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Summary

The vast amounts of greenhouse gas (GHG) emissions, surging gas prices, and increasing proportion
of intermittent energy sources force the energy sector to structurally modify the energy system. The
reversible Solid Oxide Cell (rSOC) is considered to be part of the solution due to its high efficiency, good
scalability, and ability to balance the energy grid. The rSOC is a high-temperature, electrochemical
device that can convert both power-to-gas and gas-to-power during its Solid Oxide Fuel Cell (SOFC)
and Solid Oxide Electrolysis Cell (SOEC) modes. The integration of the SOFC with a combined cycle
gas turbine (CCGT) features exceptional synergies. Although the synergies of the SOFC and CCGT
have already been widely reviewed, the combination of an rSOC and a CCGT has remained unexplored.

The research objective of this study is to assess the benefits of retrofitting an rSOC to an existing
CCGT by simulating its exegetic performance, relative GHG emissions and gross profit, and comparing
these results to those of an existing CCGT. During the integration of the rSOC (operating in SOFC
mode) with the CCGT, the performance of the reversed SOEC mode must be taken into account because
it will have to operate with the same operating conditions and the same system components. In order
to decrease the system investment cost, this work examines to what extent the rSOC can be retrofitted
into the currently deployed CCGTs.

This research optimizes the process plant design and scrutinizes the effect of various operating
conditions on the system performance. The optimization is performed through exergy analyses of a
zero-dimensional Aspen Plus model. A case study, in which the proposed system is inserted into an
energy resource allocation model of the Amsterdam metropolitan area, is used to examine the gross
profit of the proposed multi-energy system.

The optimization of the SOFC-CCGT system results in an exergy efficiency of 61.5%, generating
518 MW,, which enhances the performance of the existing CCGT by 3.8% and decreases the GHG
emissions [COge t/MWh] by 21.3%. When the combined heat and power (CHP) mode of the CCGT
is considered, the resulting SOFC-CCGT CHP system achieves an exergy efficiency of 61.2%, while
generating 474 MW, and 103 MW h. The SOFC-CCGT CHP outperforms the exergy efficiency of
the original CCGT CHP with 4.2%, while emitting 13.2% less GHG emissions. The same operating
conditions of the SOFC were applied to the SOEC, which manages to operate with an exergy efficiency
of 84.3%.

Implementing the rSOC-CCGT CHP system into the energy resource allocation model results in a
118% increased net present value (NPV) of the gross profit compared to the original CCGT. The pro-
posed multi-energy system is able to adjust its operating mode to anticipate the price variations in the
energy grid and thereby increases the gross profit. Adding a thermal energy storage system decouples the
consumption and production of heat, which enhances the NPV of the gross profit by an additional 1.4%.
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Introduction

1.1. Background

In the past decade, the world has been awakened to the visible damage of the increasing temperature
of Earth’s atmosphere due to increasing Green House Gas concentrations caused by human activity
by burning carbon-based fuels. The continuation of burning carbon-based fuels will continue to cause
severe irreversible damage to the environment if no structural changes are implemented [19]. Therefore,
in 2015, the Paris Agreement was signed by 196 countries, including the Netherlands, to collectively
work on limiting global warming by 2 °C comparable to pre-industrial levels [20]. But even more re-
cently, the Council of the European Union agrees to regulate the reduction of gas consumption by 15%
in 2022 [21]. Over the past year, the supply of gas appears to be deployed as a geopolitical weapon.
The dependency on gas could lead to a European energy crisis and skyrocketing gas prices [22].

The heat and electricity generation sector is the biggest consumer of natural gas and one of the
biggest emitters of Greenhouse Gases (GHGs), accounting for 24% of the global GHG emission [23].
In the Netherlands, natural gas accounted for 90% of the residential heating and 51% of electricity
generation [24]. The perspective of fueling these CCGTs with natural gas is becoming less appealing
due to their contribution to global warming, the simultaneously increasing gas price [25] and Carbon
Tax [26].

Structurally changing the energy system of the heat and electricity sector is not without challenges.
Because the current CCGTs are still far from amortized, early phasing out of these CCGTs would cause
capital asset destruction. From a financial point of view, the energy sector is bounded to the use of
CCGTs. Consequently, the energy sector requires solutions that enhance the CCGT performance to
decrease the emission intensity' while reducing the cost price. Increasing the proportion of renewable
energy sources will also lead to many challenges regarding the reliability and availability of the energy
system [27]. The intermittent behavior of renewable energy sources and the periodic nature of energy
consumption leads to discrepancies in the energy grid resulting in an unbalance between energy produc-
tion and consumption [28].

1.2. Solutions

Multi-Energy systems (MESs) are gaining interest in the development of sustainable urban energy sys-
tems [29]. An MES utilizes multiple energy carriers which optimally interact with each other at various
system levels to enhance the performance on a technical, economic and environmental level, relative to
classical energy systems whose sectors interact at a lesser extent [30]. The expansion of the number
of energy carriers results in a higher degree of freedom during the system optimization, which leads to
increased system efficiency and contributes to decarbonizing the energy sector [29].

IGHG emissions per kilowatt-hour
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Switching from carbon-based energy carriers to renewable fuels would significantly decrease or even
eliminate GHG emissions. One promising alternative to carbon-based fuels is green hydrogen [31].
Green hydrogen is produced by the electrical loading of water molecules, using electricity generated by
renewable energy sources, that splits the molecule into hydrogen and oxygen. Even though the alterna-
tives to carbon-based fuels are not yet competitive from an economical and technical perspective, they
are expected to become competitive when the proportion of renewable energy sources in the energy mix
is increased [32].

Reversible, electrochemical systems have the potential to absorb a considerable amount of surplus
renewable energy by converting it to chemical energy carriers (such as hydrogen) in a sustainable man-
ner. The reversible Solid Oxide Cell currently gains interest due to the high round-trip efficiency,
good scalability, and exceptional SOFC-CCGT integration synergies [2]. The rSOC is a single, bifunc-
tional, high-temperature, electrochemical system that is able to convert power to gas during Solid Oxide
Electrolysis Cell (SOEC) mode and gas to power during Solid Oxide Fuel Cell (SOFC) mode. The bi-
functional model should reduce the investment costs per operating hour and increase the capacity factor
compared to the separate electrochemical devices [2][16]. During the SOFC mode, it is advantageous to
integrate its high-temperature exhaust gas with a CCGT, which results in superior performance, both
energetic and environmental, compared to the standalone CCGT [33].

Recent research has focused on complex and expensive hybrid SOFC and CCGT systems rather
than financially attractive systems [34], while few studies take into account the existing turbines [35].
To the best of this author’s knowledge, no research on the integration of an rSOC with a CCGT has
been performed.

1.3. Goal & Contribution

The discussed problems and gaps in the current literature led to the formation of the following research
objective:

The research objective is to assess the benefits of retrofitting an rSOC to an existing CCGT by sim-
ulating its exegetic performance, relative GHG emissions and gross profit, and comparing these results
to those of the existing CCGT.

The performance is measured in the system’s exergy efficiency, the GHG per unit of energy [COqe
t/MWHh]|, and the net present value (NPV) of the predicted gross profit per unit of energy [€/MWh].
The performed exegetic optimization results in the optimal operating conditions and process design that
maximizes the synergies of the rSOC and CCGT, while respecting the original operating conditions of
the existing CCGT.

The main research objective can thus be divided into 3 sub-objectives:

e The first research sub-objective is to assess the benefits of retrofitting an rSOC to an existing
CCGT based on the exegetic performance.

e The second research sub-objective is to assess the benefits of retrofitting an rSOC to an existing
CCGT based on the GHG emissions.

e The third research sub-objective is to assess the benefits of retrofitting an rSOC to an existing
CCGT based on the gross profit.

This research provides insight into the optimization of an rSOC in an existing energy system and
the understanding of the added value of rSOC-CCGT integration. During the integration of the rSOC
(operating in SOFC mode) with the CCGT, the performance of the SOEC mode must be taken into
account. The bifunctional unit will have to operate with the same operating conditions and the same
system components. In order to decrease the investment costs of the system and to extend the lifetime
of existing CCGTs. This work examines to what extent the rSOC can be retrofitted into the currently
deployed CCGTs and if the integration leads to improved system performances. The entire energy
system involved in this integration includes the hydrogen grid, electricity grid, gas grid and district
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heating network.

1.4. Methodology

This work optimizes the rSOC-CCGT process plant design and scrutinizes the effect of various op-
erating conditions on the system performance. The optimization is performed through exegetic and
electrochemical modeling of a zero-dimensional Aspen Plus model [36]. The Aspen Plus model simu-
lates the existing 440 MW, Hemweg 9 CCGT which is integrated with a 100 MW SOFC while also
being able to operate in SOEC mode. The original CCGT system and the proposed SOFC-CCGT
system are visualized in Figure 1.1.

Original System
VA

i

CCGT

Electricity CCGT, SOFC

CCGT Gas

Proposed System

SOEC Electricity @ 0 Electricity CCGT, SOFC

SOFC [IH; I | | I | H, SOEC
ooo

CCGT Gas CCGT rSOC

=

Figure 1.1: The original and proposed CCGT systems.

The owner of the CCGT, Vattenfall, plans to convert the CCGT to a combined heat and power
(CHP) plant with a generation capacity of 100 MW;,. To keep up with these developments, the
integration of the CHP and the rSOC is also examined. The original CCGT CHP system and the
proposed SOFC-CCGT CHP system are visualized in Figure 1.2.

Original System
NAAN Electricity CCGT, SOFC

CCGT Gas m Heat CCGT, SOFC

CCGT CHP

Proposed System

SOEC Electricity Electricity CCGT, SOFC

SoFC [IIH; H, SOEC

CCGT Gas Heat CCGT, SOFC

Figure 1.2: The original and proposed CCGT CHP systems.

To make a valid comparison between the proposed optimized SOFC-CCGT and the existing CCGT,
only one parameter should be altered for each comparison. Because the system produces heat and
electricity, multiple comparisons should be examined. Ultimately, four comparisons are made where
either both the systems are running at full load, or both systems generate the same amount of power
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or heat. These comparisons are elaborated on in Chapter 3.

Even though the proposed system may be more efficient, the price of the same amount of energy
for hydrogen is higher than that of natural gas, so the NPV of the gross profit per unit of energy is
not guaranteed to go down. To test the advantages of implementing the SOEC, a case study was per-
formed in which the optimized system is inserted into an optimal energy resource allocating model that
simulates the energy network of the Amsterdam metropolitan area. The model is used to examine the
practical implication of the system by providing insights into the comparison of the NPV of the gross
profit. The results of the proposed system are compared with the existing CCGT. The case study also
examines whether the addition of thermal energy storage leads to an increased NPV. The thermal energy
storage would decouple the production and consumption of heat, allowing the system to operate at its
design point rather than operating at a sub-optimal part load point. In addition, the system could re-
spond to price volatility while still being able to meet heat demand, increasing the gross profit per MWh.

1.5. Structure

First, the theoretical background, which is required to understand the rest of the work, is discussed in
Chapter 2. The working principle of the rSOC and CCGT, and the definition of an MES are elaborated
on. The existing studies that have provided insights into the proposed systems are examined in Chapter
3. After this analysis, the gaps in the current literature are identified and the activities in this research
to fill these gaps are elaborated on. Chapter 4 discusses the construction of the model in Aspen Plus
and defines the base case systems. The optimization process and the effect of the operating conditions
on the performance are discussed in Chapter 5. The optimized proposed systems are compared with
the simulation of the existing model in Chapter 6. Thereafter, in Chapter 7, the proposed multi-energy
system is inserted into the optimal energy resource allocating model to compare the system gross profit
with the current setup. The work concludes the results in Chapter 8. The research ends with discussing
the limitations and accompanied recommendations for future work.



Theoretical Background

The theoretical background of this paper builds a foundation that enhances the understanding of the
upcoming chapters. This section separates the author’s own research from the theory that it requires.
This chapter elaborates on the thermodynamic and electrochemical models of the rSOC and CCGT, the
various ways in which the individual components can be linked, what a Multi Energy System defines,
and finally how the exergy analysis is applied.

2.1. rSOC

The reversible electrochemical cell consists of a single unit with bifunctional electrochemical modes able
to convert electrochemical energy into power and heat in fuel cell mode, or vice-versa in the electrolysis
mode. Research on these cells has been increasing for the past decade because of the potential to absorb
a considerable amount of surplus energy by converting it to chemical energy in a sustainable manner
[2], while during a shortage of energy converting the chemical energy back to power and heat, with an
exceptional round trip efficiency [37]. The rSOC is an example of such a system that is characterized
by a high operating temperature, using an oxygen-ion permeable ceramic structure which eliminates
the need for precious metal catalysts [38].

The rSOC can accomplish high efficiencies: the energy conversion round trip efficiency, excluding
storage losses, is 70%Based on the Lower Heating Value (LHV). The Higher Heating Value (HHV) is
maintained throughout this work unless mentioned otherwise. The LHV is used when the results stem
from the literature that applies LHV. [2]. The rSOCs are flexible in their scalability, allowing them to
scale without affecting the efficiency of the system, and has high fuel flexibility. The rSOC is adaptable
because of multiple integration methods (e.g. heat and mass) making it applicable to many processes.
The rSOC is perfectly capable of adjusting to different power and storage capacities because the two
modes can be sized independently of each other. The startup time is sufficiently fast to comply with
the intermittent behavior of the energy grid due to the heat inertia of the stack [39]. The next Chapter
3 will further elaborate on the research on the transient response of the rSOC.

2.1.1. Working Principle

In a non-reversible electrochemical cell, the terms anode and cathode are used for the oxidation and re-
duction electrode, respectively. However, in an rSOC, the anode and cathode electrodes switch polarity
during the switch of cell mode. To avoid misunderstandings when calling the correct electrode during
the switch of polarity, an alternative terminology is implemented leading to a consistent identification
of the electrode. Figure 2.1 visualizes the planar configuration of a SOC and Figure 2.2 depicts the
working principle and terminology of a hydrogen-based rSOC. The SOC electrodes are classified by the
Fuel Electrode (FE) and the Oxygen Electrode (OE). Although the OE uses the word “oxygen”, the
inserted Sweep Gas (SG) is not limited to pure oxygen.

During SOFC mode, the fuel (hydrogen) enters the FE, and an oxygen-containing gas at the OE.
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Figure 2.1: Planar SOC model [1].

Electrolysis Mode Fuel Cell Mode
— Steam Channel — LN Fuel Channel |40,
—_—> eam anne > ue anne
Fuel electrode  H,0 + 2e <3 0% + H, Fuel electrode 0% + Hy & Hy0 + 2e
o o

Oxygen electrode 0% ¢ 0.50; + 2e- 5.0 Oxygen electrode 0.5 O, + 2e- & 0% 5.0

NI oz Nz 02 2 V2 22 V2
o Air Chamnel > 2% 7 Oridant Channel —

Figure 2.2: Fuel electrode and oxygen electrode operation. Retrieved and adjusted from [2].

The positive potential difference between the two half-reactions splits the oxygen O into two oxygen
ions O~2 which migrate through the electrolyte to the FE at the other side of the cell (Table 2.1). The
electrolyte prevents the permeation of molecules other than oxygen such as nitrogen when using air
as the sweep gas. The migrating O~?2 ions form an ionic current that activates an electric current to
close the circuit. The oxygen ions together with hydrogen gas react to water at the FE. The resulting
combined reaction forms the net reaction.

The reversed reaction during SOEC works similarly. However, during SOEC mode, water instead
of hydrogen enters the FE. The applied load splits water into hydrogen and oxygen ions. Again, the
oxygen ions permeate through the electrolyte to form oxygen. The hydrogen and oxygen leave the
FE and OE respectively. The current is defined as negative during SOFC mode and positive during
SOEC mode. With this definition, the model can easily cope with the alternating electrode polarity by
switching the sign of the electrical current.

Table 2.1: Reactions at fuel and air electrodes [12]. Released energy Ah = 285.83 kJ/mol (ambient conditions).

Reaction SOFC SOEC
. Hz + O — HyO + 2e” O™ = 302 +2e”
Anodic (fuel electrode) (air electrode)
10, £ 2e= — O™ HO +2e” — H, + O
. . 702+ 2 z :
Cathodic (air electrode) (fuel electrode)
Global Hz + 302 © H20

The heat management of the rSOC is of particular importance due to the respective highly exother-
mic or endothermic reaction during SOFC and SOEC mode Ah of 285.83 kJ/mol [16]. The heat and
power production of the reaction depends on the operating conditions. The understanding of the com-
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plex heat management requires the knowledge of how the operating conditions of the cell affect the
cell’s operating Voltage. This is explained using the following voltage analysis

Voltage Analysis

The Gibbs free energy of the reaction Ag [kJ/mol] defines the electrical work that can be extracted
from the net reaction during SOFC mode or is required during the SOEC mode. The Gibbs free energy
is dependent on the specific reaction enthalpy Ah [kJ/mol|, the reaction entropy As [kJ/mol K] and
the temperature of the cell T (see Figure 2.3). Equation 2.1 defines the inverse relation of temperature
with the electrical power output or power consumption when voltage losses are not considered. During
SOFC mode, an increasing temperature reduces the Ag resulting in a reduction of generated electric
energy. The same relation applies to the SOEC, however, in this case, less electrical energy is required
to split the same amount of water. Voltage losses produce heat which can be utilized during SOEC
mode resulting in high efficiencies [16] but deteriorates the efficiency during the SOFC mode. First,
these voltage losses will be discussed before this latter effect is explained in more detail.

Ag=Ah—T: As (2.1)
300 , , : .
[

DEO e Do o oo S |
35
£ 200} 4
=
>
2
% 150 J
=
w
O
=
S 100 F 4
1)
Q
a

50 B-Th e -A-h N i

________________ Ag
0 1 1 1 q| -------
0 200 400 600 800 1000
T[°C]

Figure 2.3: Heat (¢ = Ag - Ah = TAs) and power (Ag) production during reaction conversion of water [3]. The jump at 100
°C represents the f heat of vaporization of water Aheyap-

The standard equilibrium potential V..., in its turn is dependent on the AG® which represents
the Gibbs free energy at standard pressure. The amount of electrons n transferred during the net
reaction equals 2. Equation 2.3 defines the Nernst Equation that expresses the Nernst voltage under
non-standard conditions Viernst- This expression takes into account the cell temperature Tsiqck, the
operating pressure Pgiqck, and the mole fractions of the gas species Xm,, Xo, and X Hzol.

—Ago
V]?/ernst = n-F

. Xo o /X .
R Tln( Ha,b 02,b> +R Tln( Pstack:) (23)

(2.2)

VNernst = v
N t VNETTLSt + 2. F XHZOJ) 2. F PO

2.1.2. Voltage Losses

The Nernst voltage describes the ideal system without voltage losses. In reality, voltage losses occur
during operation originating from the underlying mechanisms: migration of charge, diffusion of gas, and
activation of the reaction [17]. These voltage losses are generally defined as the ohmic overpotential
Nohmic, concentration overpotential 7.,, and the activation overpotential 7,.+ respectively. The assump-
tions regarding these losses are discussed in the coming sections.

IThe subscript n stands for the species used; HyO, Hs, Oy and Ny when air is used. The subscript z stands for both the FE
and OE.
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The extra resistance - represented by the voltage losses - lowers the SOFC’s cell voltage by adding
the losses to Vinernst and thus decreases the generated electrical power. During SOEC mode, the volt-
age losses are added to the Viernse resulting in a higher cell voltage, requiring more electrical power
(Equation 2.4).

Veettl = VNernst = (nact + Nohm + ncon) (24)

Activation Losses

The Butler Volmer equation, in (Equation 2.5) describes the effect of the current density j [A/cm?]
and the 7,¢:- In this work, the hyperbolic sine approach Butler Volmer equation, in Equation 2.5, is
applied because it is effective throughout a large scope of operating conditions [16]. In literature, the
exchange current density jo [A/cm?] is generally based on an Arrhenius relation which specifies the
relation between the temperature and the reaction rate (Equation 2.6).

The empirical values of the activation energy E,.; and pre-exponential factor of the exchange cur-
rent density o; were retrieved from Buttler et al. [3] conforming to the model of Hauck et al. [16]. The
index ¢ stands for either the fuel or the oxygen electrode. The n; defines the number of transferred
electrons per mole during the reaction which equals 2 for the half-reaction at the FE and 4 for the
half-reaction at the OE (Table 2.1). The « [-] is the transfer coefficient which is set to 0.5 to achieve
the hyperbolic sine Butler Volmer equation [16].

R-T j
act,i — . inh - 2.5
s = o asin (2.]07) (2.5)
R-T Eacti
0 = ;- _ J 2.6
Joi= 550 ewp( R.T) (2.6)

Ohmic Losses

Ohmic losses occur due to the resistance of transporting the current e™, and of the transportation of
ionic current O~2 through the electrolyte. In the rSOC, the ionic voltage losses dominate over the
electric voltage losses because of the relatively high transportation resistance of O~2 ions through the
electrolyte compared to the resistance encountered by electrons [40].

The Ohmic voltage 10ss Nonmic |V] is calculated by multiplying the specific resistance r [Qm?] by
the current density j [J/m?]. Equation 2.7 expresses the o¢; , 6ei, Tohmic,const A Tohmic,el as the ionic
conductivity of the electrolyte [2~*m™1], the electrolyte layer thickness [m|, the combined resistance of
the interconnectors and wires [2m?|, and the specific Ohmic resistance of the electrolyte layer [Qm?],
respectively.

. (;el .
Nohmic = J * ( + Tohmic,const | =7 - (rohmic,el + Toh,mic,const) (27)

Oel

The effects of temperature on the resistance of interconnectors and wires are negligible compared
to the effect on the Ohmic resistance of the electrolyte layer. Therefore, the Tonmic,const iS assumed
independent of temperature [16]. The dependency of o.; on temperature is defined in Equation 2.8.
The pre-exponential empirical factor og ¢ [271m~1] and the activation energy —FEge e [J/mol] are
empirically fitted [1].

*Eac e
Oel = 00,el * €TP (R } l> (2.8)
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Diffusion Losses

The diffusion losses occur due to the diffusion limitations of the reactants from the bulk flow to the
reaction zone, thereby, slowing down the formation of the product. Additionally, the limited diffusion of
formed products moving back to the bulk flow blocks the reaction zone. The total diffusion loss 7oy, in
Equation 2.9, is defined by the diffusion losses at the FE 1con, rr and OE neon,0r, which are calculated
Equation 2.10 and 2.11 respectively. These losses are dependent on the gas compositions of the species
in the bulk flow X, ; and of a species in the triple-phase boundary X, ¢, [41][16].

Ncon = Ncon,FE + TNeon,OF (29)
R - Tsiac X - X
Ncon,FE = tack -In < 200 Hz,tpb) (210)
2-F XH,0,tpb * XHy b
R- Tstack ( XO b >
con = -In = 2.11
Neon,OF T Xo o (2.11)

The triple-phase boundary (TPB) is the electrochemical active site within the SOC. Equation 2.12
calculates the gas compositions at the TPB - X, +pp and X, 46 - by applying Fick’s laws of diffusion
using the mole fractions at the electrode surface (Xo, s and X, ;) and the bulk flow (Xo, ; and X, ).
The subscript n stands for the molecules Hy and H2O. The X, s and X, ;, are defined in Equation 2.14
and 2.13 respectively.

(2.12)

R- Tce NE 50
Xostpp =14+ (Xo,,s — 1) -exp ( uJ )

4-F-P,- Do, .cry

R-Teey ]5f
2-F-P;-Detyre

Xnipp = Xns + K where n € [Hy= K =-1& H,O= K =1] (2.13)

(2.14)

T, - j H,
Xo,s =14+ (Xo,p—1) -exp < R J h’OE>

4.F-P,-Do,n, 2

R-Ty-j Henre
S F-P; Doy 2

Xns=Xpp+ K where m € [Hy = K=-1& HO=K=1] (2.15)

The effective diffusion coefficient D,, .y is constructed by scaling the Knudsen diffusion coefficient
Dy, kn. The D, i, describes the gas diffusion in a porous media and is dependent on the binary
diffusion coefficient of the gasses D,, ,,, [41]. Dy, 1, is the binary diffusion coeflicient between the two
relevant species pairs n and m; HoO and Hy at the FE, and Os and Ny at the OE. This method also
takes the electrode porosity € [-], porosity 7 [-], the molecular weight of the species M,, and the diffusion
volumes vgq,,, into account. Hep, . is the electrode channel height [m|, d,, is the pore diameter [m|. When
pure oxygen is used, the Do, .y can be simplified as Equation 2.19.

1.43 % 1072 Typparc ™

Dy = (2.16)
2Pstacky/ m (Ud,nl/?’ + Ud,m1/3)
2dy FE 8 R Titack
Dy gn = —2 2.17
K 3 - (2.17)
€ Dna n20 Dxn,a20
Dpess == * ’ 2.18
T (Dwu2,120 + Dxn,1120) (2.18)

Do, eff = ;DOZ,KHUSing pure oxygen (2.19)
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2.1.3. Heat Management

The heat production or consumption to maintain the cell’s operating temperature is proportional to
difference between the cell voltage and the thermoneutral voltage V;,. The thermoneutral voltage is
the voltage to attain zero heat flux in the cell. The sum of the heat production T'As and the electricity
generation Ag makes the total released energy Ahg per mole by the electrochemical conversion. At
ambient conditions, the oxidation of hydrogen is highly exothermic; the specific reaction enthalpy Ah
of 285.83 kJ/mol [16]. The reverse is true for the splitting of water, characterized by the endothermic
reaction under similar conditions. The thermoneutral voltage is deducted by dividing the total released
energy per mole of the reaction with the stoichiometric factor of the reaction and the Faraday constant
[C/mol] in Equation 2.20.

_ AhgF

Vin =1.287 at 800 °C (2.20)

Not only the reaction determines the heat duty of the cell but also the energy lost by the voltage
losses is converted into heat. Therefore, the total heat duty of the cell is the sum of the heat of reaction
and the heat generation of the losses. Equation 2.21 summarizes this relation. The heat production or
requirement Q to maintain the temperature in the cell depends on the operating conditions. The rSOC
electrochemical and thermal relation of the current density, voltage, temperature, and exothermic or
endothermic behavior is depicted in Figure 2.4.

Q= (Vin — Veeu) J (2.21)
Heat Heat
generated consumed  4Yoltage Heat generated
VSOEC > VIN V'IN > VSUE{ - V'IT‘J = VSUF('

-
-

Electrolysis <t [ucl Cell

N

Current density ~
Figure 2.4: Relation rSOC with Current density [A/m2] and Voltages [V] [4].

