, the
tion of electricity, and the second being the supenodel represents a Rankine cycle with safety com-
heating of steam to the chemical plant. The distinmonents as well as a boiler to distribute steariéo
tion of primary purpose is necessary due to the fabhemical plant. When the power demanded from the
that both segments produce electricity and heat vtarbines is lowered by the addition of renewable
ter. power, the flow rates through the turbines will de-
The portion of the steam cycle primarily respor§féase. This will cause a corresponding increase in
sible for generating electricity is shown in Figure Pressure as the same amount of heat is being added
There are some critical observations to note abd@the cycle, regardless of the turbine outputrdg
this model. Since the HES can vary the amount \#fte this pressure, a pressure relief valve isepre
steam being utilized to produce electricity, iftjose Put instead of venting this excess energy, thessxce
turbine were to be used there would be times whéfgam is used to heat condensate water coming from
it would not be fully utilized. For this reason, it the chemical plant, thus providing it with steam. A
ion’ as in, at |0W power requirements' Only the())'(ﬁoprecﬂsely COI’]'[I’0| the temperature Of the CO|deI’e\Na'[
Turbine” may be used. As the electrical demand ip0tering the nuclear reactor.
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Figure4: The model for the steam cycle whose primary funasao produce electricit
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The model for the heat exchanger is a simplifidteat transfer.

one that is capable of simulating phase changes in Tq capture as much detail as reasonable, the heat
the system. Other heat exchangers had been tes&gﬁsfer,Q, and efficiency of the heat exchanger,

such as those from the ThermoPower library and e calculated in equations (1), (2), (3), and [®4)
Modelica standard library, however they did not fifg):

the needs of this application [1, 9]. The complmat
in using these models is that they were not dedigne

to allow the fluid to undergo a complete phase Q = AhyotWhor = —AhcolaWeola 1)
change. The cooling of steam to water resultsgn si n= Tcowdintiet—Tcoldoutlet (2)
nificant changes in the fluid properties, such es-d Tcotamniet=THotInlet

sity. This causes simulation stiffness. Often,eaist a = k(= ! — 3
one of the heat exchangers is not always in use, it MHotCppor  MColdPcoq

possible for the contents of that heat exchanger to ~ IHotoutlet"Tcoldoutlet _ ,a (4)
cool to the saturated liquid vapor temperature, and THotimlet T ColdInlet

causes corresponding stiffness.

To resolve this, a model was created that utiliz&§€re Ah is the change in enthalpyh is the mass
pipes with no volume. Since there is no volume, tHEW rate, andC, is the specific heat of the fluid.is
large changes in fluid properties that occur threugthe assumed heat transfer coefficient. T_h|s ignores
out the heat exchanger are largely ignored, ang opPme of the effects that are present during a phase
the inlet/outlet conditions of the fluid determitree Change in a heat exchanger, however, this occurs

A

sourceP

boilerFlow

boilerLeve

ﬂ"}/j ---- @

boilerPress.
boilerPres sourceW

1

boilerPres H
H

boierek» ——————— :
boilerPress... | boierPress

juoouni

® n

boierLevell sensP4 V4

s i TR

boilerPres

junction3 =
turbine

speedSet

O O

Figure 5: The model for the steam cycle that imprily responsible for superheating steam to tlesribal
plant.

DOI Proceedings of the 10" International ModelicaConference 983
10.3384/ECP14096979 March 10-12, 2014, Lund, Sweden



Hybrid Energy System Modeling in Modelica

under conditions where capturing that change is cavasted otherwise.

sidered insignificant. A phase change can occur

when the flow rate of the hot side is small relatie 33 Chemical Plant

the cold side. This can occur in the second heat ex

changer in Figure 4, labeled preHeat2. It is exg@ctThe model of the chemical plant is shown in Figure

that this condition will not change the resultsstira 6. The chemical plant model utilizes a methanol me-

cally, and the dynamics of the heat exchanger whgiam, and most of the sub-models perform their

it is not transferring large amounts of heat areaofunctions mathematically, via transfer functions, i

concern currently. stead of using the energy based components of the
Figure 5 presents the other side of the steam gyater system. This is done to simplify the overall

cle, the one responsible for superheating steatimeto analysis, as the intricacies of transforming natura

chemical plant. The purpose of this model is teetagas to gasoline and liquefied petroleum gas (LPG)

steam generated from the model in Figure 4, supa¥e not of interest.