During the endothermic operation of the SOEC, the cell utilizes the heat produced by the voltage
losses. Thus, the heat generated by the losses subsides the heat required to maintain the reaction
resulting in a reduction of the required additional energy. When sufficient heat is present within the
control volume, the endothermic operation will be preferred over the exothermic operation to maximize
the system performance by minimizing either power consumption or environmental exergy losses.

The SOFC operates generally in exothermic mode. In this case, the losses increase the heat pro-
duction of the cell and thus decrease the generated electrical power. Besides, the SOFC produces a
substantial amount of heat during operation especially when hydrogen is used as fuel. There is no
reformer required if pure hydrogen instead of hydrocarbons or ammonia is used. Consequently, all
generated heat is converted into a temperature increase of the exhaust gasses and thus an increase in
cell temperature. A large temperature gradient will lead to greater thermal stresses which are harmful
to the brittle material of the SOC, and decrease the lifetime of the SOC [42].

The required heat can be delivered by either an external heat source or by the losses’ generated
heat, or a combination of both. The temperature of the cell can be maintained to a specific temperature
change, by increasing the sweep gas (oxygen or air) flow at the Oxygen Electrode. Feeding the rSOC with
a sweep gas with a temperature difference, is generally applied to equal the energy balance [43][16][17].
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Figure 2.5: Energy balance of an rSOC [4]. The Oxidant and Fuel are heated to the temperature £ 100 [C] by electric heaters
(Q)|W]. The produced or required heat is absorbed or supplied by the Oxidant. W (P) is the generated electricity[W].

2.2. Gas Turbine

The power industry widely employs gas turbines because of their great thermal efficiency, quick delivery
time, high flexibility, and variable capacity [44]. The high-temperature exhaust gasses provide extra
power when coupled to a downstream steam cycle. Such a system is called a CCGT power plant. A Gas
Turbine (GT) generates work based on the Brayton cycle by combining a compressor, a combustion
chamber, and an expansion turbine. The simplified schematic overview of a GT system is depicted in
Figure 2.6.

fuel

2
Altemator
Compressor ] Turbine
A 3 Exhaust >

Figure 2.6: a) Schematic overview of the GT system. b) T-s diagram for Brayton cycle with isentropic efficiency [5].

2.2.1. Compressor

The compressor is fed with ambient air after which this air is compressed. The pressure ratio P./P; of
the outgoing flow P. and incoming flow P; is an important design parameter [45]. The pressure ratio
determines the required power of the compressor, calculated by the difference of enthalpy of the ingoing
and outgoing stream (Equation 2.23). Additionally, the temperature of the incoming stream 7; is an
important variable because the required work is dependent on the volume of the gas, which in its turn,
is dependent on the gas temperature (Equation 2.22). The exit temperature is calculated with the ideal
gas law and an isentropic efficiency n.. The v, = C} o/Cy 4 is the ratio of specific heats of air.

Ti Pe (Ya—1)/7a
T.=T+ ((P) -1) (2.22)
P R/Cp.q
Aheyin = Cp ,T; (P> -1 (2.23)
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The compressor’s required power is calculated by multiplying the air mass flow 774, with the en-
thalpy difference of the incoming airflow hgsr i and the outgoing compressed air stream hgir out-

PC = mair(hc,out - hc,in) (224)

2.2.2. Combuster Model

The GT combustion chamber oxidizes the supplied fuel, at constant pressure, with the oxygen provided
by the incoming compressed air. The chemical energy of the fuel is converted into heat which increases
the volume. The heated and pressured exhaust gasses enter the turbine for expansion. When natural
gas is used, the following set of oxidation reactions occurs during the combustion. The fuel heating
value [kJ/kg| and thus the efficiency depends on the fuel composition [38].

CH, + 20, — 2H,0 + CO, (2.25)
CyHg + 3.505 — 3H,0 + 2C0, (2.26)
C3Hs + 505 — 4H,0 + 3CO, (2.27)
CyHip + 6.505 — 5H,0 + 4CO, (2.28)
2C0 + 0y — 2C0, (2.29)

2.2.3. Turbine Model
The turbine generates mechanical power by simultaneously expanding the exhaust gasses and residual
air. The pressure and temperature are simultaneously decreased by the expansion of the gas. The ratio

of specific heats of the turbine v, = Cp, ,/C, 4 is, therefore, a combination of the exhaust and air gas.
P\ B/Cra
Ahgp = C, T; (;) -1 (2.30)

The produced power is calculated similar to the required power of the compressor, by multiplying the
flue gas mass flow 712 ¢;,. With the enthalpy difference of the incoming stream A f;y¢,in and the outgoing
compressed air stream A fye out- Again, the idealized required power is corrected by an isentropic- and
mechanical efficiency 7. ; and 7., respectively.

Pr = rgirAhr (2.31)

The bleed of the turbine cools the turbine blades, therefore this fraction of the stream does not
generate electricity. The bleed guarantees optimal performance in regard to plant configuration and
operational conditions [46]. The bleed stream rejoins with the GT exhaust stream through after the
turbine expands the residual stream.

2.2.4. Combined Model
The net power delivered Par ne: is the difference between the compressor power consumption Po and
the turbine power production Pr, multiplied the generator efficiency nger,.

PGT,net = TNgen (PT - PC) (232)
Figure 2.7 emphasizes the importance of the Turbine inlet Temperature (TIT) and the compression
ratio (CR). The figure shows the relationship of the TIT and CR on the exergy efficiency and P,;.
Although the effects of the TIT and CR on the cycle performance are highly dependent on the specific
cycle and implemented boundary conditions, the general findings agree with the exergy efficiency and
P, increase at higher TITs but decrease at lower CRs [6]. Also, as the load increases, the energy
destroyed decreases. Pattanayak [6] concludes that due to the significant impact - of the TIT and
CR on the exergy efficiency and exergy destruction make the TIT and CR the most crucial design
specification in GT cycle construction. Therefore, the specific consequence of the TIT and CR on the
applied GT must be well identified.
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Figure 2.7: Relation GT power output and exergy efficiency with the Turbine inlet Temperature and compression ratio [6] at
an ambient temperature of 27 °C.

2.3. Steam Turbine

The residual heat of the GT in the exhaust gas is recovered in the steam turbine (ST) which applies
a Rankine cycle which is schematically depicted in Figure 2.8. The utilization of heat increases the
exergy efficiency and the power output [38]. The hot GT exhaust gas provides heat through the HRSG
(depicted by a boiler in the figure) to the circulating water which is then converted to steam (1 — 2).
Expanding the hot steam generates the work (2 — 3). After the heat is extracted and the steam is
converted to water in the condenser (3 — 4), the pump pressurizes the water by inserting work (4 — 1).
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Figure 2.8: a) Schematic overview of the ST system. b) T-s diagram for Rankine cycle with turbine isentropic efficiency
correction [7].

Droplet formation in the turbine decreases the turbine efficiency and causes erosion that degrades the
turbine making the turbine prone to maintenance. To avoid droplet formation, the minimum amount of
steam quality of 90% must be maintained [47]. The cycle is augmented by applying a superheater and
reheaters to ensure the necessary vapor quality. The superheater increases the average temperature,
which improves the quality and increases the performance. The reheater supplies heat to the steam
exiting a turbine to allow the direct insertion to the sequential turbine. Multi-pressure stage turbines
increase efficiency by providing additional work by utilizing lower-temperature heat sources. The net
generated power of the ST P, g7 is the sum of the different pressure stage turbines Pgr and the
required pumping power Ppymp:

Pnet,ST = Tlgen (PST - PPump) (233)

The performance of a CCGT at part load conditions needs to be considered because the maximum
or optimal design load of the plants is frequently not retained during their lifespan [48]. Part load
conditions cause the performance to deviate from its optimal designed load, lowering the plant’s ther-
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mal efficiency. This results in a decrease in the overall plant performance and an increase in the COse
[t/MWh] emissions [44].

2.3.1. Heat Recovery Steam Generator

The residual heat of upstream power cycles is recovered by the Heat Recovery Steam Generator (HRSG).
The HRSG consists of three distinctive sections; the economizer, evaporator and superheater. Figure
2.9a shows the sequence and relative temperature level of the three sections. The incoming water is
heated to saturated water in the economizer after which it enters the evaporator. In the evaporator,
the saturated water is heated until the water is converted to saturated steam. Lastly, the superheater
increases the temperature of the steam resulting in superheated steam.
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] Steamto . ! temperature
| turbine
i Pinch point Stack T
temperature temperature Teout
Saturation temperature Approach Flue gas E
temperature Thout
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i Feed water
L —
: . 3 Qux
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(b) The exergy destruction
(a) HRSG schematic heat transfer in the superheater, evaporator and economizer. GT mechanism in a heat
exhaust gas from left to right, and water and generated steam from right to left [49]. exchange [50].

Figure 2.9: HRSG temperature distribution and exergy destruction.

To minimize losses, the area between the lines in Figure 2.9b needs to be minimized by aligning the
temperatures of the streams. A multi-stage ST minimizes the area by varying the operating pressure
of the cold stream with a resulting varying saturation temperature of the steam. This principle can be
applied multiple times at different pressure stages to maximize the power output.

2.4. SOFC-CCGT

The high-temperature exhaust streams of the SOFC can be utilized to drive downstream thermodynamic
cycles [34]. The SOFC-CCGT integrated plant has superior performance, both energetic and environ-
mental, compared to the standalone cycles [33]. Coupling the SOFC exhaust gasses with the CCGT
by heat and/or mass creates synergies. Additionally, the SOFC could offer a considerable amount of
extra power. Comparing the performance under the same operating conditions, the SOFC-GT power
plant has on average a 27.8% higher thermal efficiency compared to the conventional GT power plant
[33] and the theoretical electric efficiency of the hybrid cycle can reach over the 70%(LHV)[34]. The
electrical efficiency of the SOFC-CCGT outperforms the other large-scale power generation units [8]
(which is depicted in Figure 2.10).

According to Sharaf et al.[51], the efficiency of a fuel cell is not much affected by system size, unlike
combustion-based systems. In fact, fuel cells exhibit better efficiency at part loads than at full loads
due to the increased voltage losses at higher loads. Combining a GT and FC results in enhanced load
flexibility of the integrated system compared to the GT alone [51].

2.4.1. Integration Methods

There are several methods to integrate the SOFC with a GT and they can generally be classified as
either directly or indirectly. A direct coupled SOFC-GT shares the same working fluid and can thus
be defined as both thermally and chemically integrated. The indirect coupled SOFC-GT is solely
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PEFC: polymer electrolyte fuel cell (70°C)
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Figure 2.10: Comparison of performance between several types of power units: Combustion-based cycles, alternative fuel cell
technologies and the fuel cell combustion cycles [8].

thermally integrated by heat exchangers [38]. The schematic representation of the direct and indirect
coupled SOFC-GT are depicted in Figure 2.11a and 2.11b respectively. The provided heat by the SOFC
substitutes the required heat to expand the GT’s oxidized fuel.
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Figure 2.11: (a) SOFC GT directly coupled, (b) SOFC GT indirectly coupled. [9].

Directly Coupled

The direct coupling method is preferred over the indirect coupling method when the SOFC is pressur-
ized. The GT generates power by expanding the SOFC’s exhaust gas in addition to the conventional
gas expansion. Also on the electrochemical level is a high-pressure operation preferred; the Viyepnst is
higher compared to the low-pressure operation (Equation 2.3), and an increased pressure reduces the
activation losses by simultaneously increasing the adsorption rates and the absorbent surface coverage

[1].

However, the same increase in operating pressure negatively impacts the efficiency of the SOEC mode.
The increased Viyernse results in a larger required electrical power to split the water molecule. Secondly,
the activation losses on the Oxygen Electrode (OE) increase at higher pressure levels. Besides the disad-
vantageous electrochemical consequences, SOFC-GT integration encounters several drawbacks from a
practical perspective during high-pressure operations. The direct coupling method causes material reli-
ability issues related to anodic-cathodic pressure differentials which limits the operating flexibility. The
associated pressure fluctuations in the GT could cause severe damage to the turbine blades [38]. Most
modeled hybrid SOFC-GT assume futuristic components that currently do not exist, while few studies
take into account the existing system components while considering these damaging consequences [35].
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Indirectly Coupled

Indirect coupled SOFC-CCGTs are less sensitive to the disadvantages discussed above. However, Buono-
mano et al. [34] concluded that direct coupled SOFC-CCGT outperforms the indirect systems by gener-
ally 5% higher efficiency. The main advantage of an indirect coupled SOFC-CCGT is the strong ability
of the SOFC to be integrated with a wide variety of existing CCGT types [38]. The CCGT can maintain
its original operating conditions, and the integration is achieved by relatively fewer adjustments and
costs.

2.5. District Heating Network

Through a system of pipes, district heating distributes hot water or steam from a central point to
specific homes or blocks of buildings. The implementation of DH results in a significant reduction of
COy emissions, fuel consumption and costs, and an increase in system efficiency [52]. The conventional
heat generated by decentralized heat production is replaced by the heat from the district heating network,
fed by centralized industrial-scale processes. Figure 2.12 depicts a schematic representation of a DHN.
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Figure 2.12: District heating network supplied by industrial centralized processes and renewable energy sources [10].

The world’s district heat consumption is rapidly growing. The climate agreement of the Netherlands
states that DHN will play a major role in achieving the Paris Agreement [53]. Growth targets of the
Netherlands aim to connect 1.5 million houses to the district heating network by 2030 and provide 7
million houses with sustainable heat by the year 2050 [54].

2.5.1. CCGT and District Heating

The simplest form of CCGT heat recovery is the utilization of the downstream heat losses. The CHP
plant utilizes the downstream environmental exergy losses by cooling down the exhaust gasses to pro-
duce useful heat which supplies the DHN. The other heat extraction method imposes a bleed at the IP
of the LP turbine which temporarily extracts hot steam from the system [55]. This hot steam heats the

circulating DH feedwater, after which the steam is inserted back into the system. Figure 2.13 visualizes
the ST bleed.
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Figure 2.13: Simplistic schematic overview of ST bleed supplying the District heating network. Component: 1) Boiler, 2)
High-Pressure Turbine, 3) Intermediate-Pressure Turbine, 4) Low-Pressure Turbine, 5) Condenser, 6) District Heating heat
exchanger, 7) District Heating heat exchanger, 8) DHN return water, 9) DHN supply water, 10) Bypass [11].

2.6. Multi Energy System

Multi-Energy Systems (MES) are gaining interest in the development of sustainable urban energy sys-
tems [29]. An MES utilizes multiple energy carriers which optimally interact with each other at various
system levels and could enhance the performance on technical, economic and environmental levels rel-
ative to classical energy systems whose sectors interact at a lesser extent [30]. The expansion of the
number of energy carriers results in a higher degree of freedom for the systems’ optimization which
could lead to increased system efficiency [29]. An energy system should meet the energy demand, gen-
erate energy at an affordable price, operate safely, and be reliable [56]. An optimized MES contributes
to enhancing the system’s efficiency and energy utilization, fosters optimal deployment of the assets,
decreases the energy costs and the GHG emissions [30], and stabilizes the various energy grids [57].

2.6.1. Imbalance

The discrepancy between the scheduled, offered and dispatched by a transmission provider, and the ac-
tual quantity of energy delivered to such transmission provider is understood as the energy imbalance.
The energy grid must always be in balance, several sub-optimal solutions can be used to achieve this
such as, anticipating at the generation side, influencing the consumption, importing or exporting energy,
load shedding and energy storage. Variating the energy price is widely used to control the imbalance,
which could in a volatile energy price [28]. The simultaneous expansion of RESs in the energy grid mix
and the increasing heat demand promote the imbalance between the production and consumption of
energy. During an imbalanced heat grid, thermal energy is prone to be wasted.

The performance of power plants depends on these imbalances [57]. An unflexible MES is unable
to mitigate the unbalance in the energy sector. Matching the supply and demand of energy will result
in a reduction of the generation unit size, increased system performance, increased RES exploitation,
energy grid flexibility, reduction in pumping power, reduction of carbon emissions and a reduction in
investment costs [28]. The variations on the production side are mainly caused by the RESs [27].

2.6.2. Storage

Expanding the MES with energy storage devices provides solutions for matching energy production and
consumption. Storage systems are rated on six performance indicators [2]. These indicators are energy
density, daily self-discharge, response time, lifetime, life cycles, round trip efficiencies and investment
costs.

Long-term Storage by Artificial Fuels

Storing energy in artificial fuels, such as hydrogen or biofuels, is the best solution for long-term storage.
By using these large-scale solutions, seasonal energy fluctuations can be managed [31]. Hydrogen has
significant advantages over other storage mediums when it is used in heat-related systems [58]. Hy-
drogen can be transported with little loss compared to electric transportation and heat transportation.
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Offsite storage is thus possible without relatively large additional losses. Furthermore, little or no losses
occur during the period that hydrogen is stored. The discharge rate is an important factor to take
into account when considering long-term energy storage. There is not yet an alternative solution for
large-scale electricity or TES without significant losses. Hydrogen is currently considered one of the
leading energy carriers to decarbonize the heat sector, while simultaneously helping to balance the sea-
sonal discrepancy between energy production and consumption [58]. Multiple mature hydrogen storage
technologies are present today.

The main arguments to choose the rSOC energy conversion device with the energy carriers hydrogen
over other storage systems relate to flexibility, adaptability, capability, and high efficiency. The rSOC
can accomplish high efficiencies, the energy conversion round trip efficiency is 70%2 and can reach up
to 80% with heat integration, which is higher than CAES (42-55%) and comparable to TES and flow
batteries 72-80% and 84% respectively [2]. The foremost disadvantages are the current affordability
and the technical readiness compared to the other conversion devices. However, the capital costs could
shrink from 2000 to 530 €/kW,; by 2050 [17] due to technology commercialization, and economies of
scale.

Thermal Energy Storage Comparison

The distinctive types of TES can be classified by four characteristics. The first is the physical phe-
nomenon that underlies the technology. Generally, the physical phenomenon can be divided into sen-
sible, latent and chemical storage. Sensible TES has the highest maturity of the three, it has been
deployed in a considerable number of DHNs [28]. The second characteristic divided the TES technolo-
gies into short-term or long-term storage. TES has a relatively high discharge rate which results in
substantial losses when used for long-term storage. The third classification is the degree of centraliza-
tion. The storage system can exist of multiple small-size systems localized at the consumer, or one or
few large-scale systems placed at strategic points in the DHN. The last characterization is mobilized or
demobilized storage. Since the TES for DH is relatively large, this work will only consider demobilized
Thermal Energy Storage (TES).

2.7. Exergy

Exergy can be regarded as the maximum theoretical work obtainable from a system when the system
passes from a given state to the dead state that is in thermodynamic equilibrium with its environment
[47]. Exergy provides information about the quality of the energy. Exergy efficiency describes the
true losses of a system caused by irreversibilities, whereas energy efficiency fails to describe this. Thus,
exergy efficiencies provide a measure in comparison to ideality.

Exergy Analysis

The exergy rate balance for a control volume in steady-state is formulated in Equation 2.34. The exergy
destruction Ezq, derived from Equation 2.34, equals the difference between the incoming exergy and
outgoing exergy. The component-specific exergy analysis is further elaborated on in Chapter 4.

T . . . .
0=Z<1—Tj)Qj—P—i-Z:Exi—gExe—Exd (2.34)

J
The total exergy is separated by physical F2P" and chemical exergy Fz°", and can be further clas-
sified by its origin. In this work, exergy is classified as follows [59]:

1. Physical Exergy
(a) Mechanical

i. Origin: Kinetic
ii. Origin: Potential

2The following efficiencies are all in LHV, excluding storage losses
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(b) Thermomechanical

i. Origin: Temperature
ii. Origin: Pressure
2. Chemical Exergy

i. Origin: Mixing and Separation
ii. Origin: Chemical Reaction

Physical Exergy
The ExP" is calculated as defined in Equation 2.36. This work neglects the kinematic and potential
effects, due to the negligible contribution to the total, which simplifies the ExP" to Equation 2.37 [38].

Ex = ExP" 4+ Ex°" (2.35)
Ed™ = ((h — ho) = To(s = so) + %(VQ — Vo) +9(= - Zo)) (2.36)
Ex™ ~ i ((h — ho) — To(s — 50)) (2.37)

Chemical Exergy

The chemical exergy is associated with the additional work generated by the contents of the system in
the dead state that is permitted to chemically react with the contents in the environment [47]. Chemical
exergy is relevant in combustion and electrochemical systems. The chemical exergy of a pure species

. ch
Ez™" is calculated by the exergy grade vy, the higher heating value (HHV) and the mass flow, and the
chemical exergy mixture Emff}m by using the molecule standard exergy Ez¢" with the composition of

the gasses y;, stated in Equation 2.39. The exergy destruction Eq is defined as the difference between
incoming exergy and outgoing exergy and can thus be derived from Equation 2.34.

Ex™ =T 1y HHV; (2.38)

Expy = yn Eey) + RTY S yaln(yn) (2.39)

Ex¢h is the molecule’s standard exergy. Appendix A.1 summarizes the relevant molecules in the
system and the molecule standard exergy [18].

Exergy Destruction

In contrast to energy, exergy destruction is not conserved but destroyed by irreversibilities [47]. Exergy
destruction and losses play an important role in developing strategies to improve the system’s perfor-
mance. FExergy could also be lost due to exergy leaving the system boundary. This is described as
Exergy losses. This work adopts the exergy destruction and losses to determine the quantity, compo-
nent location and exergy type of the wasted resources. Equation 2.40 defines the Exergy destruction
FE; by multiplying the environmental temperature Ty with the entropy produced within the system by
the internal irreversibilities o.

Exergy destruction and losses form the basis of the exergy analysis. A parametric analysis is used to
examine the effects of the operating conditions on the system’s exergy destruction. System-level exergy
and the relevant component-specific efficiencies will be discussed in Chapter 4 once the system setup is
specified.

Exg=Ty o (2.40)
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Exergy Efficiency

The exergy efficiency is derived from the exergy rate balance and can be defined as a ratio of the useful
recovered exergy divided by the total supplied exergy. The useful exergy and the exergy efficiency are
component-specific. Chapter 4 elaborates on these component-specific exergies when the base case of
the system is defined.

_ Z Exout

g = -
E El‘in

(2.41)



Literature study

The findings of previous studies form the basis of this study. This research builds and expands upon
the critical points examined in the literature. In addition, research gaps are identified, clarifying the
value of this research. First, Section 3.1 elaborates on the literature related to modeling and optimizing
the rSOC. The ideal coupling method of the SOFC and CCGT is highlighted in Section 3.2. Finally,
Section 3.3 evaluates the MES applications that could improve the performance of the system.

3.1. Reversible SOC

What follows is an analysis of the literature that focuses on the rSOC. Of particular interest are the
assumptions for modeling the system, the results of the optimization and the achieved performance.

3.1.1. Cell Level

Hauck et al. [16] modeled a zero-dimensional thermodynamic rSOC model in Aspen Plus with which
a parametric analysis was conducted to investigate the relationship of different operating conditions
with system performance. The model proved to perfectly represent the experimental rSOC operation
that was validated with the experiments of Kazempoor and Braun [1]. In addition to the operating
conditions, Hauck et al. also examined various sweep gas compositions and fuels, including hydrogen.
They concluded that the increase in temperature leads to an overall improvement in performance, but
that changing the gas compositions or increasing the pressure improved the performance of one mode
while obstructing the other mode. The increase in pressure leads to an increase in cell voltage and
reduces diffusion losses. In the SOEC, the reduction in losses appeared to outweigh the increase in
Nernst voltage at current densities exceeding 1.25 A /cm?.

Kazempoor and his fellow researchers have greatly contributed to the thermodynamic modeling of
an rSOC. First, Kazempoor et al. established two individual models for the SOFC [41] and the SOEC
[60], and combined them in an rSOC model [1]. The geometric values of the model were calibrated
and validated using an experimental setup. Kazempoor and Braun emphasize the relation of operating
conditions with the individual losses of the rSOC: Ohmic resistance accumulates to the majority of
losses, but the ratio and the magnitude of the losses vary greatly between the modes. They recommend
no operating temperatures below 700 °c due to the increase in losses. Varying the pressure does not
influence the performance so vigorously as the temperature over the examined range (750 - 850 °C
versus 1 - 30 bar).

Kazempoor and Braun emphasize the relation of operating conditions with the individual losses of
the rSOC and propose solutions to minimize these losses. Activation, polarization and ohmic resistance
accumulate in the majority of losses, and the ratio and the magnitude of the losses strongly vary between
the modes. Temperatures below 700 °C are not recommended due to the increase in losses. Elevated
pressures can cause the SOEC to operate in the exothermic region.

21
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Furthermore, a zero-dimensional Aspen Plus model fueled by a mixture of water and hydrogen was
configured by Bianchi et al. [12]. The results at the cell level were consistent with the experiments, thus
the zero-dimensional model guarantees minimum computational power without loss of information. The
cell voltage increases when a higher concentration of hydrogen is used. Therefore, the concentration
should be maximized for the SOFC but minimized for the SOEC.

However, Bianchi and Bosio [17] argue that the degradation rate of the rSOC has to be considered
during the maximization or minimization of the hydrogen concentration, for the SOFC and SOEC
respectively. The microstructure of the SOFC shows a higher degradation rate when fueled by pure
hydrogen. Besides, small quantities of steam reduce polarization losses. The same holds for a low
percentage of hydrogen at SOEC mode. Therefore, to mitigate the degradation rate, the authors
recommend to fuel the SOFC with a mixture of 97% / 3% Hy/H20 and the SOEC with 10% / 90%
Hy/H50 on molar basis.

A small amount of hydrogen starts the electrochemical reaction immediately which results in higher
power output [34]. Additionally, the use of air instead of pure oxygen is preferred since the decreased
performance of the SOFC is compensated by the enhanced SOEC performance. Besides, no oxygen
purification or storage unit is required. This corresponds to the findings of Hauck [16].

Bianchi and Bosio [17] also conducted a parametric study. The stacks efficiency was examined with
the variation of the current density (1000 to 10000 and -1000 to -10000 [A/m?| for SOFC and SOEC
respectively) and the fuel utilization 10% to 90% (Hz and HoO for SOFC and SOEC respectively). The
round trip thermal efficiency of the system - calculated by multiplying the efficiency of both modes - was
maximized at a current density of 3000 for SOFC and -6000 for SOEC at the maximum fuel utilization
factor and maximum fuel concentration. Bianchi and Bosio [17] appoint that the commercialization of
the rSOC has still many challenges to overcome. They conclude with a recommendation on initiating
research to the incorporation of the rSOC unit in current energy grids to determine the commercial
potential or the system [17].

3.1.2. System Level
The next step involves observing the performance of an rSOC-based system when the Balance of Plant
is also included. The first research is by Giannoulidis et al. [61], who investigated the energy storage
and conversion system using an rSOC at its core. The system converts steam electrolysis for SOEC
and methanol for SOFC. The maximum cell’s exergy efficiency was 72.3% and 62.6% for the SOEC
and SOFC respectively. The thermal roundtrip efficiency was 98% at the applied current density of 500
A/m? but decreased exponentially to 75% at current densities of 10,000 A /m?. The maximum system
round trip efficiency is 64.3%, which was achieved at a current density of 500 A /m?2.

However, the authors recommend a current density of 5000 A /m? when considering the production of
“a reasonable amount of power” per stack instead of having to enlarge the plant to oversized dimensions
[61]. The maximum power density is also around 5000 A /m2 for hydrogen cycles [43] which significantly
decreasing the cell capital costs [62]. Higher operating pressure enhances the stack’s performance but
decreases the system’s performance. Higher pressures cause an increase in the system’s hot utility which
outweighs the advantages of the stack performance.

3.1.3. Transient Response

Botta et al. [39] examined the transient response of rSOCs by investigating the limiting local temper-
ature gradient and voltage during the switching of modes. The voltage responds to the load variation
within a few seconds; a stable fuel utilization factor was achieved in 50 seconds. Changes in temperature
took some longer; 10 minutes to respond to achieve a constant temperature gradient when switching
from SOFC to SOEC mode while it took 18 minutes for the reverse transition. The authors concluded
that the rSOC is a flexible and fast-responding system that was mainly governed by thermal inertia.
They suggest that the rSOC transient response of the rSOC is sufficient for real-world grid stabilizing
applications.

Motylinski et al. [63] developed an rSOC-based model with Aspen Hysys that was tested on the
ability to be integrated into a power grid for power balancing. The dynamic model was tested by cou-
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pling it to a wind profile after which the operating conditions in the stack were monitored. The study
showed that the direct coupling to a varying power grid did not overload the stack keeping it within
the pre-defined limits regarding the temperature, pressure, and concentration gradient. The variation
of 40 A /min was sufficient to keep up with the grid load variations while not exceeding these limits. A
fresh preheated air flow regulated the stack temperature by varying the flow rate. During the switching
of modes, the fuel concentration in the rSOC (water and hydrogen) was gradually switched for two
minutes time to avoid stack degradation by sudden concentration variation. During SOFC mode, the
composition of 90% Hy /10% H2O was inserted while the reverse holds for the SOEC. The study did
not assess the benefits of grid balancing by the rSOC or the profits involved.

The findings are consistent when examining the transient response at the stack level. Wehrle et al.
[64] examined the transient response of the operating conditions at the stack level of 50 cells through
a 3D model. The airflow rate and the cell voltage were found to be powerful tools to maintain tem-
perature gradients. The simulations showed that, after a voltage perturbation, the current density and
mole fractions of the species follow immediately, while the temperature gradient slowed the switching
of modes due to the inherent thermal resistance of the stack. The authors suggest that the Balance of
Plant in the system will be the limiting factor. However, in the future, near-immediate mode switching
will be achieved.

The degradation effects of the rSOC during the switching of modes were reviewed by Khan et al. [65].
The main driving force of degradation was the delamination of the electrodes caused by temperature
gradients. During the switching of modes, the brittle metal hydrides and metal oxides formed on the
surface would erode. The SOFC degrades in 40.000 hours by 10% of the first order efficiency, while the
SOEC only needs 10.000 hours to reach that same degradation. The resulting insufficient lifetime of
the rSOC for is one the biggest drawbacks of the technology [17].

3.1.4. Summary

The findings can be summarized as follows:

e Zero-dimensional models may equally well approximate the actual operation of the rSOC than
higher-order dimensions [16][61][12].

e Increased hydrogen concentration enhances the SOFC performance but moderates SOEC perfor-
mance [12][16] due to the affected Nernst voltage. However, to prevent degradation, the concentra-
tion on molar basis is limited to the mixture of 97%/3% Hs/H0 for SOFC mode and 10%,/90%

e Although the maximum round trip efficiency, of converting power-to-gas-to-power excluding stor-
age losses, is achieved at lower current densities (500 A /m?), current densities around 5000 A /m?
are preferred when considering the production of a reasonable amount of power instead of en-
larging the plant size [61], and to maximize the power density [43] which decreases system costs
[62].

e Air is commonly used as the sweep gas [16] [17].

e Research on the incorporation of the rSOC unit in current energy grids is required to determine
the commercial potential of the system [17].

e The transient response of an rSOC is sufficient to keep up with the grid load variations making
the Balance of Plant the limiting factor [39][63][64].

3.2. SOFC-CCGT

The potential of integrating a SOFC and a CCGT has been widely explored over the past two decades.
The following section discusses the main conclusions from these works. The goal of this work is to
assess the exergy efficiency and COse emissions while considering the investment costs. These costs
could be significantly reduced by integrating existing system components into the new proposed system.
The SOFC-CCGT integration would achieve the first two goals and a retrofitted CCGT would help to
accomplish the latter. Therefore, the following section pays specific attention to the retrofitted CCGT
integration.



3.2. SOFC-CCGT 24

Buonomano et al. [34] analyzed and compared a vast number of hybrid SOFC CCGT configurations.
The hybrid systems were classified based on the following design parameters: Temperature and pressure
level of the SOFC stack, type of fuel, type of reformer, downstream turbine inclusion, and type of
Brayton cycle.

The pressure level is an important design parameter. Generally, a pressurized system enables direct
integration which gives the highest efficiency. But a lower-pressure indirect connection should be chosen
when simplicity, reliability and robustness are preferred. With indirect configuration, the SOFC and GT
can operate independently of each other, only taking into account the amount of heat transfer required
and assuring the correct Turbine inlet Temperature (TIT). Although the higher efficiency and the lower
costs, the operating domain of the direct configuration is very limited due to the operating constraints
of the turbomachinery, which leads to an inflexible system. Buonomano et al. [34] noted that there are
generally two methods to recover heat downstream heat: re-circling air or applying an HRSG. Oxygen
electrode recirculation performed the best both economically and energetically.

Buonomano et al. [34] denote that despite the enormous amount of research on the hybrid cycles
of the SOFCs, the cycle is still a long way from becoming commercially available. The price of the
hydric cycles is still orders of magnitude greater than that of traditional systems (such as GTs and
reciprocating engines). Therefore, Buonomano et al. call upon academics, instead of focusing on the
design of complex and expensive hybrid SOFC systems, to examine economically feasible manufacturing
techniques and systems.

The consideration of combining the SOFC-GT with a low-level ST was investigated by Gandiglio
et al. [66]. Two systems were compared: one a pressurized SOFC-GT-ST (20 bar) and the other an
ambient SOFC-ST. The SOFC generates 220 MWe at an operating temperature of 800 °C, a fuel uti-
lization factor of 0.85, and a current density of 6400 a/m?. The net additional power provided by the
turbomachinery was 54 and 65 MWe for the ambient and pressurized configurations respectively. The
HHYV efficiency of the ambient system was 64% and the pressurized configuration outperformed the
atmospheric configuration by 6%. A fuel pre-heater and air recirculation factor of 0.55 was applied in
both setups. The expansion of the pressurized exhaust gas decreased the temperature, which prevented
the gas to facilitate heat to the air preheater and thereby affecting the total recovered heat.

Braun et al. [67] performed a similar study, investigating the difference between a downstream ORC
and Steam Rankine Cycle (SRC) on the electric efficiency of a 100 MW directly coupled SOFC with a
retrofitted Pratt & Whitney FT8-3 GT. The SOFC was fueled by syngas, and a fuel utilization factor
of 0.80 was applied. The system operates at 775 °C, at 0.75 V and 4500 W /m? with a maximum of 100
°C temperature rise at the inlet and outlet of both the fuel and oxygen electrode. The bottoming cycle
increased the electric efficiency from 67% to 75%. Replacing the ORC with an SRC would enhance
the electrical efficiency by an additional 4 percentage points. Via an operating conditions sensitivity
analysis, Braun et al. [67] concluded that the cell voltage, the SOFC fuel utilization, and the operating
pressure had the biggest impact in the observed range. Pressure drops and temperature increases had
only a mild effect. The power output of the SOFC had a relation with the air recirculation ratio. Also,
the maximum temperature increase between the inlet and outlet of the electrode channels mildly influ-
ences the system performance (increasing from 100 to 150 resulted in a 0,1% of system efficiency) [67]
but it increased thermal stresses and the thereby the degradation ratio [17].

Cheddie [68] performed a thermo-economic optimization of a direct coupled retrofitted 10 MW GT
with a SOFC. Both systems were fueled by natural gas. The resulting 37 MW system enhanced the
efficiency from the original GT standalone thermal efficiency from 30% to 66.2% (LHV) while the ex-
ergy efficiency increased from 13.7% to 47.0%. With the same amount of gas, the standalone GT would
generate only 17 MW. The resulting system generates 270% additional power while the fuel consump-
tion only increased by 66.8%. The entire retrofitted system would cost $32M, which results in an NPV
of $34.9 M. Cheddie [68] did not account for the technical disadvantageous implications of the direct
coupling or periodic shutdowns. However, Cheddie recommends future research to contribute to this
gap. Besides, no ST was considered.

Eveloy et al. [38] did examine a retrofitted GT with a downstream Rankine Cycle. The original 9.1
MW GT was expanded by an indirect internal reforming SOFC. The combined system generated 25.3
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MW at an exergy efficiency of 55.9% compared to 28% at the standalone GT. Then the system was
upgraded with a downstream Rankine cycle. For this purpose, an organic Rankine cycle is compared
with a steam Rankine cycle.

The SOFC-GT-Organic Rankine Cycle system’s exergy efficiency was 6% higher than the SOFC-
GT configuration. Replacing the ORC with a ST enhances the system by an additional 4% efficiency.
However, the ORC has a less complex configuration because it does not require different pressure stages
to utilize all the energy.

Eveloy et al. [38] argued that the indirect integration method was preferred to ease design complex-
ity allowing a wider variety of retrofitted cycles to be integrated at reduced costs. The same arguments
were corresponding to that of Zhao et al. [69]. The authors applied two additional optimizations. First,
an afterburner was employed to burn the SOFC’s unconverted fuel to generate heat (950 °C) that pre-
heats the incoming air and fuel streams. Secondly, an air splitter, positioned after the oxygen electrode,
reduced the fresh air requirement thereby reducing compression power.

The COse emissions by the SOFC-GT compared to the GT were examined by Haseli et al. [33] and
Eveloy et al. [38]. The result is strongly related to the turbine inlet temperature and the compression
ratio, but Haseli et al. [33] showed a consistent result favoring the SOFC-GT plant over the GT plant.
The minimum factor of CO2 sorc—ar/CO2,cr is 1.75 at an operating temperature of 977 °C and a
compression ratio between 2 and 14. The indirect integration of the SOFC and GT has a major effect
on the fuel consumption of the conventional GT. It reduces the fuel consumption by 72% by utilizing
the heat of the SOFC exhaust gasses [38]. The relative fuel reduction is related to the power capacity
ratio of the SOFC and the CCGT. A higher ratio in favor of the SOFC has the potential to provide
more heat which substitutes the heat generated by combusting fuels.

Schouten and Klein [70] investigated multiple hydrogen oxygen cycles based on the Brayton cycle
and a downstream steam low-pressure turbine. Concluding from the exergy analysis, the combustion
of hydrogen in the GT accounted for the largest part of exergy destruction. The authors proposed
the integration of SOFCs with the GT as the solution. Two setups were examined: A setup including
SOFCs operating at a single temperature level of 700 °C, and the other, with multiple SOFCs placed in
series operating at different temperature levels at 700, 850 and 1000 °C. The fuel and air were entering
the fuel cell at 150 °C below the operating pressure. Additionally, two SOFC cooling techniques were
compared: 1) Excess air, circulating over the cell, cools the cell to the desired outlet temperature, and
2) Diluting the air of the oxygen electrode with steam.

The addition of the three SOFCs to the upgraded Grazz cycle performed best. The LHV efficiency
was increased from 75.7% to 85.1%. Air recirculation was preferred over steam dilution, which can
be explained by the Nernst voltage drop due to the dilution of the oxygen. The authors end with a
recommendation to study the modification of existing CCGT cycles with the insights provided by their
work.

3.2.1. Summary

e The academics should focus on examining economically feasible hybrid cycles rather than complex
and expensive ones [34]. Research on retrofitted CCGT with SOFC could reduce the system costs
[68].

e A pressurized direct coupled system gives the highest efficiency [34|[66]. However, the indirect
connection should be chosen when simplicity, reliability, and robustness are preferred, which is
the case in retrofitted cycles [69] [38].

e Increasing the temperature difference between the inlet and outlet of the SOFC system has a
slight positive effect on the CCGT SOFC system performance [67], but it significantly increases
the SOFC degradation rate [17].

e The addition of SOFC to the (CC)GT cycles enhances the system performance. This is also true
for retrofitted CCGTs. In that case, the indirect coupling is preferred which results in a 4 - 6%
lower efficiency compared to direct coupling [66].

e SOFC CCGT cycles emit less COy t/MWh by the increased system efficiency even if the SOFC
is fueled with the same fuel.
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e The environmental impact of the SOFC-GT is strongly related to the turbine inlet temperature
and the compression ratio [33].

e Recirculating air is the most common method for heat recovery [34]. [70]. It is more effective
than a downstream heat recovery system but it does not exclude each other [34].

3.3. MES

This section specifically addresses the MESs using electrochemical conversion systems consisting of ei-
ther a reversible cell or a separate fuel and electrolyzer cell. The reversible electrochemical cells are of
special interest. The section elaborates on the benefits of the MES: it considers the contributions of
the system to meet the energy demand, generate energy at an affordable price, operate safely, and be
reliable.

3.3.1. SOC-based MES

Milewski et al. [71] compared the optimal system configuration of the Balance of Plant (turbomachin-
ery, storage devices, and heat exchangers) and its optimal operating conditions for a hydrogen rSOC,
deployed for peak-load solutions. The simplest configuration has no turbomachinery and consists of the
minimum amount of components. When the system is expanded with the addition of heat exchangers,
turbomachinery, and Os storage, the operating conditions should change accordingly, improving the
performance. The system improved by strategically positioning the heat exchanger network and using
water pumps instead of steam compressors.

Nevertheless, there is much to criticize about the method of analyzing the rSOC. First, Milewski
et al. tested two extreme pressure levels: 1 bar and 800 bar. The latter is extremely high compared
to all other studies discussed above. Second, Milewski et al. assumed a constant efficiency of 80% for
the SOFC and SOEC. However, the efficiency strongly depends on the pressure [34] and differs from
SOC mode under similar conditions. Lastly, the endothermic or exothermic operating of the SOEC -
which affects the performance [1] - under high pressure was not considered. Therefore, only the strategic
positioning of the components from Milewski et al will be used in this work.

Bin et al. [72] modeled a grid stabilization system consisting of an rSOC integrated with CO5 metha-
nation synthesis. Bin et al. tested the system at two control modes: Stationary mode and a mode where
they linked the MES to an electricity grid and a limited capacity Hy storage tank. The tank stored
the hydrogen under ambient conditions. The rSOC operated at 10 bar at 600 °C. The 1 MW SOFC
was loaded with 233.9 A /m? resulting in a cell voltage of 0.71 V, and vice versa 2308 A/m? and 1.44 V
for the 2 MW SOEC. The cell voltage of 1.44 V exceeded the thermoneutral voltage of 1.29 V., which
resulted in more than 20% additional energy input for heat. The resulting thermal efficiency in station-
ary mode was 85%. However, it dropped to 47% when the MES was linked to the simulated energy grid.

Sensoli [73] optimized an rSOC-based system including latent heat and hydrogen storage in Aspen
Plus. To mimic the anticipated environment in which the cells would function, multiple realistic profiles
of power generation (solar, wind and an existing power plant) and consumption on different scales and
different seasons were examined by the authors. The obtained round trip efficiency from power to gas
to power varies between 78% and 84%, depending on the case. Pure oxygen performed better at system
performance but the economical point of view prefers air as the sweep. The author emphasizes that
the system should only be manufactured for large-scale systems, exceeding 20 MW of electric power, in
order to be profitable. The high-temperature heat storage at 800 °C increased the round-trip efficiency
and the profitability of the system. However, the author did not correct for time-related heat losses.

3.3.2. Non-SOC-based MES

Although the system of Burer et al. [74] does not consist of a SOEC, the work included interestingly
the district heating into the equation and performed an environmental analysis. The multi-criteria
optimization was performed on a district heating, cooling and power-generating plant. The authors
optimized the system performance with regard to costs and COy emissions. The main duty of the
system was to meet the heating and cooling demand all year round. The system was able to produce
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solely power or a combination of heat and power depending on the needs of the energy grid. FExcess
electricity was utilized by generating additional heat. The MES was constructed by integrating a
SOFC, a CCGT a heat pump, absorption chillers and a gas boiler. The SOFC and GT are directly
connected, the SOFC acted as the combustion chamber of the GT. The heat contained in the exhaust
gas preheats the incoming air stream of the SOFC and thereafter supplied the heat to the downstream
steam absorption chiller and the Heat Recovery Device of the DHN.

Four best-performing system operating conditions were specified based on a Pareto-frontier. The
SOFC-GT efficiency peaked at 69.3 % with a working pressure of 4 Bar at 900 °C while emitting 0.285
kg CO2/kWh. When operating at lower temperatures (700 °C) the capacity of the GT/FC was required
to decrease causing the exhaust gas temperature to increase from 218 to 239 °C. The performance
deteriorated to 67.7% and the emission rate increased by 0.007 kg CO5/kWh. Placing a simple heat
exchanger downstream of the system helped prevent system environmental heat losses.

3.3.3. Storage

Storage is needed to mitigate the unbalance between energy production and consumption [28]. Short-
term storage mitigates the daily fluctuations in the district heating network. Furthermore, long-term
energy storage captures seasonal fluctuations. Therefore two distinct storage systems, that are opti-
mized for distinct time periods, are required.

Short-term Storage

The relevant and scalable storage systems for daily fluctuations are Thermal Energy Storage (TES) and
batteries [31]. The advantages of combining the TES with the DHN from a technical, economical and
environmental perspective are listed below. These advantages become even more evident when the TES
is connected to a renewable, gas-based MES [28].

1. The size of the energy-generating components in the multi-energy system is allowed to decrease
[28] which reduces the system’s capital costs per kWh [2]. Also, the TES reduces the operating
costs such as the pumping power of a DHN, accounting for 1% of the energy requirements, by
reducing mass flow rates [2§]

2. A TES in combination with a CHP system increases the flexibility of the systems which maximizes
the system’s profit [28]

3. The capacity factor of the heat generating system is increased [28]
4. The hydraulic limitations of the heat capacity of the pipes in the DHN are decreased [28]

5. The TES helps to align the generation and consumption of heat [28] and because of it the combined
system reacts faster on heat demand fluctuations [28]

6. More users can be connected to the DHN without large modifications of the network [28]

Sensible Water TES
Sensible heat TES is often used when daily storage is paired with DH systems. The heat is stored by
increasing the temperature of the selected storage medium. The storage medium is selected based on
physical properties, availability and pricing. Water is the most commonly used storage medium because
of the following reasons:

e The low cost and technology simplicity [2§]

e The similar energy carrier as the storage medium and the DHN’s transfer medium [28]; Pressurizing
water allows for operating conditions that satisfy the maximum supply temperature of 125 °C
avoiding evaporation and allowing the direct connection with the DHN [75]

e The right thermal properties; high specific heat, density and thermal conductivity [75]

3.3.4. Summary

The following was concluded from the reviewed literature:

e rSOC is well suited for balancing the electricity grid [71] [72]

e rSOC with heat or hydrogen storage-based MESs should only be manufactured for large-scale
systems in order to be profitable [73]
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e The performance of the stationary mode rSOC MESs strongly differs when the MES was linked
to an energy grid [72].

e A SOFC-GT based MES which includes district heating and cooling, designed to always meet the
heating and cooling demand, showed superior performance with regard to costs and CO5 emissions
to the conventional system [74].

e TES is preferred in a MES when combined with a DHN on technical, economical and environmental
perspective [28] [2] [76]

e Sensible TES is generally paired with the DHN for the low cost and technology simplicity of the
storage technique [28] [75]

3.4. Literature Gap and Proposed System

Literature is calling for research into methods and systems to make the rSOC commercially attractive
[17][68]. The transient response is not the limiting factor of following the load variations in the energy
grid [64], incorporating the rSOC into an existing energy network would help determine the system’s
profitability. In theory, it appears that the efficiency of the SOFC-CCGT outperforms the current
stand-alone CCGT [34] and that the SOEC operates at the highest thermal efficiency compared to the
alternative electrolyzer [17]. But in practice, the system setups are not feasible due to cost constraints
[17]. Research on adapting the SOFC to an existing CCGT may contribute to the adoption of the
hybrid SOFC-CCGT system [34][70], if the system costs are found to decrease.

However, few research was found on the retrofitted hybrid system. To the best of the author’s
knowledge, no research examined the integration of an rSOC with an existing GT or CCGT. This study
aims to determine the enhancement of performance caused by coupling the SOFC to an existing CCGT,
while taking into account the bifunctional SOEC operating mode.

3.4.1. Assessing the Benefits Based on Exegetic Performance (Sub-objective
1)

Power For the simulation, the existing CCGT of the Hemweg 9 area, located in Amsterdam with a

design point capacity of 440 MW, is used to which an rSOC is coupled with a capacity of 100 MW when

operating in SOFC mode. The CCGT and the SOFC consume natural gas and hydrogen respectively.

During reversible mode, the SOEC is able to generate hydrogen which the SOEC feeds a presumed

hydrogen grid. The SOFC system receives its hydrogen from the same hydrogen grid.

The proposed system is compared with the current system by running both systems at full load,
and comparing the power output and exegetic efficiency of both systems to each other. The outcomes
of these comparisons will be used to make the assessment of sub-objective 1. Table 3.1 summarizes
the comparisons between the Base cases (1A and 2A) and Optimization cases (1A and 2A). Due to
the proven SOFC-CCGT superior performance in the discussed literature, the exergy efficiency of the
combined system operating at full load (comparison 1A) is expected to be greater than the stand-alone
CCGT, despite the fact that the performance of the SOEC must be taken into account when optimizing
the SOFC. By comparing the uncoupled systems with the coupled systems, the synergies between the
SOFC and CCGT can be explored. Although the efficiency of the CCGT will be deteriorated by
part load/off-design operation, it is expected that also the efficiency of the integrated SOFC-CCGT at
part load (Optimization case 2A) still exceeds the conventional CCGT at full load when both system
setups generate the same electrical power output (comparison 2A). Maintaining the same power output
allows the exergy analysis to compare the exergy flows on an absolute allowing better identification of
differences.
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Table 3.1: Summary Base case 1A, Base case 2A, Optimization case 1A and Optimization case 2A with the expected
outcomes of exergy efficiency W.

Comparison Base case Optimization case Expected outcome

1A CCGT & SOFC full load decoupled CCGT-SOFC full load coupled ¥ Optimization case 1A > ¥
Power [MW)] Full load (P, = 438 MW) Full load (P, = ? MW) Base case 1A
Heat [MW] No heat No heat

2A CCGT full load CCGT-SOFC part load coupled ¥ Optimization case 2A. > ¥
Power [MW] Full load (P, = 438 MW) Part load (P, = 438 MW) Base case 24
Heat [MW] No heat No heat

Heat and Power The owner of the Hemweg CCGT (Vattenfall) considers modifying the Hemweg 9
power plant to a combined heat and power (CHP) plant that is capable of supplying heat to the DHN
by tapping the hot recirculating steam and water from the CCGT. The system should be flexible enough
to alternate between power (generating 440 MW,) and combined heat and power modes (generating
413 MW, and 100 MW;h) [77]. Therefore, this work also explores how integrating the rSOC with the
CCGT CHP could improve exergy efficiency. The multi-energy system is thereby extended with the
connection to the DHN.

The same comparisons are applied to the combined heat and power plant as in comparisons 1A and
2A: Comparison 1B is at full load and comparison 2B at part load. However, the part load operation in
comparison 2B now matches the combined system’s heat generation [MW] instead of power generation.
The outcomes of these comparisons will also be used to make the assessment of sub-objective 1. Table
3.2 summarizes the comparisons between the planned CCGT CHP (Base case 1B and 2B) and the opti-
mized SOFC-CCGT CHP (Optimization case 1B and 2B). Again, the full load and part load optimized
system is expected to outperform their respective Base cases. Besides the exergy improvement by the
synergies with the CCGT, it is expected that the exhaust flow from the SOFC can supply heat to the
DHN resulting in an enhanced exergy efficiency.

Table 3.2: Summary Base case 1B, Base case 2B, Optimization case 1B and Case 2B with the expected outcomes of exergy
efficiency W.

Comparison Base case Optimization case Expected outcome

1B CCGT & SOFC full load decoupled CCGT-SOFC full load coupled ¥ Optimization case 1B > ¥
Power [MW] Full load (P, = 413 MW) Full load (P, = ? MW) Base case 1B
Heat [MW] Full load (P, = 100 MW) Full load (P, = ? MW)

2B CCGT full load CCGT-SOFC part load ¥ Optimization case 2B > ¥
Power [MW] Full load (P, = 413 MW) Part load (P, = 7 MW) Base case 2B
Heat [MW] Full load (P, = 100 MW) Part load (P, = 100 MW)

3.4.2. Assessing the Benefits Based on GHG Emissions (Sub-objective 2)
For all eight cases, the relative GHG emissions [CO2e t/MWHh| are compared which includes the electrical
and heat generation. The outcomes of these comparisons will be used to make the assessment of sub-
objective 2. The emissions for the integrated system are expected to be lower than for the stand-
alone systems, which should follow from the increased system efficiencies. Furthermore, incorporating
hydrogen into the system should reduce the relative GHG emissions per MWh, assuming the hydrogen
is generated with electricity produced by renewable energy sources.