heat it, and then transport it to the chemical plan

There are locations where the condensate water addt  Electrical

tion and removal are represented by sources and . . _
sinks of water. This is done for simplicity insteaid The electrical model is the location where the vene

closing the loop of flowing water. The dynamics dgible source and the electrical grid, which receives
the condensate water used in this system are net dpwer from the HES, are included. The renewable
sidered a significant concern. In addition, theifus generation for the HES under consideration is a se-
cation for this is that the condensate water isetgerries of wind turbines. The model uses represerativ
being pumped around the system, and the powerd@ta for Wln.d Speed for a Io_catlon in ldaho frOFB. th
quired to pump liquid water is small relative tethWestern Wind dataset, which was made available
power produced by most Rankine Cyc|es [10] from NREL (Na.t|0na| Renewable Energy Laborato-
In the event that there is an insufficient amou ) [6, 11]. This data assumes a height of one-

of steam being transferred to the model in Figyre ndred.meters and has yvmd data fc_)r every ten mi-
this system also has auxiliary heat production gen@uu? penod._ Th? year peno_d of 2006 is used fo si
ate the necessary additional steam. Furtherniume,tflat'ons' This wind Spe‘?‘”’ Is then mapped to rota-
steam that returns from the chemical plant, in ada'P”a' powerP, by equation (5) [13]:

tion to excess steam produced, if any, is put tinou P = % pAv3C, (5)

a turbine to capture energy that would have bevevﬂerep is the air densityA is the cross sectional

© ©

v L’e'orm synthesize purify convert .
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Figure 6: The model for the chemical plant.
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® the batteries is shown in Figure 7. The AC signal

plug interacts with an inverter, which converts AC to DC

" and DC to AC depending on whether the battery is
- g ¥ charging or discharging. The battery itself is sise
> -l =V {4 4 tor-capacitor unit arranged in series and paratheil

N~ [ Jdbactor the necessary voltage and capacity is reached, also

= | b known as the Thevenin Battery Model [3, 8]. The

Y overall electrical model is shown in Figure 8. The

i | [ plug represents input electrical power generated

elsewhere. The two batteries in Figure 8 are con-
trolled by a grid supervisor, which dictates thalre
and reactive power demanded.

The electrical grid is the location where all o th
electrical signals come together to power a motlel o
the U.S. electrical grid. The outputs of the tudsin
from the steam cycle, as well as output from the
wind turbines, each with their own battery to handl
transients, are connected to the U.S. grid viaauiti
breaker. This circuit breaker connects the HESi¢o t
electrical grid when it is closed. In addition, ds
area of the blades, ar@, is the power coefficient. and substations are included to represent how the
This rotational power is applied to an electricahg electricity would travel to the grid and includdere
erator, which outputs three-phase AC. It is worlant losses from transmission. The lines contain in
noting that the models that utilize three-phasea®€ ductor-resistor circuits. Thus, the losses in #mis:
done so in dqO-reference frame to improve simulgys, as well as the dynamics from the inductoes ar
tion time. taken into account.

In addition to the wind turbines, another notable
component is the electrical battery. The model for

Figure 7: The model for a battery.

e lee[ o

feederLine substation1

gridSupervisor

Q windFarm
P

e
vy
—
— T
—
windProfile

S

substation2 CircuitBreaker tieLine

e l 2
2 > IE:] electricalSystem

batteryStorage2 @

Figure 8: The electrical model, which includeswhed turbines, batteries, and the grid.
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4 Simulation Results 1km

To verify that the models created represent the sy

tem of interest, simulations are conducted. The rt N ! —

sults of these simulations are analyzed to ensate t ToteamCycet | : 4

the models behave as expected. Before combinil ‘—-ﬁ ‘
the models and simulating the full system, indiau S ™ O
components were tested first.

VsteamCycIe{
One of the first lessons learned came from th L )
simulations of the first steam cycle. By closing th

fluid loop, the simulations immediately became ser | system
sitive to various parameter values. Changes in tt =~/ detauts
sizes of components in the loop cause the system | -
react in the form of large transients that dominh&ée
startup period. These transients cause the sironlati
to be stiff and result in the simulation time irese
ing significantly. Attention to initial parameteal Figure 9: The model containing the reactor, the
ues is paramount to meaningful results for thisasit steam cycles, and chemical plant.

tion. This is one reason why the reactor is ramped

to load, as compared to starting at max load. Conversely, as the wind turbines produce less power

As mentioned previously, the other heat egnore electricity is requested from the turbines.