3.4.3. Assessing the Benefits Based on Gross Profit (Sub-objective 3)

SOEC The SOEC is simultaneously optimized along with the SOFC, because the rSOC consists of
a bifunctional system that has the same dimensions, Balance of Plant, and is subjected to the same
operating conditions to avoid mechanical and thermal stress gradients. To test the advantages of im-
plementing the rSOC, a case study was performed in which the optimized system is inserted into an
energy resource allocation model for the energy network of the Amsterdam metropolitan. The model
aims to maximize the gross profit of the energy system. The model is used to examine the practical
implication of the system. The case study tests whether the implementation of the proposed multiple
energy systems achieves a higher gross profit [€/MWh]. Even though the proposed system may be
more efficient, the price of the same amount of energy for hydrogen is higher compared to natural gas,
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so the cost per kWh produced is not guaranteed to go down. Nevertheless, by utilizing various energy
carriers, the combination of these systems would hypothetically be able to respond to price fluctuations
of the energy network caused by the supply and demand of these energy carriers. The relative gross
profit is expected to increase because the proposed system can adjust its operating mode depending on
the energy price whereas the original system was solely able to produce power. The NPV of the gross
profit [€] and the weighted NPV of the gross profit [€/MWHh]| of the proposed systems are compared
and will be used to make the assessment of sub-objective 3.

TES Lastly, it examines whether adding TES to the proposed system leads to an increased relative
gross profit. The proposed system is extended with a sensible TES system because of its low cost,
technology simplicity and synergies with the DHN [28] [75]. The TES is expected to decouple the
production and demand of heat, giving the system more freedom to anticipate the price volatility in
the energy grid while still meeting the constraint to meet heat demand. To test this, the multi-energy
system is extended by adding a simulation of an existing TES system in the same dispatch model.



Methodology

The CCGT, rSOC and the Balance of Plant divide the system into the three main subsystems. The
components in the system differ depending on the SOC mode. This chapter discusses the components
in the order listed above. Each section starts with the assumptions, followed by the interpretation
of the subsystem in the model, and ends with a validation. After the formulation of the individual
components, they are combined and the overview of the formed systems is presented. Next, the perfor-
mance indicators by which the system is valued are defined. The chapter ends with a description of the
optimization process.

4.1. Retrofitted CCGT

The existing energy infrastructure, the future plans of the area, and the plant’s ability to provide heat
in the future make the Hemweg 9 area the perfect location for the proposed energy system. In the
future, the Hemweg area is planned to become a fossil-free hub for electricity and heat [78]. The area
will be used for the production, distribution and storage of renewable energy. In addition, the Hemweg
area will become the center for the production of green hydrogen. The Hemweg area is connected to
the DHN, electricity grid and gas grid. Moreover, the government of the Netherlands will construct a
hydrogen grid that will be accessible from the Hemweg area [79]. The hydrogen will be stored in salt
caverns or empty gas fields.

The constructed model approximates the operation and performance of the Hemweg 9 Gas Turbine.
The CCGT of Hemweg 9 has a capacity of 440 MW, [80]. The GT exists of the Siemens F-Class
heavy-duty GT (SGT5-4000F) with a gross power output of 292 MW. For the ST, the Siemens two-
flow low-pressure ST (SST5-5000) is used. The SST5-5000 consists of three STs operating at different
pressure stages; High-Pressure (HP), Intermediate-Pressure (IP) and Low-Pressure (LP) ST. The power
plant initially just creates electricity, but it is also planned to provide heat. The plant is equipped with
a single-shaft CCGT, both the gas and STs drive the generator via a single shaft.

The system is modeled in Aspen Plus model [36]. Aspen plus is originally a chemical process simula-
tor that allows building a process model based on building blocks. The building blocks represent modules
of a process design and calculate the performance of these processes given the operating conditions. Mul-
tiple studies achieved a realistic representation of the operation of an rSOC [16] [61]. The constructed
Aspen model of the CCGT will be compared with a THERMOFLEX model. THERMOFLEX covers
both design and off-design simulation and is commonly used to model all types of power plants, including
combined cycles [81]. However, the Aspen Plus was selected to incorporate the electrochemical model
of the rSOC because THERMOFLEX is not capable of doing so. This requires making concessions
in the simulation of the CCGT results. Aspen Plus does not have a standard procedure for off-design
simulations of gas cycles. To still approximate these effects, an isentropic efficiency correction curve was
applied which will be elaborated on in the coming section. The coming section explains the similarities
as well as the differences in performance. Chapter 8 further explains the limitations and recommends
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follow-up research on how to counter these limitations.

4.1.1. Computer Model CCGT

The model can be divided into three parts: compressor, combustion chamber and turbine. Because
the theory was explained in Chapter 2, the following section solely focuses on the assumptions of the
constructed GT model. The model is based on the design point 443.6 MW gross power THERMOFLEX
model, referred to as the reference model, obtained through Vattenfall which can be found in the
attached Confidential Appendix Page 1 to 3!. The representation of the CCGT has been converted and
simplified to the Aspen model which is integrated with the electrochemical model. The conversion and
simplification of the CCGT model are defended in the upcoming section. The constructed GT system
overview is schematically depicted in Figure 4.1.

Fuel Preheater Combustion Chamber

NG
Exhaust gas
H,0

Air

Gas

Liquid

Turbine

1 Compressor

Figure 4.1: Aspen Gas Turbine system overview.

Assumptions The Aspen Plus model of the CCGT uses the standard ISO conditions 15 °C, 1.013
bar, and 60% relative humidity. The model applies an individual isotropic and mechanical efficiency
for the compressor and turbine, and a complete combustion in the combustion chamber was assumed.
Finally, all pressure drops in the components are conforming the reference models mentioned in the
Confidential Appendix Page 2.

Table 4.1a lists the input parameters and operating conditions of the Siemens SGT5-4000F as de-
fined in the reference model. The pressure ratio was retrieved from Siemens [13]; the isotropic efficiency,
mechanical efficiency and the bleed fraction of the compressor and turbine from the work of Oudenalder
[14]. Table 4.1b lists the high-calorific natural gas composition that fuels the GT, the heating values
were retrieved from Aspen plus.

Table 4.1: Gas turbine system input.

(a) Input of GT model. Sources: Confidential Appendix (b) Molar gas composition of high-calorific natural gas
page 1 to 3, Siemens [13] [14]. [%].
Parameter Value Component Composition [%]
M (ke/s] a8 CH4 88.4
m,, [kg/s 672.8 : o
L C2H6 5.08
Pressure ratio [-] 18
Thuetin [C] 136 2 i
Dtuer [bar] 39.6 C3H8 1.42
Isentropic efficiency turbine [%] 92.5 CcO2 i 5
Isentropic efficiency compressor [%]  87.0 C4H10 0.29
Generator design efficiency [%)] 99.0 it =
Bleed fraction [-] 0.0779 C'IOle o
LHVy [kJ/ke] 45,753 C6H14 0.09

Validation To validate the Aspen model, the design point (at maximum gross power) was compared
with sources provided by Vattenfall and found in the literature. The results are listed in Table 4.2,
where the last column defines the largest difference between the Aspen model and the reference models.

1Because some of the information in this research is based on confidential information provided by Vattenfall, not every source
is visible to the reader. Therefore some sources are mentioned in a Confidential Appendix so that the reviewers of this paper
can verify them. Nevertheless, the key data points are mentioned in the text and are occasionally normalized which enables the
results to be interpreted
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Figure 4.2 shows the heat and mass balance output of the constructed Aspen model. The efficiency of
the GT in the Aspen model is structurally lower than in the reference models. The absolute difference
in efficiency differs the most with the outcomes of the simulation of Oudenalder [14] by -0.4% which
is -1.27% relative to the efficiency of in Aspen Plus model. The difference can be explained by the
accompanied higher exhaust temperature of the Aspen model or because of the different inserted fuel
composition. Based on the slight deviations in the results, it can be concluded that the GT in Aspen
is reasonably in agreement with the reference model and models found in the literature.

3926 }3973.9 bar  |k/ke
15.93 156 kes [C(®)
|

B " 1.060 15071
1.013 }10.109 Dt : s

673 |15 ! . 689 587
1 I

Figure 4.2: Heat and mass balance of GT.
Table 4.2: GT validation. The A [%] shows the biggest difference. The underlined value denotes with which A [%)] calculates

the difference. *CA = Confidential Appendix **Difference is calculated in Kelvins [K]. ***Model uses low calorific natural gas.
Sources on sequential order: Appendix Page 2, 13 and 15, [13], [14].

Parameter CA* Page 2 CA Page 15 Siemens Oudenalder Aspen A %]

P, [MW] 8 288 288 200 287 0.35
Tigross |70) - 39.5 39.5 39.9 39.4 .27
Tt € - 577 580 579 587 1.16%*
Mg [ke /9] 15.93 - - 19.12%%% 15.93 .
Megause [K/5] 689 - 688 690 639 0.10

Steam Turbine

The construction of the STs is divided into three main modules: the turbines, the heat recovery and the
pumps. Figure 4.3 depicts the schematic system overview of the three combined modules. The design
point of the CCGT is eventually validated using the reference model of the Confidential Appendix Page
2, the model of Oudenalder [14], and the data provided by Siemens [13]. Figure 4.3 shows the schematic
representation of the system. The three different pressure level HRSGs (HP, IP, LP) merged the Super
Heater/Reheater (SH) (RH), Evaporator (Evap), Economizer (Eco) and Degassers. The condenser
is positioned sequentially to the LP ST. The condensate preheater (CPH) preheats the water before
entering each pressure level HRSG

Gas Turbine

: : -
i i
: Steam Turbine .

' v ' 1
i : ;
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' ® NG --- Liquid
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Figure 4.3: Steam Turbine Aspen system overview.

Assumptions The HRSG heat exchangers were placed in series. The pressure drops of the three pres-
sure levels HRGSs take into account the merged systems. The total pressure drop of each pressure level
HRSG was calculated by subtracting the pressure of the outgoing superheater stream from that of the
ingoing economizer stream, retrieved from the Confidential Appendix Page 2. This simplification was
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applied to the HRSG of each ST which greatly reduced the complexity of the heat exchanger network.
The heat exchanger network additionally consists of the condenser, the Condensate Preheater (CPH)
and the fuel preheater.

The current setup monitors the temperature of the GT exhaust stream prior to and after the HRSG.
The total extracted heat from the GT exhaust stream is calculated from the heat and mass balance.
The assumption of in-series setup results in information loss of exergy losses of the individual HRSG’s
heat exchangers. The total exergy losses over the total HRSG module can still be measured because the
model generates the heat and mass balances of the incoming and outgoing streams of the total HRSG
that matches the reference model.

The low-pressure ST (LP ST) expands the steam to conditions that cause condensation of water.
The maximum allowable amount of condensate is 10% which prevents droplet formations [47]. The
vapor-liquid mixture is condensed to saturated water in the condenser. The condenser uses a cold water
utility, functioning as a cold sink resulting in exergy losses.

After the CPH, the combined water stream is split into four streams that either enter the HRSG,
at the three corresponding pressure levels or are used to preheat the GT’s fuel. The Aspen model
calculates the split ratios to match the mass flow reentering the STs to represent a closed system. Four
pumps regulate the corresponding pressure and make up for the pressure drops in the system.

Input The inputs of the ST system are set to match the incoming and outgoing mass flows, pressures
and temperatures to the reference model provided. The isentropic efficiency was adjusted to attain the
same output temperatures as the reference model while maintaining the pressure ratio.

Table 4.3: Steam turbine input and design parameters retrieved from the reference model Confidential Appendix Page 2. *The
isentropic efficiency was calculated to match the outlet temperature of the reference model. **The mechanical efficiency was
retrieved from Oudenalder [14].

Parameter HP 1P LP
P., [bar] 128.3 29.45 4.432
Pressure ratio [-] 3.88 6.94 127
it ] 565 565 287
Mo [k /5] 77.56 89.99 100.6
Isentropic efficiency [%]* 91.7 94.5 92
Mechanical efficieny [%]** 99.8 99.8 99.8
2945 12341 bar  |ki/kg
89.99 [565.0 4430 12908 443 112920 g [C(v)
1283 12339 89.99 P93.1 100.7 1286.8
77.56 [565.0 ‘
P LP

A
3270 }12759 P
77.56 B66.7

.0349 113667
100.7 10.90

Figure 4.4: Heat and mass balance of ST.

Validation The validation is based on the reference model of the Confidential Appendix Page 2 and
the THERMOFLEX of Oudenalder [14]. The output in Table 4.4 is defined as gross power, the net
power of the generator can be calculated by correcting the gross power by 1% which corresponds to
the generator losses of the reference model. The exhaust temperature was retrieved from the heat and
mass balance of the Diemen 34 CCGT CHP plant mentioned in the Confidential Appendix Page 14.
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The Diemen 34 power plant is, similar to the Hemweg 9 power plant, composed of the SGT5-4000F GT
and SST5-5000 ST. When operating solely in power generating mode, the operating conditions plant is
similar to the Hemweg 9 Power plant [77]. Consequently, the same exhaust temperature was assumed
since no other sources were available.

The validation shows a structural surplus in the power output of the ST, especially at the first
turbine. The difference may be due to the exclusion of an HP to IP bleed. In the reference model,
the input and output mass flows of the HP ST do not seem to match although the flowsheet does not
indicate a bleed to the IP ST. The final power output differs by 0.63% because the surplus of the ST
is compensated by the deficits of the GT. The efficiency drop varies from the efficiency drop because
THERMOFLEX uses a higher LHV (+0.1%) for the same gas composition.

Despite the differences in the results between the Aspen and the THERMOFLEX model, THER-
MOFLEX was not able to model the electrochemical rSOC. As a result, Aspen Plus had to be used with
which an attempt is made to simulate the CCGT, by matching the temperature and pressure of the gas
and STs. This allows examining the integration between the SOFC and CCGT with the assumption
that the Aspen Plus model matches sufficiently.

Table 4.4: Aspen model output in comparison with the provided reference model. The output is defined as gross power. A% is
calculated based on to the reference model. *Gross power including the Balance of Plant power consumption **The exhaust
temperature was retrieved from the heat and mass balance of the Diemen 34 CCGT CHP plant.

Parameter Aspen Model Reference model Oudenalder A [%]
Psrrp [MW] 31.0 28.4 , 0.15
Psrre [MW)] 50.9 49.6 - 2.62
Psrrp [MW] 75.0 73.6 = 1.90
Psrie [MW] 156.9 151.6 146.1 3.50
Per [MW] 286.6 292.1 284.7 -1.88
Pocer® [MW] 440.9 443.7 430.8 -0.63
Tt [CI** 90.8 90.2 = 0.67
Neros LHV [%)] 60.5 60.6 59.3 -0.17

Off-design Operation

During the second comparison (Optimization case 2A versus Base case 2A), the proposed SOFC-CCGT
system is compared to the original CCGT while the power output of the proposed SOFC-CCGT system
is equalized to that of the original Hemweg 9 CCGT. For off-design performance, the Aspen model
implements the operating conditions of the 288 MW THERMOFLEX reference model of the Confidential
Appendix Pages 7 to 9. As in the previous construction of the full-load Aspen model, the model copied
the mass and heat balances of the GT’s and ST’s incoming and outgoing streams. The pressure ratios
and the isentropic efficiency of the STs are retrieved from the flowsheet of the Confidential Appendix
pages 7 to 9.

Validation Again, the HP ST works up more power that the reference model but now in lesser propor-
tions. The efficiency of the Aspen model differs by 1% from the THERMOFLEX model. Unfortunately,
the exhaust temperature of the reference model was not provided.

Table 4.5: Aspen model output in comparison with the provided 288 MW reference model. The output is defined as gross
power. *Gross power including Balance of Plant’s power consumption.

Parameter Aspen Model Reference model A [%]
Pyrup [M“"] 23.6 22.3 6.01
Psrre [MW] 42.6 424 0.42
Psrrp [MW] 54.9 54.2 1.39
P o [MW] 121 119 1.91
Per [MW] 166 169 -1.96
Pocer® [MW] 285 288 -1.06
Teshaust [C] 93.0

N LHV [%] 56.8% 57.4% -1.01
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The power output of the part load CCGT 288 MW together with the power of the SOFC 100 MW is
unlikely to add up to the required 441 MW even if the synergies are taken into account. To still approach
the required power output, the capacity of the CCGT is proportionally scaled by approximately 10%
depending on the additional power required, which is will be determined in the optimization process.
Due to the indirect integration of the SOFC and GT, the part load performance is simpler to manage
without structural changes of the system setup[34]. However, the decrease in load causes the CCGT
to deviate from the optimal configuration. Unfortunately, there is no reference THERMOFLEX model
that provided exactly the right power output. To still approach the deviating performance from the
provided reference model, the load correction curve of natural gas-fed CCGTs of Brouwer et al. [15] was
applied. The curve was determined using a regression of load-efficiency curves from multiple studies.
The associated R? value is 0.88.

The Aspen model adopts the load correction by correcting the isentropic efficiency of the turboma-
chinery depending on the load. The load correction factor y corrects the isentropic efficiency of the
turbine based on the normalized load factor  compared to the maximum load of the turbine. The
fuel mass flow, air mass flow and recirculating steam were scaled proportionally to the load factor z.
The non-proportional deviations in the heat balance were approximated with the load correction factor.
The limitations of this approximation are further elaborated on during the discussion of the limitations
of this work in Chapter 8.

Figure 4.6 shows the result of the implementation of the correction curve into the Aspen model com-
pared to the reference models in the Confidential Appendix Page 1 to 9. The data points were derived
from the provided THERMOFLEX models. The line between the data points is a linear interpolation
that can only be used for an indication of the differences between the Aspen model and THERMOFLEX
models.

The performance of the Aspen model agrees well with the data points from the reference models
agrees well with the Aspen model. The largest difference between the Aspen model and the linear
interpolation of the data points does not exceed 1.5%. Especially between 284 and 350 MW, the Aspen
model agrees well with the data points. This range is needed for the increase of the combined SOFC
CCGT capacity to the required 441 MW.

65%
= VIR
= 55%
: D)
= 0.715 4+ 0.478 x - 0.193 x*
£ 50% y
;g Part load Aspen model
m 45% -%--Datapoints reference models
40%
275 325 375

Gross Power [MW]

Table 4.6: Efficiency of the CCGT Aspen model compared to the provided reference THERMOFLEX model during part load
operating with the applied load correction curve of Brouwer et al.[15].

Output Hemweg 9 CCGT: Full Load Operation (Used in Base Case 1A and 2A)

The simulation of the Hemweg 9 CCGT at full load has an exergy efficiency of 57.7%, it produces
440.6 [MW] electricity while emitting 0.336 COqe [t/MWh]. The exergy Sankey diagram represents
the exergy flows of the full load system expressed as a ratio of the total exergy input of the fuel. This
research utilizes exergy-based Sankey diagrams for the comparison of the computed cases. Sankey
diagrams based on the exergy balance offer special advantages in effectively locating potential areas for
improvement. Sankey energy diagrams fall short of meeting this objective [82]. At the current exergy
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Sankey diagram in Figure 4.5, the exergy input of Exergy In, Fuel to Combustor, and Heat to Working
Fluid/Gas are all 100%, which seems redundant but during the SOFC-CCGT integration, this notation
will be useful to determine the differences between the systems.
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Figure 4.5: Sankey exergy diagram of Hemweg 9 CCGT full load, used in Base case 1A and 2A. *Net = The power
consumption subtracted from the power generation.

4.1.2. Computer Model CCGT CHP

Siemens, in cooperation with Vattenfall, has proven that the Hemweg 9 power plant is capable of produc-
ing heat by tapping steam and water from the CCGT to heat the DHN feedwater. The system would be
flexible enough to switch between CHP and power production mode. The implementation of the bleed
is achievable at low costs and the system is flexible so the heat production can easily be scaled to deliver
heat according to the demand [77]. The Aspen model implements the modifications of the Confiden-
tial Appendix Page 13 which represents the modifications of the full load CCGT reference model to the
planned CCGT CHP plant. The CCGT CHP supplies the DHN by transferring the heat of two streams.

The first is to impose a bleed at the IP of the LP turbine which temporarily extracts hot steam from
the system [55]. This hot steam heats the circulation DH feedwater, after which the condensed water
is pressurized and inserted into the CPH. The second heat source is drained from the water stream
outgoing from the CPH. After providing heat to the DHN, the water stream, like the bleed water
stream, is pumped into the system at the CPH with equal pressure. Both returning water streams
end up at 65 °C with which they are fed into the CPH. The water mass flow of the DHN feed is ad-
justed via an energy balance to increase the return temperature of the DHN water to the required 110 °C.

The following list of modifications to the Aspen flowsheet was implemented to represent the provided
THERMOFLEX model. Figure 4.6 shows the implementation of the modifications.

The CCGT exhaust temperature was aimed at 80 °C.
Adding a water pump to increase the returning pressure of the condensed water.
The discharge pressure of the LP-ST is decreased to 0.0184.

Insert an IP bleed factor of 0.379 and the CPH water split of 0.086 to supply the heat to the
DHN.

Insert an HP bleed to the IP of 0.079.

6. Activation of the Calculation block for the DHN water mass flow to achieve the right DHN feed
temperature and assure the minimum temperature limit.
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Figure 4.6: Schematic visualization of the planned CCGT CHP Hemweg 9 which defines Base case 1B and 2B.

Validation

Table 4.7 compares the heat reference model with the constructed aspen model. A design point THER-
MOFLEX model was provided, which has a net power output of 412.6 MW, and 100 MWy, found
in the Confidential Appendix Page 13. Since the same operating conditions of the GT were applied,
the power output of the GT was copied from the simulation of the original CCGT. The total power
out differs by +1.0% while the heat generation is 3% higher. Additionally, the exhaust temperature is
slightly below that of the reference model and the efficiency is 1.07% higher.

Table 4.7: Aspen model output with heat production compared with the provided reference heat model. The output is defined
as gross power. *The CCGT total power is including Balance of Plant power consumption.

Parameter

Aspen Model

Reference model

A [%]

PST.HP [1\-‘[\"—]
PST.IF [BIV‘V]
Psrip [MW]
Psrtot [h'ﬂﬂ
Per [MW]
Pecer [MW]
Teaust [C]
Qoz [MW]
Neross LAV [%]

30.3
53.3
49.3
132.9
286.6
416.8
79.7
103
57.2

412.6
80.0
100
56.6

1.00
0.11
3.00
1.07

Output Hemweg 9 CCGT CHP: Full Load Operation (Used in Base Case 1B and 2B)
The simulation of the planned Hemweg 9 CCGT CHP at full load has an exergy efficiency of 57.7%, it
produces 416.6 MW electricity and 102.7 MW heat while emitting 0.285 COsqe [t/MWh|>.

2The calculation includes the electricity and heat generation
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Figure 4.7: Sankey exergy diagram Hemweg 9 CCGT CHP full load, used in Base Case 1B and 2B. *Net = The power
consumption subtracted from the power generation.

4.2. rSOC

The zero-dimensional rSOC model of Hauck et al. [16] forms the basis of the model and has been
extended to meet the requirements of this work. Hauck et al. calibrated the model by comparing
experimental data found in the literature. The resulting model perfectly simulates the cell behavior
under various operating conditions and fuel compositions. Because of this flexibility, the model allowed
sensitivity analyses to determine the optimal operating conditions. Thereby, it suits the requirements
for the optimization study. Matlab was linked to the process modulation in Aspen Plus to produce
the voltage analysis. The linked models managed to generate a realistic representation of the system
behavior and could analyze various operating conditions.

4.2.1. Stack Assumptions

The following list summarizes the assumptions regarding the SOC model:

e The SOC operates at steady state conditions.

e Zero-dimensional cell representation.

e Uniform SOC operating temperature. A variable sweep gas flow maintains the temperature of the
cell. The system energetically balances the exothermic and endothermic reactions.

e Uniform SOC operating pressure. Negligible pressure drop in the cell for the electrochemical
model so that the difference in the inlet and outlet pressure does not affect the cell voltage.

e Ideal gas law.

e The SOC and heat exchangers are isolated.

e Homogeneous and isotropic material properties.
e Negligible potential and kinetic energy effects.
e No gas leakage.

e The bulk concentrations determine the concentration overpotential. The bulk concentration is
assumed to be constant along the fuel channel and equal to the average of the intake and outlet
concentrations.

e The average temperature of the inlet and outlet of the cell determine the ohmic resistance.

4.2.2. Power

Hauck et al. [16] constructed a zero-dimensional rSOC which allowed the model to simplify the electro-
chemical calculations while producing representative results. The current J [A] and the difference in
Gibbs energy flow [J/s] between the cell’s incoming and outgoing streams determine the Nernst voltage:
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AG = Grp.in — Gre.out + Gop.in — Gor.out (4.1)
AG
UNe'rnst = 7 (42)

Equation 4.3 states the calculation of the current by multiplying F'U, the fuel flow n [mol/s| at the
input of the cell (Hy and Hy0O for SOFC and SOEC mode respectively), the stoichiometric value (two
electrons per mole of Hy OR H,0), and the Faradaic constant F' [C/mol].

Jeetl = g, % 2% F x FU (4.3)

Adding the calculated overpotentials to Unernst makes the cell voltage Ve [V]. Multiplying the
calculated cell voltage to the current flowing through the cell J.o;; [A] results in the electrical power of
a cell P cey [W].

Pe,cell = Jcell * ‘/cell (44)

The required stack power is achieved by placing the SOCs in series, resulting in an increase in the
stack voltage. The total stack power is calculated by multiplying the cell voltage with the number of
cells N:

Pe,stack: =JxNx ‘/;ell (45)

It is assumed that total surface area does not affect the performance of the cell when all other
operating conditions are maintained [16]. Therefore, the total surface area will be used to scale the
systems’ required power while maintaining the current density j [A/m?|(Equation 4.6). The quantity of
the supplied fuel at the inlet of the system scales accordingly to the total area to maintain the current
density. The system was optimized to operate at this determined load. The variation of fuel mole flow
is used to determine the current density during part load operation while maintaining the total cell
area.

Pe,stack’ = ] * Acell * N * Vcell (46)

4.2.3. Operating Conditions

The operating conditions - current density, temperature, pressure, fuel composition and sweep gas
composition - strongly correlate with the performance of the SOC. Hence the determination of these
operating conditions plays a central role in the optimization process. Except for the latter operating
conditions, all other conditions are assumed to be fixed. The operating conditions of the Base case
are listed in Table 4.8. The operating conditions were retrieved from Hauck et al. (2017) [16] and the
conclusions from Chapter 3.

Table 4.8: Operating conditions validation SOC.

Parameter Value Unit
Stack temperature 850 C
Stack pressure 1.013 Bar
Current density 10.000 A/m~2
Fuel utilization 0.8 -

Fuel composition 1Hy,:1H,0O -

4.2.4. Cell Parameters

Hauck et al. [16] based the geometric parameters on the experiments performed by Tjaden et al. [83].
However, Hauck et al. changed the thickness of the cell parameters to adjust for the strong deviations
of the diffusion losses. The large difference in the electrolyte layer overestimates the concentration over-
potential. Tjaden et al. modeled the support layer of the fuel electrode similar to that of the oxygen
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electrode, which proved to be incorrect because the support layer of the fuel electrode is significantly
more porous to compensate for the thinner electrolyte layer. Therefore, the fuel electrode thickness of
the model was fitted with the results of the experiments by Kazempoor et al. [1]. The single cell active
area is adjusted to 0.01 m? so that the number of cells is reduced [72]. Since the active area of the cell
does not affect the performance of the system [17], the adjustment has no further consequences. Table
4.9 lists the cell parameters after correcting for the overestimation of the concentration overpotentials.

Table 4.9: Input parameters SOC [16], except of the Ator [17].

Parameter Value Unit

T ohmic 0.057 Q cm?
00,el 333.3 Q! em2
Eact,el 85,634 J/mol
el 1.25%10~° m
5fuel,eff 3.2%10~° m
Sozygen 1.75%107% m

Aot 100 cm?

Tp 1*10~6 m

n 0.3 -

T 5 -

Yfuel 1.344*%105 A cm™2
Yozygen 2.051%10° A cm—2
Eact,fuel 1*105 J/mol

Eact,oxygen 12*105 J/mol

4.2.5. SOFC Computer Model

The constructed SOFC model exists of a composition of several flowsheets found in the literature that
are adjusted to conform to the needs of a hydrogen-based SOFC. The schematic flowsheet of the SOFC
is depicted in Figure 4.8. A mixture of hydrogen and steam enters the system at the fuel electrode, and
the required oxygen - supplied by pure oxygen or air in the sweep gas - enters at the oxygen electrode.

Electric Heaters Heating/Cooling Q¢ SOFC Q,
5; Z ; H, / H,O mixture
[T B Air
Heating/Cooling Q, [ [ [ O? ions
2 2 2 2 Gas

Figure 4.8: SOFC schematic overview.

Electrochemical

In contrast to the work of Hauck [16], the SOC in this work solely converts hydrogen instead of multiple
hydrocarbons. Unlike a hydrocarbon-based system, a hydrogen-based SOFC does not have to reform its
fuel to prepare for the electrochemical reaction. Consequently, the reformer was removed. By omitting
the reforming reaction, the system requires more cooling capacity because the endothermic reforming
reaction no longer absorbs heat. The extra cooling capacity results in a larger sweep gas flow rate.

The required oxygen mole flow for the formation of water depends on the hydrogen flow, fuel utiliza-
tion factor FU and the stoichiometric factor 0.5 which is expressed by Equation 4.7. Since the required
sweep gas, consisting of air or oxygen, exceeds the required mole flow of oxygen for sustaining the reac-
tion, the incoming sweep gas stream was split to resemble the oxygen ions permeating the electrolyte
required for the reaction (Equation 4.8). The split factor ensures that the outflow of the fuel electrode
contains no oxygen molecules. This simulates the driving force of the permeation of oxygen ions into
the electrolyte whereby only the right amount of oxygen ions diffuse through the electrolyte relative
to the amount of reacting hydrogen. The remaining oxygen leaves the SOFC at the outgoing oxygen
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electrode stream.

OZ,required = H2 * F'U % 0.5 (47)

SF = O2,required/OQ,OE,in (48)

The Aspen Gibbs Reactor performs the electrochemical reaction of hydrogen and oxygen ions forming
water. The Gibbs Reactor minimizes the Gibbs free energy of the mixture. The concentration of the
mixture leaving the Fuel Electrode depends on the incoming gas compositions and the fuel utilization
factor FU. The FU determines the amount of converted hydrogen (or water in the case of SOEC mode).
The ratio of the unreacted fuel affects the system efficiencies because the residual hydrogen possesses
chemical exergy that leaves the system’s boundary, thus contributing to the exergy losses. The optimal
setup minimizes these losses and utilizes the residual hydrogen. However, the FU is considered an
immutable design specification and was set according to Hauck et al. [16].

FU — /';I’.H27CO7I’U€Tted (49)
NH,, supplied

Thermal Management

The thermal management of a SOFC ensures the maximum temperature gradient in the cell. The
brittle material in the SOCs is unable to withstand large temperature distributions. Therefore, the cell
maintains a maximum temperature gradient of 100 °C to avoid impermissible thermal stresses [67]. The
cell’s temperature is maintained by varying the sweep gas flow rate and sweep gas temperature. During
SOFC mode, a large amount of heat is released during the electrochemical reaction (Ag — Ah = 13.24
kJ/mol under standard conditions). During SOFC mode, the cell always operates in the exothermic
region regardless of the cell voltage. To cool the cell, both the incoming fuel and airflow enter the sys-
tem at 100 °C below the operating voltage of the SOFC [67]. The heat of reactions @, is compensated
by the heating of the fuel Q¢ and air @), by cell walls. The required sweep gas flow rate follows from
Equations 4.10, 4.11 and 4.12. The gasses leave the system at exactly the desired operating temperature.

Qo =—(Qf +Qr) (4.10)

Qa = Mair (hsc,aT=—100 — hsc,aT=0) (4.11)
Qf = Myfuel (RFuel,AT=—100 — RFuel,AT=0) (4.12)
Qr=AG-AH (4.13)

The conducted adjustments of the flowsheet of Hauck et al. separates the thermal management
from the electrochemical section. The electric heaters increase the temperature of the incoming gasses
to A —100 °C compared to the operating temperature. The Heating/ Cooling heat exchanger in Figure
4.8 represent the heating of the gas by the walls @), and Q¢. The Gibbs Reactor produces the heat of
Reaction Q.. The heat management of Amaldi [84] inspired the construction of this work’s flowsheet.
However, this works flowsheet did not require a reformer for internal cracking since solely hydrogen was
inserted.

4.2.6. SOEC Computer Model

The SOEC was constructed following the same approach as the SOFC. In contrast to the model of Hauck,
the electrochemical active CO9 was left out, leaving steam as the only electrochemical active specie. The
components resembling the reverse water-gas shift were discarded. The reverse water-gas-shift reaction
produced heat that was utilized by the heat-consuming water electrolysis reaction. Consequently, the
heat management required a careful design ensuring the maximum allowable temperature gradient and
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providing enough heat to sustain the reaction.

Electric Heaters Heating/Cooling Q¢ SOEC Q,
@ @ H, / H,O mixture
[T 1] 8 Air
Heating/Cooling Q, L TLTL ] 0% ions
| —— Gas

Figure 4.9: SOEC schematic overview.

Electrochemical

The electrochemical reaction of the formation of water and oxygen of water occurs in the SOEC block
of Figure 4.8. The amount of water split is proportional to the fuel molar flow npg,o of the incoming
Hs / H50 stream and the fuel utilization factor FU. The amount of transported oxygen ions from the
FE through the electrolyte to the OE is calculated by an oxygen splitter block. The calculation ensures
that no oxygen molecules leave the fuel electrode stream so that the Nernst voltage and concentration-
dependent overpotentials are not incorrectly affected. Oxygen molecules form at the OE and leave the
cell by the Oxygen Electrode outgoing stream. The formed hydrogen and unconverted water are leaving
the SOEC at the fuel electrode.

The SOEC is fed by a mixture of water and hydrogen. The insertion of hydrogen sounds controversial,
however, it lowers the degradation rate [17] as was discussed in Chapter 3. Section 5.1.1 investigates
the implication of the fuel composition on the performance of the cell and the system.

Heat Management

The SOEC operates in endothermic, exothermic or thermoneutral mode depending on the operating
conditions which complicate the thermal management of the cell. Again, an incoming sweep gas stream
controls the thermal management. The cell’s heat consumption or production depends on the cell
voltage V. relative to the thermoneutral voltage V;,,. When V. < Vi, the sweep gas exceeds the
operating temperature by 100 °C, providing the cell with the required heat to maintain a constant cell
temperature.

If the SOEC is operating at V,..; > V., the internal resistance generates heat that exceeds the
required heat to sustain the reaction. In this case, the sweep gas must cool the cell to maintain the
operating temperature. This is accomplished by varying the sweep gas mass flow and decreasing the
gas temperature by 100 °C relative to the operating temperature.

When V,.ey = Vi, the sweep gas only needs to compensate for the heating of the fuel to operate at
the prescribed operating temperature. The fuel inlet temperature remained in all cases 100 °C below
operating temperature. Only the temperature and the mass flow of the sweep gas affect the performance
of the cell.

4.2.7. Validation

The model resulting was, similarly to the work of Hauck et al. [16], compared to the model based on a
comparison with Kazempoor’s experiments to validate the system. The validation results are depicted
in Figure 4.10. The model proved to be capable of approximating the actual behavior of a hydrogen
SOC. Thus, the necessary modifications - of changing the heat management and discarding the internal
reformers to convert the SOC to a hydrogen-based cell - were successfully conducted. The maximum
error is less than 2%.
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Figure 4.10: Comparison model and experiments [1].

4.3. System level

The components downstream to the SOC, differ from each system since the SOFC is coupled with
a CCGT to generate more electricity, and the SOEC is to purification unit to purify the produced
hydrogen. The coming sections argue the construction and assumptions of the resulting Base case
model. The component-specific assumptions that recur in multiple modules are listed in Table 4.10.
All heat exchangers are counter-current flow heat exchangers with a minimum pinch of 5 °C and are
assumed to be isolated. External cooling is achieved by cooling water from the environment of 25 °C.

Table 4.10: Assumptions components and storage conditions.

Component Value Source
Efficiency [%]

Pump isentropic 75 [38]
Turbine isentropic 85 [38]
Compressor isentropic 85 [72]
AC/DC converter 95 [38]
Pressure drop [%]

Heat exchanger 2 [43]
Afterburner 5 [43]
SOC 2 [43]

4.3.1. System Modules

The Balance of Plant is grouped according to their collective function and position relative to the
SOC. The following modules divide the entire system: Grid to Stack, Purification, Purification to Grid,
and Afterburner. Table 4.11 summarizes the modules with the grouped components. The following
paragraphs discuss all assumptions regarding the modeling of the modules.
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Table 4.11: Overview of system modules with the consisting system components.

Module Function Components
Grid to stack * Applicable for SOFC and SOEC * Series of turbines and heaters for the
* Aligns the incoming hydrogen, water and air hydrogen stream
with the operating conditions of the SOC ¢ Pump for the water stream

* Heater for the water stream
¢ Air compressor

Purification * Applicable for SOEC ¢ Condenser
* Separates the hydrogen and water ¢ Flash drum
* Compressor
* DPurification membrane
* Steam turbine

Purification to Storage * Applicable for SOEC ¢ Series of coolers and compressors
¢ Pressurizes the hydrogen for the hydrogen
backbone
Afterburner * Applicable for SOFC

* Burns the residual hydrogen to increase
temperature of the exhaust stream

Inlet/outlet system * Applicable for SOC * Hydrogen
* Conditions for the inlet and outlet of fuel, air * Natural Gas Grid
and water to the system and environment * Electricity grid

¢ District heating network

Grid to Stack

The module Grid to Stack prepares the incoming flows for the SOC. This module ensures the outflow
matches the required inflow conditions of the SOC. The flowsheet of the SOEC and SOFC is designed
to correspond with each other, so the same components can be used for both functions, decreasing the
initial investments.

Heater & Turbine 2X

Heaters
H,
Pump 8 HO
'-)®— | | Sweep Gas
""""""" > O Gas
Liquid

Compressor

— > —

Figure 4.11: Grid to Stack system overview.

Hydrogen Stream The hydrogen originating from the hydrogen grid at 30 bar [85]is brought to the
desired operating pressure of the SOC. A series of turbines take advantage of the high incoming pressure
by generating power by expanding the incoming hydrogen. The turbines expand the hydrogen with a
maximum pressure ratio of 4, resulting in a distributed heat duty and consistent minimum tempera-
tures. The two to three turbines, depending on the operating pressure, distribute the total pressure ratio.
Heaters ensure the temperature of the hydrogen not dropping below the ambient temperature so that
any impurities do not condense. Initially, electric heaters supply the heat to the hydrogen. Later on, the
optimization examines the extent to which heat can be recovered from the system. Electric heaters ac-
commodate the residual heating when the heat exchanger network is incapable to supply sufficient heat.

Water Streamm Ambient water enters the system after which a pump pressurizes the water to a
pressure slightly exceeding the SOC’s operating pressure to compensate for the pressure losses. An
electric heater vaporizes the water at 100 to 180 °C depending on the operating pressure. The heaters
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ensure that the hydrogen and steam have the same temperature so that mixing exergy destruction is
minimized. After mixing, the stream enters the SOC stack. The heat required for the SOC’s operating
temperature attributes to the SOC’s heat duty.

Sweep Gas Stream The sweep gas requires a compressor, no heaters or internal coolers are required.
The flow enters the system under ambient conditions. The compression causes the air temperature
to increase which partly substitutes for the heating power in the SOC stack. Hence, increasing the
operating pressure increases the compression power but simultaneously decreases the heat duty of the
cell.

Purification

Pressure swing adsorption (PSA), cryogenic distillation and membrane separation are considered the
general methods to purify hydrogen [86]. Commercially available techniques include PSA and cryogenic
distillation. However, both are energy intensive in comparison to membrane separation techniques.
Membrane separation is a promising solution that produces high-purity hydrogen while limiting energy
consumption. Primarily, a series of condensers and vapor-liquid separators was examined but the con-
figuration failed to achieve sufficient purity. Therefore a membrane-based purification system will be
adopted that sufficiently approximates the energy requirement and exergy losses based on the flowsheet
of Amladi [84].

Compressor Permeate
- Membrane
Retentate
Turbine Cooler H/H,0
8 H,0
===- |@H
Condenser & Phase Separator Gas
Liquid

Figure 4.12: Purification system overview.

A condenser and phase separator are used to reduce the amount of steam entering the compressor
and membrane. Minimizing the steam leads to lower compression power and pressure losses. The
condenser cools the outgoing stream of the SOEC with ambient water resulting in exergy losses. The
minimum heat exchanger temperature difference (5 °C) and ambient temperature of the cooling water
(25 °C) limits the outgoing condenser streams to 30 °C. Depending on the pressure, water partially
condenses at this temperature.

A single compressor ensures the hydrogen water mix enters the membrane at the specified operating
pressure of 10 bar. The incoming hydrogen/water mixture split into the permeate and the retentate
stream. The permeate - the purified hydrogen stream that diffused through the membrane - suffers
a pressure drop by a ratio of 10 [87]. The retentate - the separated water - leaves the system with a
pressure loss of 15 mbar. The membrane conducts a total separation of hydrogen and steam.

A ST recovers the outgoing retentate steam - of 10 bar minus pressure losses - to atmospheric pres-
sure. Before the water steam mixture is disposed of, a condenser reduces the temperature to 30 °C by
using ambient water.

Note the impact of the SOC’s operating pressure on the purification module power consumption.
Higher pressure in the condenser leads to more condensation. More condensate means less steam, re-
ducing the compression power. In addition, a higher incoming pressure reduces the pressure ratio of
the purification compressor.
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Purification to Grid

The purified hydrogen is cooled and compressed by a series of compressors and coolers. As in the Grid
to Stack module, the model maintains a maximum pressure ratio of 4 and the pressure ratio is divided
between the two/three turbines. Given the isentropic efficiency, the pressure ratio in combination with
the intermittent cooling maintains the temperature below 250 °C for the reduction of compressor power
and safety reasons. The hydrogen is fed to the hydrogen grid at 25 °C at a pressure of 30 bar.

Cooler & Turbine 2X

Cooler

N [t

Figure 4.13: Purification to Grid module system overview.

Afterburner

The afterburner uses of the chemical energy stored in the unconverted hydrogen leaving the SOFC
to increase the exhaust stream temperature by combustion. The system utilizes the resulting high-
temperature exhaust via downstream heat integration. The SOFC converts 80% of the hydrogen which
means that 20% of the chemical energy is not being utilized. The streams exiting the oxygen and fuel
electrode are mixed in the afterburner and oxidized.

Like the electrochemical reaction, the combustion reaction generates heat. In contrast to the elec-
trochemical reaction, the combustion reaction does not capture the electron transport. As a result, the
potential for generating electricity - which is pure exergy - is lost. The afterburner is therefore a major
source of exergy loss [34]. However, the afterburner is a relatively simple and inexpensive solution to
exploit the unconverted hydrogen [38].

Afterburner

B H,O/Air
B A
B u

Gas

Figure 4.14: Afterburner system overview.

Feed and Product Conditions

Table 4.12 summarizes the feed conditions and product requirements set by the industry. In the Nether-
lands, Gasunie plans to construct a connection of industries, hydrogen storage facilities, manufacturing
areas, and adjacent nations|[79]. Therefore, it is assumed that produced and consumed hydrogen can
be pumped into and from the hydrogen grid. Determining the best hydrogen storage system falls out
of the scope of this work. This assumption simplifies the system by solely considering the expected
operating conditions of the hydrogen grid. The transportation temperature is assumed to be the same
as a large-scale Hy tank [72].
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Table 4.12: Input and output conditions of streams entering and leaving the system.

Input/output Parameter Value Unit
Natural Gas Pressure 40 bar THERMOFLEX reference model
Temperature 15 C THERMOFLEX reference model
Hydrogen Pressure 30 bar [85]
Temperature 25 C [72]
Purity (minimum) 99.95 Mole %  [85]
DHN Pressure 10 bar THERMOFLEX reference model
DHN Supply Temperature 110 C THERMOFLEX reference model
DHN Return Temperature 60 C THERMOFLEX reference model

4.3.2. Resulting flowsheet
All of the above assumptions result in the initial flowsheet of the SOFC shown in Figures 4.15 and the
SOEC in Figure 4.16. In the next chapter, this setup is used to measure the response of the performance
of the stack and system to the variation of the operating conditions. During optimization, the flowsheet
is modified so that the same components are used for both systems if not mentioned otherwise.
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Figure 4.15: Schematic SOFC system overview. During the optimization, the SOFC exhaust flow is connected to the CCGT.
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Figure 4.16: Schematic SOEC system overview.

4.4. Aspen Solution Sequence

Figure 4.17 visualizes the summary of the system’s solution methodology for the SOFC-CCGT and
SOEC systems. The figure is divided into sequential blocks with an accompanying explanation below

the figure.

Compressor

S

separator
U Expan

sion & cooling ,

Cooling

&

Cooling

The calculation methodology regarding the SOC is very similar for both modes. Only

the cell’s heat strategy - when to use heating or cooling - differs in these blocks. The calculations and
convergence of the SOEC end after block 5 from which the results are produced by the tenth block. The
SOFC based system is more complicated due to the coupling with the CCGT which requires additional
convergence blocks (6 through 9). After this, the result is also computed in block 10.
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SOFC-CCGT system

Input SOFC system Input CCGT
T, P, FU, Fuel input & Pressure ratios, Fuel
composition temperature, (Bleeds)
! !
Calculator Electrochemical Calculator CCGT power
Current, Voltage, [ Required; Power, Fuel, [
Overpotentials Oxygen
|
v
Calculator Heat SOFC-CCGT heat transfer
Fuel/Air pre-heating, Heat SOFC heat delivered to
generation stack CCGT
|
Calculator Cooling Part load correction

Required O,, (Recirculation, [—

Heat integration) Load correction factor

l

Calculator Split Fraction Calculator results
Oxygen permeation — Exergy flow & destruction,
membrane Power output, Efficiencies
LY

SOFC & SOEC system

Figure 4.17: Model convergence and solution sequence. Before the heat integration of the SOFC-CCGT the 'SOFC-CCGT
heat transfer’ is equal to zero indicating that the systems operate separately.

1. Input - Through the input block, the operating conditions - required temperatures and corrected
pressures due to pressure differences - are distributed throughout the system. In addition, the
input block determines the required amount of hydrogen and water based on the total desired
Gibbs free energy, fuel utilization factor and fuel composition.

2. Calculator Electrochemical - Based on the previous definitions, the current density can be
determined. The calculator block calculates the Nernst voltage and the voltage losses from the
current density and operating conditions. The outgoing molar concentrations can be determined
by the Fuel utilization factor and the incoming concentrations. The calculator block searches for
a stable solution using a loop in case of a recirculation stream.

3. Calculator Heat - The block calculates the required heat or cooling of the cell by subtracting
Ve from V4, and multiplying by the current.

4. Calculator Cooling/Heating -The model attempts to balance the heat in the stack by varying
the incoming sweep gas flow rate. The model repeats the previous two blocks until the heat
balance is met.

5. Calculator Split Factor - The split factor determines the exact amount of oxygen ions diffusing
through the electrolyte to meet the desired fuel utilization. This adjustment changes the outlet
concentrations which in turn changes the voltages. A while loop repeats the previous calculations
until a solution is found.

From this point, the SOFC and SOEC are different. The exhaust gasses of the SOFC enter the
Afterburner but the SOEC outgoing streams are purified and discarded. The SOEC model already
possesses all the necessary information to produce the results. The SOFC model continues with the
following steps:

6. Input CCGT - This input block determines the pressure ratios of the turbines, the fuel preheater
temperature and the bleed of the Intermediate Pressure ST. The bleed depends on the amount of
heat production for DH. Until the system includes the DHN, the bleed factor of 0 is maintained.

7. Calculator CCGT power - The examined Base case or Optimization case affects the fuel
consumption. The fuel consumption is adjusted to maintain the GT exhaust temperature to
avoid heat crossover effects. During the Cases A’ during exclusive power production, the model
maintains 91 °C conforming to the original simulation of the Hemweg 9 CCGT. At the Cases 'B’*

3(Base case 1A, Base case 2A, Optimization case 1A, Optimization case 2A)
4(Base case 1B, Base case 2B, Optimization case 1B, Optimization case 2B)
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during CHP operation, the temperature is decreased to 80 °C. The model adjusts the amount of
air to maintain the Turbine Inlet Temperature.

8. SOFC-CCGT heat transfer - Heat integration provides the CCGT with heat originating from
the SOFC exhaust stream. The Aspen model takes measures to effectively incorporate this heat
transfer which is discussed in the next chapter during the heat integration. Without the integra-
tion, this step can be neglected. The additional heat results in an increase in downstream GT
exhaust temperature that leaves the system.

9. Part load correction - When deviating from the Base case models, the model corrects for
the part load operation by the application of the isentropic load correction factors for the GT’s
compressor and turbine, and individual STs. The modification affects the heat balance causing
the system to iterate back to ’Calculator CCGT power’ to find a stable solution.

10. Calculator results - The model possesses all the data to prepare the results.

4.5. Performance Indicators

The system is optimized according to the exergy efficiency. Exergy analysis is a useful tool for ef-
fectively optimizing a system, as the system is improved by the further improvement of the major
exergy-destructing components. Ranking the components and optimizing the component with exergy
efficiency, allows for an effective, systematic approach to increasing system efficiencies and improving
cost-effectiveness [47]. Besides, exergy is a perfect parameter to use in combination with economic and
environmental impact studies [45].

4.5.1. Exergy Efficiency

The exergy efficiency is derived from the exergy rate balance from Equation 2.34. It is defined as a ratio
of the useful recovered exergy divided by the total supplied exergy. The exergy efficiency and exergy
destruction form the basis of the exergy analysis. It is used in the parametric analysis to examine the
effects of the operating conditions and for determining the optimal system component setup.

Research commonly refers to functional exergy involving the exergy flows that matter in the partic-
ular component [88]. The useful exergy is component-specific and thus is the exergy efficiency. This
allows for a better analysis of the desired exergy from the relevant input sources. For example, when
looking at the useful output of the system, the exergy of the discarded sweep gas (SG) is excluded
but the hydrogen produced is included. The useful exergy is component-specific and thus is the exergy
efficiency. In this analysis, the relevant exergy flows are explained by component. Electric power is
defined as pure exergy. This means that the electricity produced and consumed by the system compo-
nents is considered directly as exergy. In the Aspen model, the exergy destruction of each component
was determined. The total exergy destruction of each module summed the individual components. The
different modules correspond to the basic model discussed above.

SOFC-CCGT System

Table 4.13 summarizes the exergy efficiency and exergy destruction of the SOFC-CCGT system. The
subscripts SG, NG, DH, env and AB denote the Sweep Gas, Natural Gas, District Heating, Environment
and Afterburner. The rest of the subscripts can be deducted from the System module name. Exergy
destruction is defined in [MW].
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Table 4.13: Exergy efficiency and exergy destruction of the SOFC-CCGT system.

System module Variable Calculation

Exergy efficiency

SOFC stack Ysorc Pe,SOFc,ne,L/(Emgz/Hzo.szack.in + Ewsc,stack,in) = (ET i, /1,0 stack,out + ETSG stack,out)
SOFC system VSOFC,sys Pe.sorc,sysmet/ BT, sys,in ) )

SOFC-CCGT system Ysorc-ccarsys  (Pesorc.sysmet + Pecoar) /(B sys,in + ETNG,sys,in)

SOFC-CCGT +DH system  ¥sorc—ccaTsys  (Pe.s0FC,sysmet + Pe.coar + AExp i water) /(BT i, sys.in + BING,sys,in)
Exergy destruction

Grid to Stack Edgts Pe,ats + Ex 1y sysin — Exp, /1,0 stack,in — BTG stack,in .

Stack Edstack Pe,sorcmet + Exh, /1,0, stack,in + ELsG stack,in = EZH, /1,0 stackout — BTG stack,out
Afterburner Edap Exp,/1,0,stackout + ET5G stack,out — ETAB out ) .

CCGT Edccer Peccarnet EXNG,sys,in + AETCona + ExaB,out — EXCCGT cahaust = EXHRSG,SOFC,0ut
Exergy losses Edeny Ercoar.cchaust + FXHRSG,50FC 0ut + EZCo0ling

SOFC Stack The exergy efficiency and destruction of the SOFC stack maintain the system boundary
of Figure 4.8. The electric power P, sorc consists of the power supplied by the stack P, s¢qck in Equation
4.6 and the additional electric heating P;, sorc to attain the operating conditions Equation 4.14. When
heat integration substitutes for electric heating, a physical exergy flow replaces electric power according
to the amount of substituted heat. At ¥sorc stack, the incoming and outgoing sweep gas and water
are included in the formula because of the high temperatures and pressures that possess a significant
amount of physical exergy. In contrast to ¥sorc,sys, that excludes the incoming sweep gas and water
which are at ambient conditions and thus possess negligible.