changer's that are considered initially resulted in The simulation is conducted using nominal pa-
simulation problems for the first steam cycle. TH&meter values that will cause all of the turbitebe
low flow rate of steam causes the steam to condeH88d for at least a short period of time. Of patéc
to liquid water, which results in a large increage interest are the flow rates of the steam thrqu@ th
density, drastically increasing the simulation timéurbines, preheater, and the secondary boiler. The
The change in density causes the simulation to b&ggults for this are shown in Figure 10. This simul
progress slowly, and result in the model not behdi@n in Dymola takes approximately 45 seconds to
ing as intended. One result of the large increaseSimulate almost 14 hours of HES operation.
density is that objects with a finite volume began Figure 10 shows the result of the simulation.
decreasing their pressure rapidly. In some cabkis, These results are reasonable for the conditiongbei
low pressure causes some components to operatsinimulated. Initially the system is allowed to raonp
backflow. For the separator in Figure 4, this res@nd so no power is requested, hence causing large
does not make sense. A mixture of liquid water flolmmounts of steam to divert toward the secondary
ing from the top port into a heat exchanger is nooiler, denoted in pink. As power is requested, the
realistic or indicative of what would normally bdlow rate of steam going to the secondary boiler de
expected for a separator. The phase change a&lssases with a corresponding increase in flow rate
causes problems with the medium model used tbrough the 60% turbine, denoted in blue on the lef
water. The changing phase results in the propertiisquickly reaches its operating flow rate and the
in addition to the density of the water, to chang®% turbine begins turning on, denoted in red.
drastically. Since a phase change occurs, the mediéround four hours, even the 15% turbine is at its
model needs to be capable of varying properties, bperating flow rate. The wind turbines, based an th
should do so in a smooth manner so as to avofd stifind speed, begin producing significant power at
ness issues. four and a half hours, reducing the load requested
To explore the interactions between the thermEom the turbines, and causing the 15% and 30% tur-
fluid systems, a simulation is conducted consistihg Pines to turn off as more steam goes toward the sec
only the nuclear reactor, the steam cycles, and fHilary boiler, as expected.
chemical plant, represented in Figure 9. In order t The simulation also catches a significant transi-
capture the effect of the wind power, the load rent move close to twelve hours into the simulation.
quired from the turbines is reduced as if the wirlthis is likely related to the low power being de-
turbines were connected. Assuming that the ovenalnded from the turbines, with significant quaasti
power that would go to the grid is set to be camstaof steam being sent to the secondary boiler. The
as the wind turbines produce more power, the ttemperature of the condensate water that would inle
bines accordingly reduce their electrical produttioto the reactor drops, causing the preheater todnrn

/
| reactor
|

chemicalPlant
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The cause of the temperature drop may be relatedhi® system, Modelica offers a significant advantage

the temperatures in the second heat exchanger fhatevaluating control algorithms, which will likel

connects to the secondary boiler. influence the success of HES. The application isf th
model to determining the optimal design and control
schemes will be the target of future work.

Ultimately, the economic and environmental
benefits of the proposed MIMO HES described
above are to be estimated in order to be optimized.
The controllers and other variables, such as the
quantity of wind turbines, will be optimized to max
imize the profit of the HES to a plant owner. To
quantify the environmental benefits of the HES so
that the HES can be optimized using profit, a price
per ton of CQ s to be used. This quantity can be a
function of time or constant. This allows the dimgis
maker to only be concerned with one thing, profit,
while still having an environmental concern.

Estimating the profitability of the HES with ap-
propriate detail is complex. It is conjectured ttres
50 | | | profitability of a HES like the one described abdwve
0 4 8 12 heavily reliant upon how the system is controlled.
Time [hr] One of the HES's key features is being able to take
Power Demanded from the Turbines advantage of varying conditions, including the mar-
ket prices for the inputs and outputs. How theesysst
1268 reacts to these changes is in the control schehee. T
performance of the HES may increase for a different
1.0EB control scheme, and still yield a negative overall
profit for various reasons. For example, due to the
thermal cycling of multiple components, such as the
turbines and heat exchangers, the overall lifthe$é
components can be drastically reduced in practice.
4,087 This will be taken into account with additional
maintenance and replacement costs. These costs may
20877 cause the plant to shut down or operate at reduced
capacity factors more often than a stand-alone sys-
‘ powerDemanded'yH tem. This is V\_/hy |t is important to optimize with-r
2087 | ‘ : : spect to profitability as compared to only system
0 4 8 12 performance. The control scheme is not the only al-
Tirme [hr] ternative for designing optimized HES.

of the turbines, secondary boiler, and preheaterkjonal avenues to increase profit will be explored.
above. Below shows the power demanded from thgne area for exploration is that of varying thenarc
turbines. tecture of the HES for potential increases in paefi
bility. For example, it may be the case that aesyst
that uses a core and a non-core non-renewable load
will result in a superior overall profitability fothe
5 Summary and Future Work system. Testing cases such as this may also be con-
sidered, however these other architectures wib als
In summary, models for a HES that utilizes a noReed to be optimized, making the process difficult.
renewable source (nuclear), a renewable sou®gher methods that can further increase the profita

(wind), and a chemical plant are presented. Thygity of the HES will also be explored.
work shows that Modelica can be effectively used t0 o, other alternative is. instead of assuming con-

model large complex systems, and still allow simulg, .y congitions and simulating the current system
tions of dynamic conditions. In addition to modelin;,yqer those conditions, allowing for the system to

Steam Utilization in Steam Cycle 1
300
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change or expand. This can also increase profie. Q]
method that does this is Real Options Theory. Real
Options Theory operates under the premise that
evaluating the profitability of a design based ba t
average operating conditions is flawed [4]. In addi
tion, a system will normally not stay the same
throughout its life cycle, as conditions surroumdir8]
the system change, the system can be augmented in
order to expand or vary how the system acts. This
occurs in real life. For example, managers maytelec
to increase the size of a plant after it has aljred@®]
been built and is in operation. By taking this into
account when first building a design, overall costs
can be reduced with overall profitability and fleiki

ity being increased.

[10]
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