Pin.sorc = Pin.sorc,Fe + Pin,sorc,0E (4.14)

P. sorcmet = Pe,sorc — Pe,gts — Pin,sorc (4.15)

CCGT The net energy produced by the CCGT P, ccar,net consists of the gross power of the GT
Parper and ST Pgr ne; multiplied by the generator efficiency ngen. The AExcong is the difference
between the incoming and outgoing exergy of the condensed water streams. ExccaT,exhaust is the
exergy stream leaving the system. In addition, the afterburner supplies the CCGT with heat that is
represented by the difference between ExAB,Out and E.J:HRSG,SOFC’OM

Pe,C’CGT = PGT,net + PST,net (416)
PGT,net = PTu'r‘b - PCom (417)
Pstonet = (Psr.ap + Pst1p + Pst.Lp) = Y Poumps (4.18)

Balance of Plant The BOP GtS gross power is the sum of the generated power by the three upstream
turbines, the required power of the water pump and the air compressor. The total heat required is the
sum of heaters Y (Qe,cts, heater) to increase the hydrogen’s temperature and vaporize the water.

Pe,GtS = Z(WTurbines) + Wpump + WSG,comp - Z(Pth,GtS,heater) (419)

SOFC-CCGT System Level The net generated electric power of the SOFC CCGT system is ex-
pressed as:
Psorc—ccar = Pe,sorc,sys,ne + Pe,ccar (4.20)

SOEC System

Table 4.14 summarizes the exergy efficiency and exergy destruction of the SOEC system. The subscripts
correspond to those of the SOFC system, the rest of the subscripts can be derived from the name of
the system module.
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Table 4.14: Exergy efficiency and exergy destruction of the SOEC system

System module Variable Calculation

Exergy efficiency

SOEC stack wSOEC,st,ack (EZHg,vstack,out _.(EIHZ/HZO,staek,in + EISG,st,ack,in))/Pe,SOEC

SOEC SyStcm wS()EC,sys (EJEHg,sys,out - E'(L‘Hg.sys,in)/Pe.S()ECJLet

Exergy destruction

Grid to Stack Edets Peats + Exy sys,in = BT, /H,0,stack,in — BTG stackin .
Stack Edsiack Pe,s0ECmet + BT, /1,0 stack,in T BTG stack,in — BT, 1,0, stack,out — BTG stack,out
Purification EdP’MT Pe,PuT + EIHZ/HZO,stack,out - EIHQ,m,embTa7ze,out - EmHZO,pur,out
Purification to Grid Edpic ]:).e,PtG + EzHQ,nfeanrwue,out - EI.HM!,S,UM

Exergy losses Edenv ijSG,sys,out + El:Hzo,sys,out. + ExCooling .

CCGT Edccar ExNG,sysin + AETcond + ExAB,out — ETcoGT eonaust — EXHRSG,SOFC 0ut
Exergy losses Edenv ExCC’GT,ezhaust + EIHRSG,SOFC,out + EiCoolin,g

SOEC The exergy efficiency of the SOEC is calculated similarly to the SOFC exergy efficiency except
that the desired product is the chemical exergy in the form of hydrogen and the exergy input is the
electricity required for the electrochemical reaction. Again the stack is considered first, whereby the
system boundary is defined as Figure 4.9. The P, sopc is the total required electrical power for the
electrochemical reaction plus the required electrical heating. For the exergy efficiency of the SOEC stack,
the hydrogen produced is considered the desired exergy product. From the outgoing hydrogen exergy
flow Ex Ha,stack,out, the incoming hydrogen and sweep gas exergy flows are subtracted Ex Ha/H20,stack,in-

Balance of Plant The upstream Grid to Stack module is constructed similarly to during the SOFC
mode. The Purification and Purification to Grid system boundaries are defined according to Figure 4.12
and 4.13. The condenser in the purification module, and the intermediate chillers in the Purification to
Grid module, use which add up to the environmental exergy losses EzCOOZing. The variables are all in
[MW], the subscripts Turb, GtS, pump, SG, Comp, Pur and PtG represent the turbine, Grid to Stack
module, Pumping power, Sweep Gas, Compressor, Purification module, Purification to Grid module
respectively

Pe,GtS = Z(PTurb,GtS) + PPump + PSG,Comp (421)
Pe,Pur = I'e, Turb,PtG — PCom,PtG (422)
Pepic = Y (Prus,pic) (4.23)

System Level The net electrical power of the modules added together makes the total electrical power
used by the SOEC P, sopc,net- Hydrogen is the desired product of the SOEC system which makes
all other exergy flows leave the system as exergy losses. Therefore, only the exergy flow of hydrogen
leaving the system Ezx Ha,sys,out defines the system’s exergy efficiency ¥sorc,sys-

Pe,SOEC,net = Pe,SOEC + Pe,GtS' + Pe,Pur + Pe,PtG’ (424)

4.5.2. Energy Efficiency

The first-law efficiency is derived from the energy balance. The first-law efficiency is system-level spe-
cific, so the definition varies per component. This work assumes a stationary control volume so that
the kinetic energy can be neglected. Additionally, a negligible change of elevation of the control volume
is assumed, which cancels the potential energy term (Equation 4.25).

0=Q—P+Y 1hi— Y iche (4.25)

The performance of a system undergoing a power cycle is defined as the ratio of energy output to
energy input. In this work, useful energy input and output are component-specific. It is defined as
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one or a combination of the following forms of energy; heat Qyp, electricity P, and chemical energy Q -
The energy efficiency of the combined system is described as the total work delivered and usable heat
extracted divided by the HHVy or LHVy. The difference between the LHV and the HHV is equal to
the latent heat of the vaporization of the fuel. The HHV is maintained throughout this work unless
mentioned otherwise, allowing for comparing results from the literature.

4.5.3. GHG Emissions

The emitted GHGs to the atmosphere relative to the total equivalent impact of Carbon dioxide COsze
represents the negative environmental effects of all GHG emissions to one single parameter, based on
the global warming potential of the gas relative to that of COs [89]. The global warming potential
was developed to examine and compare the impacts of the emissions of different GHGs on the global
warming of the atmosphere. The global warming potential is defined as the amount of absorbed energy
of a ton of CO5 over 100 years time [90]. The GHG emissions of a system relative to the delivered
power are calculated by the following equation [89]:

Z COQG
Pnet + Qnet

€ =

(4.26)

4.6. Optimization Sequence
The structure of the optimization can be divided into four different sections:

1. rSOC operating conditions analysis

e Only the cell is considered. This analysis results in an overview of the electrochemical effects
due to the variation of the operating conditions. This analysis helps defending the design
considerations during the optimization at the system level, as then the source of the affected
performance can be distinguished from those due to electrochemical or Balance of Plant
effects.

2. rSOC system operating condition analysis

e The same analysis is applied at the system level in which the Balance of Plant are also
considered. From this analysis, the largest exergy destruction sources are determined which
allows subsequent rounds to effectively seek to minimize these sources. This optimization
round determines the operating conditions by which the following flowsheet optimizations
are performed.

3. rSOC system flowsheet optimization

e Through the previous analysis, the benefits and simultaneously the donwside of particular
operating conditions becomes visible. The next optimizations tackles this downside while still
utilizing the benefits by modifying the system design. The addition of system components
minimizes the exergy losses and decreases the power consumption of the Balance of Plant.
At the end of this section , the final SOEC and SOFC system flowsheets are established.

4. rSOC system optimal operating conditions

e As the flow schedule is modified, the system responds differently to variations in operating
conditions. In the last rSOC optimization, operating conditions are reviewed to reflect the
latest adjustments while considering the upcoming indirect heat coupling of the SOFC-CCGT
systems.

5. SOFC-CCGT integration

e After the rSOC system optimization, the optimal coupling between the SOFC and CCGT is
investigated. The outcome results in Optimization case 1A: SOFC-CCGT at full load, and
Optimization case 2A: SOFC-CCGT at equal total load as the original CCGT.
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6. SOFC-CCGT CHP

e Finally, it is examined whether the coupling between the SOFC and heat generating CCGT
results in performance improvement. The outcome results in the Optimization case 2B:
SOFC-CCGT CHP at full load, and Optimization case 2B: SOFC-CCGT at equal total heat
production as the planned CCGT CHP.



Optimization

In this chapter, the system is optimized from a separate set of components to an integrated cooperating
system. Several techniques are applied with the goal to increase the exergy efficiency of the system.
In the first part of Section 5.1.1, the rSOC that Hauck et al. [16] designed is analyzed to determine
the performance response of the cell to different operating conditions. Determining the electrochemical
consequences of modifications on cell- and system-level modifications which helps with the justification
the future system modification.

After the analysis of the rSOC, the same analysis is performed while considering the Balance of Plant
in Section 5.1.2. From this analysis, the first selection of operating conditions, which are maintained
during the first process design optimizations, will be evaluated. The largest exergy destruction sources
will be eliminated in turn. After adjusting the system by adding components in Section 5.2, the optimal
operating conditions are revised which takes into account the system-level modifications.

This will conclude the optimization of the rSOC where after the focus will be on integration between
the SOFC and CCGT in Section 5.3. This optimization round results in the optimized power producing
SOFC-CCGT of Optimization case 1A and Optimization case 2A, which will be compared to the current
CCGT plant of Base case 1A & 2A. The latest Section 5.3 will be devoted to the investigation of whether
the exergy efficiency increases when considering the combined heat and power plant of Base case 1B &
2B. The chapter ends by defining Optimization case 1B and Optimization case 2B. The actual results
of the resulting optimized models are compared with the Base cases 1A, 2A, 1B & B in Chapter 6.

5.1. Operating Conditions Analysis
5.1.1. Stack Level

Table 5.1 shows the overview of the variables studied and the range in which the variables are varied.
These variables were selected because they are freely adjustable while exerting significant influence on
the Nernst voltage and overpotentials. It is assumed that the SOEC and SOFC both operate under the
same operating conditions to avoid mechanical and thermal stress gradients.

The studied pressure range is limited to 10 bar because of the counteracting effect on the performance
of both SOC modes [16]. The cell degradation limits the maximum operating temperature to 1000 °C
and the declining performance of the cell by a decreasing temperature defines the minimum of 700 °C
[17]. Finally, the exponential relationship between voltage losses and current density maximized the
current density at = 15000 A/m?. Only one operating condition is varied at a time, if not mentioned
otherwise.

55
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Table 5.1: Variations of the operating conditions. The constant operating conditions are based on the experiments of
Kamzempoor et al. [1]. * Fuel utilization factor determines the current density. ** Concentration definition is dependent on the
SOC mode: SOFC mode; [Hz|, SOEC mode; [H2O].

Parameter Varying Constant Unit
Current density* 0 - 15000 10000 A/m?
Temperature 700 - 1000 850 °C
Pressure 1-10 1 Bar
Fuel concentration®* 0.5 -1 0.5 -
Sweep gas Air / pure oxygen Pure oxygen -

Current Density

The main consideration for determining the current density is a consideration between increasing volt-
age losses and the associated heat duty on the one hand, but on the other hand, the power density and
the consequent total cell area required of the system.

Figure 5.1a shows the relationship between the current density, with the Nernst voltage and cell
voltage. The graphs confirm the hyperbolic relationship of the current density j with the cell voltage
Veerr- During SOFC mode at increasing current densities, the overpotentials increase, which results
in larger heat production. In the case of the SOEC, the required electrical power increases while the
external heat duty decreases.

The cell potential remains below the thermal neutral voltage given the current set of operating con-
ditions. Determining the operating voltage relative to the thermoneutral voltage strongly relates to the
availability of an external heat source or the possibility to recover heat from downstream components.

The difference between the cell voltage and Nernst voltage is the total overpotential which Figure
5.1b figure splits into the individual voltage losses. The resulting total overpotential consists of about
half of the ohmic overpotential because high-temperature cells gain from sharply reduced activation and
ohmic overpotentials. The figure also shows the exponential relation of the concentration overpotentials
and the current density approaching 1.5 10* A /m? which should be avoided.

1 3Cell voltage, Nerst voltage and Thermoneutral Voltage Individual losses

0.25
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- Thermoneutral Voltage U activation
0.2 U concentration| ]
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(2) (b)

Figure 5.1: Current density [A/m?2] versus a) Cell voltage [v], b) Overpotentials [V]. The graph depicts the current density
during SOFC mode as positive, the reverse is true during SOEC mode.

Based on these findings and the results found in the literature, the current density of 5000 A /m?
is preferred. The highest round trip efficiencies are achieved at low current densities of 500 A/m?
[61]. However, a larger area must compensate for the relatively low current density if the same amount
of hydrogen or electricity is to be produced. The maximum power density is around 5000 A/m? for
hydrogen cycles [43] resulting in a reasonable amount of power without enlarging the plant size [61]
which significantly decreases the capital costs of the stack [62].
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Temperature

The operating temperature influence the Nernst voltage by affecting the standard equilibrium potential
Vﬁ,emst by Ag® and % in Equation 5.1. Uniformly for both modes, an increase in temperature leads
to a decrease in Nernst voltage as is depicted in Figure 5.2a and 5.2b.

R-T XHg,b' XOg,b R-T Ps ac
VNernst:VJS'ernst+ 2Fln< XH,0 >+ 2Fln( ;0k> (51)
20,

The temperature affects the cell voltage mainly through the activation overpotential and the ohmic
overpotential. The increasing temperature reduces the required activation energy of the electrochemical
reaction represented by the Butler-Volmer Equation 2.5. In addition, operating temperature profoundly
affects ionic and Ohmic resistance of ceramic materials of the electrolyte (Equation 2.8). Figure 5.2a
shows clearly that the Nernst voltage and the total overpotentials both fall as temperature rises. Tem-
peratures exceeding the 700 °are preferred to stimulate the Oxygen ion permeation speed and thermal
activation of the reaction [91].

For the SOFC, the decrease in overpotentials exceeds the decline in Nernst voltage at increasing
temperatures which results in a higher cell voltage. Figure 5.2a shows the temperature at 900 °C maxi-
mizes the cell voltage. Comparing Figure 5.2a and 5.2b indicates that the operating temperature has a
greater effect on the SOEC than on the SOFC. During SOEC mode the reduction in Nernst voltage and
overpotentials complement each other rather than the substitution during SOFC mode. The increase
in temperature is advantageous for the SOEC mode which now needs less electrical power to perform
the electrochemical reaction.

SOFC - Voltage vs Temperature SOEC - Voltage vs Temperature
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Figure 5.2: Operating temperature versus Cell voltage, Overpotentials, and Nernst voltage for a) SOFC and b) SOEC.

Pressure
The variation of pressure mainly influences the cell voltage through the increase of the Nernst voltage

by influencing the pressure-related term (In4/ P*%‘;C’“) in the Nernst equation (Equation 2.3). Due to the

logarithmic relationship, the impact on the Nernst voltage diminishes. The concentration and activation
increase slightly by 0.9% over the 4 bar increase while the Nernst voltage increase 6% over the same
range.

The increase in pressure similarly affects the cell voltage of both SOC modes as is depicted in Figure
5.3a and 5.3b. However, the accompanying consequence differs because a higher cell voltage negatively
impacts the SOEC performance, which now requires more electrical power, while benefiting the SOFC
performance, which generates more electricity.
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SOFC - Voltage vs Pressure
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Figure 5.3: Pressure versus the cell voltage, overpotentials, and Nernst voltage for a) SOFC, and b) SOEC.

Combining Temperature and Pressure

The resulting figure - when both temperature and pressure varied simultaneously - reveals the operating
window in which the SOC function is exothermic or endothermic. The figures show the optimal operat-
ing conditions when only considering the Cell Voltage. The SOFC mod, depicted in Figure 5.4a, prefers
a simultaneous high temperature and pressure to maximize the cell voltage. However, at moderate
pressures, smaller than 3 bar, the SOFC maximizes the cell voltage at 900 °C which moves simultane-

ously to 1000 °C with increasing operating pressure. In the current operating window, the cell voltage
remains below the thermoneutral region.

But in the same analysis for the SOEC, the thermoneutral region does play an important role re-
sulting in an interesting visualization in Figure 5.4b. The black plane indicates the thermoneutral limit.
Above this plane, the SOEC operates exothermic, below it endothermic, and on it thermoneutral. The
figure highlights the effect of the selected operating conditions on the heat management of the cell. This
research aims for an operation below the thermoneutral point to allow the system’s recovered waste
heat to be used for the heat duty of the cell which hypothetically increases system efficiency.
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Figure 5.4: a) SOFC - Cell voltage versus Temperature and Pressure. b) SOEC - Cell voltage versus Temperature and
Pressure. The black plane represents the thermoneutral region at a specified Temperature and Pressure.

In summary, a high temperature for both modes leads to a higher cell voltage. Pressure, however,
has the opposite effect on SOFC as on SOEC. This means that the effects partly cancel each other out
causing the pressure to have less impact compared to the temperature in the examined range. Although
pressure has less effect on cell voltage, it is expected to play a significant role in the BOP and heat
management [17], which will be examined in the next paragraphs. This is because the input feeds
(hydrogen, water, and air) enter the system at different pressure levels that are managed by using
turbomachinery. Besides, the pressure determines the thermal neutral behavior of the SOEC.
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Fuel Composition

The fuel composition mainly affects the Nernst voltage and to a lesser extent the concentration over-
potential. Figure 5.5a shows the minimum of the total overpotential of the SOFC at the hydrogen
concentration of 0.68 on a molar basis. The overpotentials do not outweigh the improvements of the
Nernst voltage at higher concentrations. The SOEC shows in Figure 5.5b the strictly decreasing cell
voltage and overpotentials at higher steam concentrations. Similarly to the SOFC, the effects of the
overpotential are relatively small in comparison to the change in the Nernst Voltage.

It seems obvious to choose the highest possible concentration of hydrogen or water for the SOFC
and SOEC respectively. However, in practice, a sub-optimal concentration is chosen because the pres-
ence of steam in the SOFC, and hydrogen in the SOEC, results in a significant lower degradation rate
of the cell [17] [92]. On the one hand, the maximum concentration of hydrogen during SOFC mode
invokes microstructural changes in the electrochemical materials. On the other hand, the maximum
concentration of water during SOEC mode slows down the initiation of an electrochemical reaction
which results in deteriorated power output. In order to maximize performance while taking degradation
into account, the concentration ratio 97/3 and 10/90 mol% H,/H>O should be chosen for the SOFC
and SOEC respectively [17].
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Figure 5.5: SOEC Cell Voltage vs concentration of fuel.

Sweep Gas

Figure 5.6 compares the effect on cell performance of using air and pure oxygen as the sweep gas. The
decrease of Nernst Voltage when using pure oxygen improves the performance of the SOFC but the re-
verse is true for the SOEC. The figure shows that the SOFC’s performance, enhanced by using oxygen,
is just slightly higher than the loss of the SOEC’s performance at the same magnitude, and negative
current densities. The slight difference causes a minimal gain.

However, the minimal gain does not outweigh the additional cost of supplying pure oxygen [17]. Be-
cause a large quantity of sweep gas is required, for heating and cooling when operating in the exothermic
or endothermic region, the use of pure oxygen is impractical since the system needs oxygen storage or
simultaneous oxygen production. Besides, air promotes operating conditions that lower the risk of ma-
terial failures while minimizing parasitic power [1] and is commonly used in practice for an rSOC [17].
Atmospheric air, or alternatively a mixture of oxygen-enriched air, is thus preferred when considering
the entire system’s performance.
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13 Cell Voltage versus Current Density by Sweep Gas
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Figure 5.6: SOC - Cell voltage versus Current Density at different sweep gasses.

5.1.2. System Level

It is now time to apply the same variation of pressure, temperature, and fuel composition, to the
performance of the system. The exergy efficiency of the system is based on the useful exergy as defined
in Equation 5.2. In the case of the SOEC, the total useful exergy Exuseful corresponds to the outgoing
exergy of the hydrogen, the incoming exergy to the power consumption Ex;yp,:. Similar to the SOFC,
the Emuseful corresponds to the generated power, and the Exjnpue is the exergy of the consumed
hydrogen. The total produced or consumed hydrogen will be maintained, until the SOFC-CCGT system
integration in Section 5.3, promoting the comparison of results of the coming optimization rounds.

Emuseful - Ewdestruction
Exinput

(5.2)

ql)system =

Pressure - SOEC

Power The cell and system total energy requirement rise with the higher pressure as can be noted
from Graph 5.7. It is remarkable that the total power! requirement of the cell decreases with increasing
pressure because the cell analysis showed that increasing pressure leads to a higher power requirement
for the cell.

50 Psoec wPgts  Ppur mPptg

1 2 3 4 5 6 7 8 9 10

Pressure [Bar|

Figure 5.7: SOEC Pressure versus System Power. The four system modules are depicted: SOEC, Grid to Stack, Purification,
and Purification to Grid. During the SOEC analysis, power consumption is defined as positive, and power production as
negative. The cumulative of the bars is the total power consumption.

This is explained by the reduction in the heat demand of the cell by operating closer to the ther-
moneutral point. The compression of the air dominates the power requirements of the Grid to Stack
module. The air required to cool the stack is significantly less at higher pressures. When expressing
the reduction in the molecular ratio of air versus hydrogen water mixture it is of factor 11 at a pressure
of 10 bar and a factor of 15 at 1 bar. The reduction of the airflow will reduce the required compression

IThe total power requirement of the cell equals the total of the required electricity and the heat.
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power and at the same time reduce the required heating power of this airflow.

Besides, the increase in pressure leads to an increase in the temperatures of the incoming flows. The
compression of the air is responsible for the majority of it. Pressurizing ambient air to 10 bar without
intermittent cooling raises the temperature to 298 °C. The additional compression power partially sub-
stitutes the heat requirement of the SOEC. The water flow needs a considerable amount of power to
vaporize the water. The power required to evaporate the water becomes more present as the pressure
increases. The heat duty for the Grid to Stack module takes over the heat duty of the cell.

But also downstream at the purification module, the variation of pressure affects the power consump-
tion. The energy requirement of the purification module drops substantially by 98% at the maximum
pressure. The pressure of the incoming stream equals the membrane operating pressure, which elimi-
nates the need for compression.

Exergy The exergy analysis, shown in Figure 5.8, reveals similar reactions at the system level. The
system’s exergy efficiency increases with higher operating pressures due to the steady exergy destruc-
tion drop of the SOEC. However, the exergy losses to the environment increase at higher pressures by
exhausting the increased physical exergy airflow at elevated pressure. At 3 bar the environmental ex-
ergy loss exceeds the SOEC exergy destruction and becomes the largest contributor to the total exergy
losses. The environmental exergy losses consist largely of the physical exergy flow of air (98.2 to 96.8%
depending on operating conditions), the rest is the exergy flow of cooling the water.
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Figure 5.8: SOEC Pressure versus System Exergy Destruction and Exergy Efficiency. The exergy destruction of the four
system modules is depicted (left y-axis): SOEC, Grid to Stack, Purification and Purification to Grid. Wy s represents the
exergy efficiency of the SOEC system including the Balance of plant, and ¥ sorc and represents the exergy efficiency of the
cell. The cumulative equals the total exergy losses.

At increased pressures, the cell exergy efficiency decreases although the total required power and
the stack exergy destruction decrease. This can be explained by the definition of the useful exergy (dis-
cussed in Chapter 4.5) and the exergy efficiency which is repeated in Equation 5.3 below. The outgoing
airflow is not understood as useful exergy so the term is excluded in the numerator of exergy efficiency.
Because the higher pressures increase the physical exergy of the term Eﬂﬁmr,smck,m more than the useful
product Ex Ha,stack,out iCreases, and the P, sopc decreases, it results in a decrease in exergy efficiency.

Etz,stack:,out - (Eng/HQO,stack,in + Emair,stuck,in)

wSOEC,stack: = (53)

P. sorc
Pressure - SOFC
Power Similar to the SOEC mode, the net power consumption of the cell and system decreases by

the increasing pressure, shown in Figure 5.9. Because the electric power consumption of the fuel cell
for heating the airflow is higher than the power generated by the fuel cell, the net generated power by
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the Pgof. is sums up to a negative value.
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Figure 5.9: SOFC Pressure versus Power. Psoprc and Pgig represent the power production of the SOFC and the Grid to
Stack module. During the SOFC analysis, power consumption is defined as negative, and power production as positive. The
total of the bars equals the cumulative power production.

Due to the similar system configuration of the GtS module of both modes, the GtS module also
behaves similarly: increasing the pressure results in a larger compression duty. The expansion of the
incoming hydrogen from the hydrogen grid from 30 bar to operating conditions does not compensate for
the higher air compression cost, because the mass airflow is more than an order of magnitude greater
than the hydrogen flow. At low SOFC operating pressures, the recovery of pressure from hydrogen
generates more than the air compressor needs. The SOFC operates further from the thermoneutral
operation than the SOEC. As a result, the SOFC requires proportionally a larger airflow for cooling the
stack, which results in larger compression power and greater heat duty.

But at the same time, the amount of electrical heating in the cell decreases at increasing pressures
which is reflected in the decreasing power consumption of the Psporc. Again, the electric heating power
shifts to the Pgys, as the temperatures of the incoming flows increases by compression and the higher
vaporization temperature of the water.

Exergy The operating pressure determines the heat duty of the cell by determining the cell voltage
relative to the thermoneutral voltage. A higher operating pressure means less required air for cooling
resulting in a large decrease in the exergy destruction in the cell.
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Figure 5.10: SOFC Pressure versus System Exergy Destruction and Exergy Efficiency. The cumulative of the bars is the total
exergy destruction [MW].

However, the physical energy of the outgoing flow is paired with the pressure leading to more envi-
ronmental exergy losses. From the environmental exergy losses point of view, without pressure recovery,
the pressure must be maintained to a minimum. Although, the afterburner utilizes the chemical exergy
losses to the environment by the complete combustion of the hydrogen converting it to heat. Without
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heat recovery, the system discards the additional generated heat to the environment.

Temperature - SOEC

Power Looking at Figure 5.11 the temperature increase mainly affects the power requirements of
the SOEC. The total SOEC power requirement increases significantly due to the more distant position
from the thermoneutral point (Figure 5.4b). The additional power for heating substitutes the electrical
power saving by a lower cell voltage. Without heat integration, the SOEC system discards the hot
exhaust gasses and thus wastes the additional heating. The temperature does not affect the Grid to
Stack components because the electric heaters in the stack provide the correct operating temperature.
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Figure 5.11: SOEC Temperature versus System Power. Power consumption is defined as positive.

Exergy The exergy losses grow by the increased temperature caused by the increase in the physical
exergy of the outgoing flows (Figure 5.12). In addition, exergy destruction in the SOEC increases sub-
stantially because of the dependency on additional electric heating. Without heat integration, heating
the cell is disastrous for the performance of the system.
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Figure 5.12: SOEC Temperature versus system Exergy Destruction and Exergy Efficiency.

Temperature - SOFC

Power Similar results are observed with the SOFC system. Higher temperatures increase the total
power demand (which still exceeds electricity production). However, the temperature increase now
causes lower heat generation by the electrochemical reaction through reduced voltage losses. At the
cell level (see Figure 5.2a), an increase in temperature would lead to more electric power generation,
less heat production by voltage losses, and thus less cooling requirements because V¢ is closer to Vip,.
Due to decreased heat production, less air is needed to cool the cell which reduces compression power.
But again, the gas streams must be brought to a higher operating temperature, requiring a larger heat
duty from the electric heaters. Figure 5.13 shows negative SOFC net power requirements, indicating
the electric heating still exceeds the electric power generation.
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Figure 5.13: SOFC Temperature versus System Power. Power generation is defined as positive.

Exergy Again, exergy losses increase due to the greater amount of discarded physical exergy. The
exergy destruction is less affected compared to the SOEC because the temperature rise in the SOFC
leads to a higher Nernst voltage with less heat production while the SOEC requires more heat.
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Figure 5.14: SOFC Temperature versus system exergy destruction and exergy efficiency.

Fuel Composition

The fuel composition can be changed by mixing steam and hydrogen in the Grid to Stack module.
Although mixing leads to exergy destruction, the composition of the incoming steam can lead to addi-
tional heat or cooling to the cell. During the analysis, the concentration is determined by maintaining
the molar flow of the electrochemically active component while increasing the diluent. Consequently,

the required or generated current for electrochemical conversion remains constant while the total molar
flow changes.

SOEC The water molar concentration determines the cell voltage (as shown in Figure 5.5) and sequen-
tially the required power for the reaction and electric heating. Besides, the concentration determines the
size of the hydrogen flow which is to be expanded and preheated to the operating conditions. At higher
concentrations, the cell voltage moves away from the thermoneutral point resulting in a larger heat duty
(increasing Psopc) but reduces the mass flow of the hydrogen which has to be preheated (decreasing
Psorc). This opposite relationship is reflected in Figure 5.15 by the appearance of a minimum at 0.70
[H20O]. The external heating and compression of the residual modules drop due to the diminished total
mass in the system. In addition, the reduced mass flow results in an absolute reduction of the total
pressure drop, reducing exergy destruction.
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Figure 5.15: SOEC Molar Fraction [H2O] versus a) System Power, b) System Exergy Destruction and Exergy Efficiency.

SOFC From the stack analysis, it was found that a higher hydrogen molar ratio leads to a higher

Nernst voltage while having a negligible effect on the voltage losses.

This resulted in a higher cell

voltage and power output. This is also reflected in Figure 5.16. Next to the increasing Nernst voltage,
decreased water mass flow reduces the required heat to vaporize the water. Decreasing the required
water flow leads simultaneously to lower exergy destruction due reduction of pressure drops.

-100

-150

Power [MW]

-200

-250

-300

Molar Fraction [H,)

(2)

w a A
S 2 &
g 8 8

ion

300

Exergy Destruct;
)
s @ 8 8
8 &8 8 &8

=

o

EN BN BN BN §= S8 ==

Ed sofc Eloss
m— Ed,ab e Usofc

Ed,gts
Wsofc,sys

0.7 073 076 0.79 082 085 088 091
Malar Fraction [H|

(b)

0.94 097 1

100%

50%

3
=X

-50%

Exergy Efficiency

-100%

-150%

-200%

Figure 5.16: SOFC Molar Fraction [Hz| versus a) System Power, b) System Exergy Destruction and Exergy Efficiency.

5.1.3. Conclusion Operating Conditions
The examined operating conditions often appeared to cut both ways for the performance of the SOFC
and SOEC modes. While the variation of the operating conditions enhance the performance of the
SOFC mode, it deteriorated the performance of the SOEC, the opposite also holds. Besides, the design
choices determined by looking purely at the optimization of the exergy efficiency often go against the

findings in the literature study defending the practical aspects.

These differences will be outlined

and operating conditions will be determined by making a consensus. These operating conditions will
be maintained until the rSOC is fully optimized. Thereafter, the optimal operating conditions will be
reviewed. Concluding from the above findings, the following operating conditions are adopted in further
analysis of the system:

e Current density = 5000 A/m?2. Lower current densities would decrease the overpotentials, af-
fecting the stack’s efficiency and the heat management of the SOC. However, a larger area must
compensate for the relatively low current density. The maximum power density is around 5000
A/m? for hydrogen cycles [43] which significantly decreases the capital costs of the stack [62].

e Temperature = 850 °C. At the cell level, it was found to be advantageous to maximize temperature.
Elevated temperatures decrease the overpotentials and Nernst Voltage. However, the increase
in temperature led to decreasing system exergy efficiencies which were explained by increasing
exergy losses. This emphasized the importance of heat recovery, which is expected to decrease
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when heat recovery is applied. As a result, an average temperature of 850 °C is maintained for
the optimization of the flowsheet until all the exergy losses are utilized.

e Pressure = 5 bar. The pressure mainly affected the Nernst and had an opposing effect on the cell
performance of the modes. Nevertheless, increasing the pressure proved to be advantageous for
both systems. A trade-off has to be made between the heat duty, the exergy destruction caused by
the differences in pressure ratios of successive modules, and the exergy losses to the environment.
To include both cell and system effects during the flowsheet optimization, a pressure of 5 bar is
used. After the flowsheet optimization, the pressure will be verified again.

e Fuel concentration [Hy/H2O] for the SOFC & SOEC = 97/3 & 10/90. Maximum concentration
led to maximum performance at the cell level and for the SOFC on the system level. For the
SOEC system, exergy efficiency was found to peak at 0.7 [HoO] but differed little with maximal
contraction. Yet for practical reasons, the concentration should be maximized. The small gain
in efficiency from adding large amounts of hydrogen does not outweigh the additional cost of
the hydrogen. In addition, when heat integration is applied, the disadvantages of the additional
heat duty would likely vanish. Concluding, the concentration is finally set at the maximum
concentration while considering the degradation effect and reaction initiation problems that were
found in the literature study.

e Sweep gas = Dry air. In the cell analysis, the performance of the reversible system was not
much affected due to the opposing impact on both modes. In the literature study, dry air was
determined to be the most practical and performed best for heat management in the cell.

The results of implementing the selected operating conditions are shown in Table 5.2 and 5.3 for cell
level and system level respectively. Based on these results, the following optimization will be compared.
The amount of hydrogen and water remains the same throughout the rSOC optimization, so the amount
of power per hydrogen can be compared. However, the amount of air varies as the heat management
determines the amount of required air to heat or cool the stack.

Table 5.2: Results SOC voltages and power output. Input Stack temperature 850 C, pressure 5 bar, Current density 5000
A/m?, Fuel Utilization 0.8, Fuel composition 0.97 & 0.9 for SOFC and SOEC respectively, Sweep gas Air.

Parameter SOFC SOEC Unit

Vel 905 1040 mV
N, 990 962 mV
Vioss 84.5 78.3 mV
Vs 46.5 46.5 mV
Vi 225 22.5 mV
Vohm 15.4 9.24 mV
B 1234 1234 w
By 906 961 W

P, 328 273 W
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Table 5.3: Preliminary results after examining the operating conditions: Input and output, exergy efficiency, and exergy

destruction.

SOFC system Value SOEC system Value

Gas (ke/s) Gas (kg/s)

H, in 1.363 H, (Net out) 1.090
H,O 0.377 H.O 12,19
Air 320.9 Air 254.5

Power Generation [MW] Power Consumption [MW]

Total -170.9 Total 424.6
Stack -101.9 Stack 337.6
Grid to Stack -68.99 Grid to Stack 77.76

Purification 1.504
Purification to Grid 7.731

Exergy efficiency [%] Exergy efficiency [%]

SOFC -45.35  SOEC 21.69

SOFC system -103.7  SOEC system 30.78

Exergy destruction [MW)] Exergy destruction [MW]

Total 316.5 Total 293.9
Grid to Stack 10.19 Grid to Stack 21.40
Stack 81.05 Stack 104.1
Exergy loss 209.0 Exergy loss 164.1
Afterburner 16.28 Purification 3.691

Purification to Grid 0.689

5.2. Flowsheet Optimization

The flowsheet of the rSOC system is modified by four consecutive rounds after which the previously
determined operating conditions are reviewed. The order of the optimization rounds is determined by
the magnitude of the contribution to total exergy destruction.

With the help of the previous system analysis, it turned out that the heat demand of the cell ac-
counted for the largest amount of external heat duty. But at the same time, the extra heat supplied
left the system boundary downstream resulting in exergy losses. Because of this, the first optimization
is devoted to cell heat recovery.

Subsequently, it was found that the amount of air required to heat or cool the cell, strongly affects
the total power requirements and exergy losses. The literature studied repeatedly mentioned that imple-
menting air recirculation would lead to a reduction in exergy destruction, so the second round explores
the implication of this solution.

The third round focused on regaining the applied pressure. It appeared, from the previous analysis,
that the system improved when the pressure was increased, but at the same time the exergy losses to
the environment increased significantly.

Finally, after completing the adjustments that adjust the mass and heat balance of the system,
methods are sought to supply the upstream heat requirement with the downstream exergy heat losses.
Through pinch analysis, a heat exchange network is constructed that achieves optimal exergy efficiency.

During the optimization process of the Stack, the amount of hydrogen or water is maintained. Only
after finalizing the rSOC optimization, the SOFC stack system is scaled to produce 100 MW P.. In
the coming optimization rounds, the SOEC is scaled so that the current density is equal to that of the
SOFC. After determining the optimal operating conditions of the rSOC system, the optimal integration
of the SOFC-CCGT is investigated. This will be further explained when the research reaches that point.

To lighten the upcoming sections from too much data, all the data the optimization rounds of exergy
efficiency Psi, exergy destruction/losses Edgysien, and power consumption/generation P, of the rSOC
system are presented in the Appendix A.2. The effect of the optimization round on the variables can
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be observed from the graphs. The coming section frequently refers to these graphs.
The conclusion of the optimization rounds highlights only the changes in relevant variables.

5.2.1. Flowsheet Optimization 1: Cell Heat Integration

The first optimization round focuses on the SOC’s exergy losses caused by the high SOFC exhaust gas
and the large required additional electric heating. The current incoming cell streams are of relatively
low temperature (140 °C at 5 bar). These streams need to be increased to 750 °C or 950 °C (£ 100 °C
the operating temperature), depending on the endothermic or exothermic mode. Without heat recovery,
electric heaters provide all of the required power. After the conversion of the fuel, the high-temperature
stream is led out of the SOC. Countercurrent heat exchangers - placed between the outgoing SOC flows
and the incoming flows - recover the heat.

SOEC

The heat integration of the downstream outgoing flows of the cell is individually integrated with the
upstream flows. The flowsheet of the cell is depicted in Figure 5.17. In order to maintain an overview,
the figure depicts the heat transfer by an arrow but the system employs a heat exchanger. The outgoing
fuel electrode stream heats the incoming fuel electrode stream and the same happens with the oxygen
electrode streams. A calculator block maximizes heat transfer. The electric heater supplies additional
heat when the heat exchanger cannot provide enough heat to reach the required operating temperature.
During endothermic mode, the incoming oxygen electrode stream always needs additional electric heat-
ing because the incoming stream is 100 °C above the operating temperature to energetically balance
the heat.

Heating/Cooling Q SOEC Q,

H, / H,O mixture
@ @ B Sweep Gas

HEX O ions

> (5 ) 5 Heat integration

Electric Heater

& HEX BEREEER

Heating/Cooling Q,
Figure 5.17: SOEC Optimization 1: Cell heat integration.

SOFC

The heat integration of the SOFC greatly improves the performance because large amounts of heat
can be recovered. The outgoing temperature is always 100 °C higher than the incoming temperature.
Figure 5.18 shows the flowsheet, which shows the identical construction of the heat exchange network as
for the SOEC. Eventually, it will be shown whether the volume flows match allowing the same system
components to be used.
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Figure 5.18: SOFC Optimization 1: Cell heat integration.

Conclusion

The heat integration reduces the SOEC’s power requirements by 61% by reducing electric heating power
by 204 MW but the stack still requires 25.8 MW. In addition, the exergy losses to the environment
decrease significantly as the temperature of the outgoing airflow decreases, and so does the physical
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exergy. Figure 5.19b summarizes the main reduction of exergy destruction sources. The temperature of
the outgoing OE stream still exits the system at 203 °C at around 5 bar. The Oxygen Electrode stream
contributes to a single-handily exergy loss of 45.3 MW, indicating potential improvements. Due to the
cell’s heat recovery the Wsoprc,system increases from 30.8 % to 59.3%.

The SOFC shows similar results, the reduction in electric heating power and environmental losses
turns the negative efficiency Ysorc and Ysorc,system to a positive efficiency. Figure 5.19a denotes
the reduction of exergy losses of the SOFC. The reduction in the externally required preheating of the
SOFC causes a decrease of 78% in of the SOFC stack exergy destruction. The largest absolute decrease
results from the reduction in the temperature of the exhaust stream. In the system without cell heat
integration, the required electric heating and compressor power exceeds the generated power of the
SOFC. After heat integration, this is no longer the case.
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Figure 5.19: Results and improvement of optimization 1: Cell heat integration. The blue bars indicate the results from the
previous flowsheet, the grey bars indicate the results after the applied heat integration.

5.2.2. Flowsheet Optimization 2: Air Circulation
The amount of air entering the system dominates the power consumption of the Grid to Stack module

and the exergy losses to the environment. Air circulation affects the system performance by the following
five aspects which all will be examined:

e It would decrease the required fresh air flow, thus decreasing the compression power of the Grid
to Stack module and the electric preheating power of the Stack.

It would decrease the outgoing airflow, thereby decreasing the discarded hot air to the environment.
The energy confined in the hot recirculated air would replace the electric preheating in the stack.

The additional air compressor would increase the stack power consumption to compensate for the
pressure losses.

The recirculation of the air stream would change oxygen concentration at the oxygen electrode,
thus influencing the performance on electrochemical level.

The air circulation is applied immediately after the airflow from the Oxygen electrode leaves the cell.
The recirculation factor determines the portion of the flow returning to the incoming airflow from there
with the total amount of recirculating energy. Originally, the recirculated flow meets the airflow before
heat integration. The position where the two streams are mixed has an effect on heat integration. The
optimal position is also investigated in this optimization round.

SOEC

First of all, the air recirculating affects the required heat because a large quantity of air is able to reheat
the incoming stream by mixing with the hot splitted stream. Caused by the pressure drop, the recir-
culated stream was pressurized again, which heats the gas by compression. At the currently optimized
conditions; an isentropic efficiency of 85% and a pressure ratio - that ensures the operating pressure

again after the pressure drops - of 1.04, the temperature rises from 850 to 863 °C (the same applies to
the SOFC).
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Figure 5.20: SOEC Optimization 2: Air recirculation.

A larger air recirculation ratio (ARR) means a smaller proportion of required fresh air. Because
the recirculated air has a higher temperature than the fresh air after heat integration (in the current
setup 863 versus 198 °C), the temperature of the mixed incoming air stream increases depending on the
ARR factor. This increase leads to a reduction in the additional electrical heating required, thereby
reducing the SOEC power requirements. This is offset by the additional compression requirements of
the SOEC recirculation compressor. Especially with high-temperature gases, which are associated with
larger volumes, it takes a relatively large amount of power to increase the pressure. These opposing
effects can be seen in Figure 5.22a where first the power requirement of the SOEC (Pspopc) increases
after which it decreases again after an ARR of 0.55. The power requirements of the SOEC at the
maximum ARR of 0.95 slightly exceed the ARR of 0.
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Figure 5.21: SOEC Air recirculation ratio versus Compressor power of the recirculation compressor and the Grid to Stack
compressor P (Orange y-axis), and the heating/cooling duty of the air preheating Q (Blue y-axis).

However, the total power requirements decrease at higher ARRs due to the decrease of the compres-
sion power of the fresh air to the SOEC’s operating conditions. While the recirculated airflow only has
to make up for the 4% pressure difference because of the pressure losses, the fresh air is brought from
atmospheric pressure to operating pressure, which is currently a pressure ratio of 5.

Figure 5.22b also shows a clear consequence of the ARR on exergy losses. The hot outgoing airflow
from the SOEC with a substantial mass flow needs to be cooled before it is discarded to the environ-
ment, and is therefore a large contributor to exergy loss. With an increased ARR, this outgoing airflow
decreases resulting in a decrease of over 90% at the selected ARR.



5.2. Flowsheet Optimization 71

300 140 90%

120
80%
20 e EEEEE o ’
m = - o —
-
- = = Z 100
200 - 2 0% .
= 5y
= g g
= - 2 g0 2
2 € &
150 I 60% =
5 7
2
3 & 60 ?
A~ % <
100 & 50% &
w40
5]
50 2 Eloss Ed,gts Ed,soec mmmm Ed,pur 40%
Psoec Pgts Ppur  mPptg Bapte sy Deoec
0 0 30%
S 5 2 » 2 8 8 8 2 2 2 2 2 2 e © 3 8 2 8 BEEEEEEEEE
S 2 = - 8 a a8 8 I I’ 8B & ¢ E E X B S 3 S g 7 28 & xR I IR R ISEEE DRSS
s 3333333333333 s 33333 3333333333333 33838233
Air Recirculation Ratio ] Air Recirculation Ratio |-
(a) (b)

Figure 5.22: SOEC Air recirculation factor versus a) System Power, b) System Exergy Destruction and Exergy Efficiency.

At the electrochemical level, air recirculation also has significant implications due to the effects
of changing concentrations. The O molecules formed at the oxygen electrode permeate through the
oxygen electrode and mix with the cooling air. This increases the concentration of Os in the outgoing
stream. This increase is minimal in the case where the system recirculates no air. The influence on the
concentration grows when the ARR increases as the ratio of recirculated air to fresh air increases. In
the cell analysis in Section 5.1.1, it was shown that a higher concentration of Oy leads to a higher cell
voltage which penalizes the performance of the SOEC.
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Figure 5.23: SOEC - Air recirculation ratio versus Oxygen concentration and Nernst Voltage.

SOFC

Three aspects must be considered when applying the SOFC’s ARR which was not necessary for the
SOEC. The first relates to the cooling function of the airflow that limits the temperature of the incom-
ing airflow to -100 °C compared to the operating temperature. Secondly, the SOFC reacts differently
in the electrochemical domain to the changing oxygen concentration than the SOEC mode. Finally,

the environmental losses tend to react less severe due to the SOFC’s downstream system configuration
compared to that of the SOEC.

Heating/Cooling Q; SOFC Q,

@ @ 65 } H, / H,O mixture
Electric Heater EEEEE B Anr
& HEX NN HEX

O% ions

Heat integration

Air Mix Heating/Cooling Q, Air Split

e
L

Compressor

Figure 5.24: SOFC Optimization 2: Air recirculation.



5.2. Flowsheet Optimization 72

The incoming air must be 100 °C lower than the operating conditions to cool the cell during the
exothermic SOFC reaction as compared to 100 °C higher to provide the cell with the required heat
during the SOEC endothermic reaction. The temperature of the SOFC’s outgoing airflow (850 °C) is
already higher than the required incoming airflow (750 °C) but is additionally raised by the recirculation
compressor. With an increasing ARR, the incoming SOFC temperature could exceed the required
temperature of 750 °C which would prevent the stack from being cooled.

If the ARR is set too high, the cooling requirements should be solved in two very detrimental ways:
By feeding the stack with a relatively large fresh airflow which increases the total airflow intensively,
or by cooling the incoming air externally which leads to pure exergy destruction. It turned out that
the second option was preferred over the first option, but still should never be considered. This can be
confirmed by Figure 5.25, which depicts the exponential cooling requirement at an ARR higher than
0.87. In addition, it can also be noticed that the compressor power of the incoming fresh air flow
decreases sharply at higher ARR because less air is needed to cool the SOFC. However, there is an
increase in the recirculation compressor in its place but this does not exceed the decrease in the relevant
ARR range. Looking at the performances in Figure 5.27a and 5.27b, the ARR below 0.85 is preferred.
Above this, the external cooling increases and so the exergy destruction in the SOFC increases. As a
result, the exergy efficiency implodes.
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Figure 5.25: Air recirculation ratio versus Compressor power of the recirculation compressor and the Grid to Stack
compressor P (Orange y-axis), and the heating/cooling duty of the air preheating Q (Blue y-axis). A negative Q means the
cooling which is pure exergy loss.

This consequence can be generalized to any SOFC system that uses an ARR and cools the cell by the
incoming airflow. This phenomenon becomes increasingly important as the operating pressure increases
because the absolute pressure losses increase with higher operating pressure. This results in an increase
in the temperature of the recirculating air stream. Consequently, the higher operating pressures result
in a lower optimum recirculation factor.

The second difference was the relation of the oxygen concentration with the ARR depicted in figure
5.26. The hydrogen on the fuel electrode side pulls the oxygen ions through the electrolyte to form a
current. Consequently, the concentration of oxygen drops slightly at the outgoing stream of the oxygen
electrode. The recirculation amplifies this decrease in concentration. This is in contrast to the SOEC
where the oxygen concentration increases with the addition of formed oxygen. Figure 5.6 showed the
negative consequence of decreasing oxygen concentration on the SOFC’s presence. A low concentration

of oxygen is associated with a lower Nernst Voltage and slightly higher overpotentials, and thus a lower
generated electrical power.
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Figure 5.26: Air recirculation ratio versus Oxygen concentration and Nernst Voltage.

Finally, the afterburner burns the residual hydrogen along with the incoming air and steam. These
two flows ultimately make up the environmental losses. The big spike in environmental losses, at the
ARR greater than 0.85, occurs because the oxygen concentration is too low to oxidize all the hydrogen
due to the high ARR. As a result, not all the chemical exergy is converted to physical exergy which
ends up being discharged into the environment.

At a lower ratio of the amount of air, the temperature of the afterburner exhaust gasses increases
(from 880 °C at an ARR of 0 to 1203 °C at 0.83) with the result that the physical exergy per mole in-
creases. The increase in outgoing temperature has consequences for the heat integration with the CCGT
and the exergy destruction caused by the larger temperature difference in the counter-current flows of
the heat exchangers. These consequences are discussed during the system heat integration optimization.
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Figure 5.27: SOEC Air recirculation factor versus a) System Power, b) System Exergy Destruction and Exergy Efficiency.

Conclusion

In summary, a higher ARR benefits the SOC’s performance due to: A lower additional heat requirement,
a decrease in the compression cost of Storage to Stack Pgys that ultimately exceeds the higher SOEC
air circulation compression cost, and in a decrease the environmental exergy losses (as is depicted in
Appendix A.2). However, the variation of oxygen concentration deteriorates the SOC’s performance
due to a disadvantageous variation in Nernst voltage depending on the SOC mode. During SOFC mode,
a higher ARR than 0.85 showed poor results due to exceeding the required cooling temperature.
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Figure 5.28: Reduction of fresh air. The current air consumption (grey) is compared to the system after Flowsheet
optimization 1: Cell heat integration (blue).

Considering all phenomena, the ARR should be set close to its maximum. The SOEC uses an ARR
of 0.93 and the SOFC one of 0.83. At these two points, just below the allowed maximum, the heat duty
of the heat exchangers is 0. As a result, both heat exchangers are no longer needed which avoids the
pressure drop of 2% over a large airflow, and would save on investing in a large airflow heat exchanger.

This optimization round results in great improvements to the performance parameters. The exergy
efficiency and exergy destruction of this round compared to the previous setup are depicted in Appendix
A.2. The produced power of the SOFC system increases by 183% which is mainly explained by the
77.3% decrease of the Pgys air compression power. In addition, the SOFC exergy efficiency increases
by over 80%, from 27% to 48% compared to the previous setup. The exergy destruction of all modules
decreases. The biggest absolute improvement can be seen in the exergy losses with almost 30 MW.

The SOEC shows similar improvements, visualized in Appendix A.2. With air circulation, the fresh
air stream is significantly reduced by 96.6%. Consequently, the increased ARR reduces the compression
power of Pgts by more than half compared to the previous setup (Table 5.20). Overall, 15% less electric-
ity is needed to generate the same amount of hydrogen. Additional compression power and increases in
operating voltage increase the SOEC power consumption by 8%. However, the decrease in compression
power of the GtS module by 56% makes up for these losses. The exergy efficiency impressively increases
from 22% to nearly 80% as the ARR allows the exergy losses to be used to heat the incoming air stream.
The ARR of 0.93 reduced the exergy losses by 92%.

5.2.3. Flowsheet Optimization 3: Downstream Turbines

After bringing down the exergy losses caused by the stack’s heat management and heat losses, the
exergy losses by discarding pressurized flows are investigated. Adding a downstream turbine to the
system utilizes the physical exergy of the pressure and temperature by converting the exergy into
electricity. The pressure ratio of the turbine is slightly below the required ratio to achieve ambient
pressures to account for the heat integration pressure drop. The positions of the turbines vary by mode
due to the differences in the downstream modules. The generator efficiency of the turbines is assumed
at 99%, which corresponds to the same generator efficiency of the Hemweg 9 CCGT in the Base case.

SOEC

For the SOEC, the position is simple, namely directly behind the oxygen electrode outlet as is depicted
in Figure 5.29. At an isentropic efficiency of 85 % and a pressure ratio of 4.6, the temperature decreases
from 850 °C to 543 °C while the turbine generates 5.8 MW P.. As a result, exergy losses go down by
43%, and 3.1% less electricity is needed (Figure 5.31b). The combined reductions cause a 3.2% increase
in the SOEC system’s exergy efficiency which is depicted in Appendix A.2.
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Figure 5.29: SOEC Optimization 3: Downstream turbine

SOFC

The determination of the optimal position of the turbine in the SOFC system is not so straightforward.
Three factors play a role in determining the optimal position: the limited exhaust temperature, exergy
destruction of heat integration, and the turbine inlet temperature.

The first concerns the limited pressure ratio to meet the proper exhaust temperature. The expansion
is accompanied by a temperature decrease, with the current setup, this is not a problem but when
heat coupling between the SOFC and the CCGT is applied, the exhaust temperature must match the
temperature required for integration. This seems controversial because the exhaust temperature should
be brought to a minimum to reduce the exergy losses. Therefore, during the analysis of the results,
the proposed system is also compared to the decoupled systems. During the coupled systems, crossing
the minimum temperature would limit the amount of heat that can be extracted, increasing the exergy
losses and the required additional electrical heating. To ensure maximum heat transfer the turbine
should be placed completely downstream (even after the HRSG of the CCGT when the SOFC-CCGT
is considered).
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Figure 5.30: SOFC Optimization 3: Downstream turbine. Comparison position of Option 1 and 2. The heat integration is
included in the flowsheet to substantiate the explanation of the dependency on the following heat integration.

Concerning the second factor, the exergy losses increase with the spread of temperature between the
hot side and cold side of a heat exchanger [50]. The temperature difference between the two streams
must be minimized to achieve minimal exergy destruction. The average temperature on the hot side
of the heat exchangers is lower when the turbine is positioned immediately after the afterburner. The
last factor to consider is the relation between the turbine inlet temperature and the turbine power out-
put, which was explained in Chapter 2. When the turbine is placed immediately after the afterburner,
before the heat integration, the inlet temperature is higher than when the turbine is placed downstream.

Table 5.4 shows the affected variables. The exergy destruction of the SOFC has indeed decreased,
because the temperature difference between the hot and cold sides of the heat exchanger are closer
together. The turbine is positioned sequential to the afterburner, the turbine inlet temperature is 1203
°C and the exhaust gas is 890 °C which would be sufficient for the heat integration with the HRSG or
the fuel preheater. Besides, the temperature difference between the working fluid of the HRSG and
that of the SOFC exhaust flow is reduced. When the turbine is positioned after the HRSG, with the
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assumption of a small heat transfer of 7 MW to the steam in the HRSG (2% of the total heat extracted
from the exhaust flow of the GT) the turbine inlet temperature would be 873 °C.

The configuration directly positioned after the afterburner results in a slightly higher efficiency of the
SOFC. The effect of the temperature difference is reflected in the system exergy efficiency which is an
absolute increase of 0.26% relative to the downstream configuration. The pressure ratio had to consider
the forthcoming pressure drop in the HRSG making the increased power not as large as expected. The

benefits of the selected position will become more apparent during integration with the CCGT due to
the reduced heat integration exergy losses.

Table 5.4: Comparison positions downstream turbine. DST end is positioned all the way downstream, and DST Aftb is
positioned directly after the afterburner.

SOFC system DST end DST Aftb.
Power [MW]
Downstream Turbine -20.40 -20.83
Exergy Efficiency [%)]
SOFC system 62.18 62.44
Exergy destruction [MW]
Stack 10.43 9.732
Afterburner 7.390 7.389
Downstream Turbine 1.644 1.384
Exergy loss 32.73 33.69

Conclusion

Figure 5.31 shows that the exergy losses decrease by 46% and 43% for the SOFC and SOEC respectively.
The optimal position for the downstream turbine turned out to be directly behind the afterburner while
for the SOEC only one option was possible. Apart from the exergy losses, the turbine additionally
generates 30 MW of power and 5.8 MW for the SOFC and SOEC respectively. The combined reductions
cause a 3.2% increase in the SOEC system’s exergy efficiency.
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Figure 5.31: Power generation or consumption, and decreased environmental exergy losses of optimization 3: Downstream
turbine (grey) vs optimization 2:ARR (blue).

5.2.4. Flowsheet Optimization 4: System Heat Integration

Now that all mass balances are defined, heat integration will be optimized at the system level. For
both systems, the electric heaters of the Grid to Stack module consume power to prepare the incoming
stream to the proper operating temperature, and the downstream modules (Purification, Purification
to Grid, but also the exhaust gasses) require cooling before the system discharges the flows or is allowed

to be fed into the hydrogen grid. A pinch analysis determines the optimal heat integration network of
the downstream modules? with the upstream module Grid to Stack.

2for SOEC: Purification, Purification to Grid and the exhaust air stream; for the SOFC: Afterburner and the exhaust stream
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Redesigning Stack Heat Integration

In the current setup, the air recirculation ratio prevents the outgoing oxygen electrode stream from
providing heat to the incoming oxygen electrode current. The high temperature associated with the
ARR limits the amount of heat that can be exchanged from the exhaust stream and the incoming fresh
air stream (Figure 5.32). To increase the potential heat to be recovered, the downstream turbine is
placed between the cell heat integration to enhance the heat duty. The setup in Figure 5.33 can be
applied to the SOFC and SOEC.
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Figure 5.32: Current ARR and corresponding Oxygen Electrode inlet temperature [C].
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Figure 5.33: Redesigning the SOC heat integration.

SOEC By moving the heat exchanger to the flow prior to the air mixer, it becomes possible to add
more heat to the incoming flow. This lowers the additional electric heating requirements as the addi-
tion of heat, together with the increased temperature of the air recirculation flow, causes the incoming
stream’s temperature to increase even beyond the 850 °C. Figure 5.34 visualizes the SOEC heat ex-
changer network. In addition, the volume flow of the incoming preceding the mixer than the volume
flow after the mixer due to the large ARR airflow and temperature. This can reduce the size of the
heat exchanger, reducing the investment cost. In addition, the decreased flow reduces the amount the
exergy losses by pressure losses.

v SOEC Stack
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»@_,H| HEX cell ‘
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Figure 5.34: SOEC Optimization 4: Cell heat integration.

SOFC Because this work is dedicated to designing a reversible system, this heat exchanger integration
is also applied to the SOFC. For equal reasons, the exergy efficiency of the SOFC increases. However,
there is a limitation on the amount of heat that can be supplied because the temperature may not
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exceed the set limit (-100 °C below the operating condition). If this limit is exceeded, the same detri-
mental efficiency drops occur, as shown during the optimal ARR optimization round. To avoid this, an
additional Design Specs block is introduced into Aspen Plus that extracts the optimal amount of heat
depending on the operating conditions and the ARR. The Design Specs block reduces the external heat
demand to 0. Preheating the air before mixing also reduces the exergy destruction of mixing. The cell
heat integration of the SOFC is depicted in Figure 5.35.

SOFC Stack Afterburner

Figure 5.35: SOFC Optimization 4: Cell heat integration.

Upstream and Downstream Pinch Analysis

SOEC In the Grid to Stack module, the required hydrogen must be heated as two successive turbines
in order to expand the hydrogen to the required operating pressure at a current pressure ratio of 5. As
a result, the hydrogen must be heated which prevents the temperature of the hydrogen from dropping
below environmental temperatures to avoid impurities to condensate, and allows the hydrogen to be
mixed with the steam with minimal mixing exergy destruction. The incoming water needs to be con-
verted into steam at the dew point so that it can be mixed with hydrogen. The latent heat is the largest
contributor to the total heat requirement of the Balance of Plant.

In the current setup, the water cools the hot downstream streams with environmental temperatures.
The heat duties are depicted in Table 5.5. The reduction in exergy at these streams is considered
pure exergy loss. The hydrogen and water vapor mix are condensed in the purification module by the
condenser. The cooling of the disposed air requires the largest amount of cooling.

Table 5.5: SOEC pinch analysis input.

Cooler T [C] Tow [C] Q [MW] Heater Tin [C] Tow [C] Q [MW]
Condenser 154 30.0 -8.47 Hydrogen heater 1 25.0 150 0.27
Exhaust air 542 25.0 -9.14 Hydrogen heater 2 56.9 153 0.25
Purification cooler 1 113 30.0 -1.49 Water evaporator 25.1 153 31.5
Purification cooler 2 238 30.0 -3.714

Purification cooler 3 252 30.0 -3.99

Purification cooler 4 101 30.0 -0.04

Total -26.87 Total 32.0

Figures Appendix A.1 and A.2 show the Aspen Plus pinch analysis results when all the above heat
requirements are incorporated into a pinch analysis. The pinch analysis uses hot utility electric heating
and cold utility cooling water. Because the incoming water has to be heated from 25 °C to 153 °C, it is
utilized to lower all downstream streams to 30 °C. This heat integration reduced the total external heat
requirement of the cooling water from 32.0 MW to 5.13 MW. With this arrangement, the waste heat of
the downstream modules supplies all the required heat of the Grid to Stack module. The relevant part
of the flow sheet is depicted in Figure 5.36.
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Figure 5.36: Resulting flowsheet SOEC Pinch analysis. Heat exchanger H E X opt4 represents the simplified heat exchanger
network resulting from the Pinch analysis.

SOFC The heat integration for the SOFC system implements a similar approach. The strategy differs
from the SOEC heat integration in that the SOFC system has large amounts of leftover heat compared
to the SOEC. The system possesses a heat surplus rather than a deficit. In this case, all upstream heat
needs can be supplied from the downstream heat surpluses (Figure 5.37).

The total transferable heat at the SOFC upstream modules is lower compared to that of the SOEC
upstream modules (6.1 MW versus 36 MW). The difference in the amount of water required explains
the difference in the maximum potential for heat integration (12.1 kg/s versus 0.37 kg/s). Due to
the heat surplus, all heat exchangers are constructed all the way downstream of the system after the
CCGT-SOFC heat exchangers. With the current setup, the inlet temperature of the downstream heat
exchangers remains 661 °C while the Grid to Stack module needs temperatures to a maximum of 200
°C, which result in relatively large exergy destruction of 4 MW. However, otherwise, this exergy would
be discarded into the environment.

These are early indications of the potential benefits of integrating heat with the CCGT. As the
CCGT’s HRSG operates at temperatures as high as 565 °C, the SOFC’s exhaust heat could be utilized
to simultaneously decrease the environmental exergy losses, while also decreasing the exergy destruction
in the downstream heat exchangers. This is due to the alignment of temperatures in the heat exchanger.
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Figure 5.37: Resulting flowsheet SOFC system heat integration. Heat exchanger optimization 4 represents the simplified heat
exchanger network. The position of the heat transfer between the SOFC and the CCGT is already indicated but the transfer
equals zero.

Conclusion

All heat requirements can be satisfied with the currently implemented ARR, cell heat integration, and
system heat integration by the residual heat of the system. The heat integration results in a substantial
reduction in Grid to Stack exergy destruction as heat recovery replaces the external electric heating.
In addition, the resulting waste heat utilization decreases the environmental exergy losses decrease by
13%. In addition, Figure 5.38 shows that the exergy destruction is indeed decreasing due to the new
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stack heat integration. All combined improvements enhance the exegetic performance by 6.4%.

The utilization of the downstream waste heat provided 84% of the total external electric heating
duty of the Grid to Stack module. The heating of the incoming water provides all downstream cooling
of the SOEC. The system heat integration improved the system tremendously, as is depicted in Figure
5.38b by the four parameters. Ultimately, the system achieves an exergy efficiency of 84.2% ( Figure
A.3.b in the Appendix A.2).
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Figure 5.38: Results and improvement of optimization 4: System heat integration (grey) vs. optimization 3: Downstream
Turbines.

5.2.5. Revised: Optimal Operating Conditions

Since the analysis of the preliminary results, the past four flowsheet optimizations have significantly
modified the flowsheet. The current optimized system is able to recover most of the physical exergy
confined in the pressurized and heated streams. The air recirculation reduced the compression power,
but affected the cell on an electrochemical level by changing the oxygen concentration. Therefore, it is
necessary to analyze the behavior of the current system and review the optimal conditions.

Temperature - SOEC

The Psopc increases, as higher temperatures demand more external electric preheating to heat the
incoming oxygen electrode stream which is visualized in Figure 5.39a. As the temperature of the air
recirculation flow increases, so does its volume flow and its compression power required.
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Figure 5.39: SOEC Temperature versus a) System Power, b) System Exergy Destruction and Exergy Efficiency.

Still, the system benefits from the high temperature by reducing the overpotentials of the SOEC,
but also by the increased generated power of the downstream turbine. At a lower temperature, the cell
is closer to the thermoneutral point, reducing heat duty. Exceeding the exothermic mode at 700 °C
causes an increase in the required power of the Psopc because the cell needs additional cooling. In
contrast to the temperature analysis prior to the flowsheet optimizations, the heat can be recovered
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causing the increased temperature to have a smaller negative impact than before the optimization.

Figure 5.39b shows the exergy destruction of the modules versus the operating temperature. The
total exergy destruction is lowest at T = 750 °C due to the increased heat duty of the cell. However, the
difference between the maximum total exergy destruction at 1000 °C, excluding the exothermic mode
at 700 °C, exceeds the minimum exergy destruction by merely 1.4%.

Temperature - SOFC

The SOFC system benefits from a higher temperature by improving the total power output (Figure
5.40a) while the total exergy destruction decreases (Figure 5.40b). Due to the implemented heat recov-
ery, a higher temperature does not lead to higher heating requirements. The decrease in overpotentials
decreases the exergy destruction in the SOFC, thus lowering the heat duty, which results in less re-
quired cooling air. Even the increased compression power per mole of the recycled air was compensated
by the decrease in the required amount of gas. The diminished total recirculating air reduced exergy
destruction across the entire chain of the modules due to reduced pressure losses. Yet the system cannot
recover all exergy losses in the form of heat because all upstream heat requirements are met. Therefore,

the optimum exergy efficiency is not at the maximum temperature (1000 °C) but between 900 and 950
°C.
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Figure 5.40: SOFC Temperature versus a) System Power, b) System Exergy Destruction and Exergy Efficiency.

Pressure - SOEC

Figure 5.41 shows the relationship between power consumption and pressure. The P,,, benefits from
increasing pressure because the purification membrane operates at 10 bar. A compressor in front of the
membrane compresses the outgoing fuel electrode flow to 10 bar. When the SOEC’s operating pressure
approaches this required 10 bar, the required power of the compressor decreases.

However, the increased pressure is disadvantageous for the Grid to Stack module which can be noted
from Figure 5.41. At 1 bar, the Grid to Stack module actually produces electricity by expanding the
incoming hydrogen from 30 bar using turbines (indicated with a negative value). At higher operating
pressures this power generation diminishes. The heat exchanger network provides the necessary heat
to keep the hydrogen above environmental temperatures. At 1 bar, the generated power exceeds the

required electrical heating, resulting in a net power generating Grid to Stack module instead of power
consuming.
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Figure 5.41: SOEC effect of Pressure on a) Power and b) Exergy.

The exergy destruction Edgis and Edsopc move in opposite directions, as the pressure affects
the incoming temperature of the SOEC stack. With higher pressure, the evaporation temperature of
water rises, and the temperature of the incoming air increases through compression. The additional
compression power thus substitutes for the required heating of the incoming flows in the SOEC stack
which benefits the SOEC stack because, during the previous system heat integration optimization round,
the heat duty of the Grid to Stack module was shown to exceed the downstream available heat.

Pressure - SOFC

With the current system setup, the system can recover the increased pressure. This enables the system
to take advantage of the pressure-related benefits while the physical exergy is not lost to the environ-
ment. As is depicted in figure 5.42a, the SOFC is able to increase the power production resulting from
the increased cell voltage and electric heating. The downstream turbine simultaneously increases its
power output due to the increased pressure ratio, exceeding the power consumption of the Grid to
Storage module.

Graph 5.42b shows the relationship between pressure and exergy efficiency. Based on the system’s
exergy efficiency, the pressure must be maximized. However, continuing to increase the pressure leads to
unfavorable consequences on the Stack level. High pressure leads to higher airflow return temperatures
due to the absolute increase of pressure losses. After mixing fresh and recirculated air, the temperature
exceeds the required temperature requiring cooling either by extra oxygen or the use of cooling water.
This consequence is strongly related to the ARR leading to further exploration of this relation in the
next paper.
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Figure 5.42: SOFC Pressure versus a) System Power, b) System Exergy Destruction and Exergy Efficiency.
Optimal Air Recirculation

The variation of the ARR affects the whole system through multiple relations that were already detected
at the air recirculation flowsheet optimization and at the latter examination of optimal pressure.
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1. The optimal ARR depends on the operating pressure. Increasing the pressure leads to a lower
allowable ARR due to the heat formation in the recirculating pressure, which deals with the
pressure losses.

2. The ARR affects the SOC on electrochemical level due to the variation in oxygen concentration
negatively influencing the Nernst voltage and concentration losses.

3. Besides, the ARR affects the Afterburner’s output temperature by changing the ratio of oxygen to
burned hydrogen. At a high ARR, proportionally less air enters the Afterburner compared to the
incoming unconverted hydrogen. Increasing temperatures have negative effects on exergy destruc-
tion in the constructed heat exchanger network, because the temperature difference increases.

4. The ARR is limited to ensuring an oxygen concentration that complies with the required oxygen
to ensure complete combustion which is essential for minimizing the chemical exergy losses to the
environment of the exhaust stream.

5. During the ARR optimization in Section 5.2.2, the ARR allowed the compression power and
external heating to go down significantly boosting the efficiency.

Optimizer An Aspen optimizer® is able to process these complex relationships and constraints to

determine the optimal ARR. The tool optimizes the SOFC’s system exergy efficiency where the tool
varies the pressure and the ARR simultaneously. Two boundary conditions are set: 1) the temperature
of the mixed incoming oxygen electrode air stream must not exceed the SOFC cooling temperature and
2) the temperature of the outgoing flow from the downstream turbine must be 5 °C higher than the
incoming fuel electrode flow to ensure maximum heat transfer.

The optimized result for the SOFC system is a pressure of 7 bar with an ARR of 0.745. The system
recovers maximum heat because the outgoing temperature of the compressor ends up exactly 5 °C higher
than the temperature of the incoming fuel electrode stream: The incoming fuel electrode temperature
should be 800 °C at an operating temperature of 900 °C.

In contrast to the SOFC, the SOEC system is not subjected to temperature-related boundary con-
ditions. During SOFC mode operating at 900 °C, the incoming oxygen electrode steam is limited to
800 °C to cool the stack. However, during the SOEC operation, a higher incoming air temperature is
beneficial to the SOEC system because it reduces the required electric heating.

Conclusion Optimal ARR

The increasing recirculation compression power is compensated by the decrease in downstream compres-
sion power. This allows the SOEC optimization to look primarily at pressure and temperature instead
of the ARR. These operating conditions must match those of the SOFC. The optimal ARR was kept
at 0.93 at the operating pressure and temperature of 7 bar and 900 °C respectively. The compressors
of the SOFC and SOEC are at these conditions of about the same size (33 MW and 38 MW for the
SOEC and SOFC respectively). This allows the same compressor to be used for both systems.

The maximization of the multiplication of both exergy efficiencies led to the selection of the current
operating conditions which mainly enhance the performance of the SOFC system by 10% while the
SOEC increases the SOEC system efficiency with only 0.07%. The increases in fresh air requirements,
temperature, and pressure result in an increase in the electricity generated by the stack and turbine.
This exceeds the increase in Pg:s to prepare the incoming fuels for the stack. The SOEC benefited less
than the SOFC from the changed operating conditions because the SOEC system utilized the majority
of the environmental exergy losses and therefore responded less vigorously to the changes. Due to
the temperature increase, the SOEC operates more distant from the thermoneutral point. The higher
temperature harms the performance of the SOEC stack (-2%) but benefits the system (+0.07%).

3Aspen Plus describes the optimization tool as: ”A tool to maximize or minimize a user-specified objective function by
manipulating flowsheet variables. Equality or inequality constraints may be imposed on the optimization.”



5.2. Flowsheet Optimization 84

5.2.6. Conclusion SOC Optimization

This concludes the SOC system-focused optimization. The optimization modified and improved the
standard cell of Hauck et al. [16] by maximizing the performance of the entire system. It started with
a SOFC system that required 171 MW with an exergy efficiency of -104% and total exergy destruction
of 317 MW. The final optimized SOFC system ends up generating 120.7 MW of power, at an exergy
efficiency of 73.1% with a reduction of 89% of the exergy destruction, as can be seen from Table 5.6a.

As can be seen from Table 5.6b, the SOEC system operates at an exergy efficiency of 84.3%. The
minimization of physical exergy losses by the applied heat integration and pressure recovery, reduced
the exergy losses by 99% and the total exergy destruction to 24 MW. For the same amount of hydrogen
produced, the SOEC demands 155 MW instead of 425 MW.

Table 5.6: Comparison of the current system after the five optimization rounds and the systems prior to the flowsheet

optimization.
(a) SOFC (b) SOEC

SOFC system 5. Revised 0. Start A  SOEC system 5. Revised 0. Start A

Gas (kg/s) Gas (kg/s)

H2 in 1.363 1.363 - H2 (Net out) 1.090 1.090 -
H20 0.377 0.377 - H20 12.19 12.19 -
Air 80.4 320.9 -240 Air 10.50 254.5 -244

Power Generation [MW] Power Consumption [MW]

Total 120.7 -170.9 292 Total 155.1 424.6 -270
Stack 95.10 -101.9 197 Stack 145.2 337.6 -192
Grid to Stack -18.57 -68.99 50.4 Grid to Stack 9.165 77.76 -68.6
Downstream Turbine 44.13 & 44.1 Purification 0.772 1.504 -0.73

Purification to Grid T3l 7.731 -
Downstream Turbine -7.841 - -7.84

Exergy efficiency [%] Exergy efficiency [%)]

SOFC system 73.14 -103.7 177 SOEC system 84.27 30.78 53.5

Exergy destruction [MW)] Exergy destruction [MW]

Total 36.35 316.5 -280 Total 24.05 203.9 -270
Grid to Stack 0.771 10.19 -9.42 Grid to Stack 1.290 21.40 -20.1
Stack 6.217 81.05 -74.8 Stack 17.69 104.1 -86.4
Exergv loss 18.89 209.0 -190 Exergv loss 0.616 164.1 -163
Downstream Turbine 2.226 . 2.23 Downstream Turbine 0.533 . 0.53
Afterburner 8.241 16.28 -8.03 Purification 3.230 3.691 -0.46

Purification to Grid 0.689 0.689 S

With the optimized system, the system lower the total exergy destruction significantly while consid-
ering the bifunctional mode. All the heat required by the SOFC could be provided by the system itself
with the current setup. In addition, the environmental losses of the SOEC in the form of heat were
almost reduced to zero. The optimized operation conditions are shown in Table 5.43.

Parameter SOEC SOFC Unit
Current density 5000 5000 A/m’
Fuel concentration 0.90 0.97 -
Temperature 900 900 C
Pressure 7.00 7.00 bar
ARR 0.930 0.745 =

Figure 5.43: Final operating conditions after optimized SOC. Concentration definition is dependent on the SOC mode: SOFC
mode; [Hz|, SOEC mode; [H20].

Scaling
Before these optimization rounds start, the size of the SOFC system is downscaled. Prior to the opti-
mizations, the SOFC system consumed a fixed amount of hydrogen that equaled 100 MW of A Gibbs
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free energy. The current system is able to generate more power with the same amount of hydrogen.
Before integrating the system into the CCGT, the SOFC is scaled to 100 MW to match the desired
power output. After scaling, the rSOC flowsheet and the system capacities are fixed. The scaling has
no effect on the performance, only after the moment that the system is presumed to be fixed will the
deviation from these capabilities influence the performance.

The SOFC system net generation of 100 MW was achieved by reducing the hydrogen consumption
by 20.7%. The number of cells of both modes is scaled down accordingly to maintain the current density
of 5000 A/m?. In order for the SOEC to change with the same amount of cells while maintaining the
current density, the systems input and thus the power output was also decreased by 20.7%, resulting in
a capacity of 128.7 MW.

5.3. SOFC CCGT

Now that all the upstream SOFC optimizations have been implemented, the SOFC-CCGT integration is
examined. The afterburner, which is positioned sequentially to the SOFC, converts the chemical energy
conserved by the residual hydrogen into heat. When appropriately modeled, the CCGT utilizes the
heat to enhance the combined system performance. The optimization is performed while considering
the operating conditions of the original CCGT that matches the validated models in Chapter 4. The
constructed models result in the Optimization cases 1A, 2A, 1B and 2B, which will be used to compare
with the original CCGT. The models are divided into full- or part load, and the power generating plant
or the combined heat and power plant. A recap is listed below. The execution of the heat integration
will be discussed in this Chapter. However, the comparison of the resulting models with the Base cases
is done in the following Chapter 6.

e Optimization case 1A ensures the CCGT to operate at full load while considering the SOFC heat
integration. This allows to properly compare the decoupled systems (separate SOFC and CCGT
of Base case 1A) to the new proposed system (SOFC-CCGT of Optimization case 1A).

e Optimization case 2A equals the total generated power of the SOFC-CCGT to the generated
power of the original CCGT (Base case 2A), so that the SOFC-CCGT systems are compared
while generating the same power output.

e The same is applied for the SOFC-CCGT CHP plant at full load (Optimization case 1B). The
performance of the decoupled systems (SOFC and CCGT CHP of Base case 1B) is compared with
the coupled systems.

e The last system Optimization case 2B ensures that the heat generation of the coupled SOFC-
CCGT CHP matches the original CHP (Base case 2B) while the power generation is allowed to
differ.

Heat can be inserted at multiple locations of the CCGT flowsheet. Two locations are applied in
this work which was based on the findings in the literature review [34][38][66]: the heat transfer to the
working fluid of the downstream ST, and to the GT’s fuel preheater. The capacity of heat transfer was
leading to the determination of the implementation sequence of implementing this optimization.

5.3.1. SOFC-CCGT HRSG

The SOFC exhaust stream provides additional heat to the HRSG that is conventionally supplied by
the GT exhaust gases. The additional heat transmitted would be discharged to the environment by
the condenser without any improvements to the system. Besides, adding heat would disturb the heat
balance in the HRSG, which makes it impossible to ensure the proper operation of the CCGT with the
current Aspen model.

Consequently, the system must find a method to absorb the SOFC’s heat without structurally devi-
ating from the ST operating conditions. There are two design considerations, either the heat originally
supplied by the GT to the HRSG must be reduced in order to decrease the heat supplied by the GT
exhaust flow, or the total heat absorption of the HRSG must increase by increasing the recirculating
water and steam. During the full load operation in Optimization case 1A, the latter is not possible
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because the STs are running at full load. As a result, the first option is applied causing the load of
the GT to slightly deviate from its normal operating conditions. The consequences of deviation are
discussed in the coming section. The additional heat addition of the SOFC ensures the operation of the
STs remains as its original setup. The schematic flowsheet is depicted in Figure 5.44.
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Figure 5.44: SOFC-CCGT flowsheet with heat transfer to from the SOFC exhaust flow to the HRSG.

Model Modification

As a response, the required fuel to supply the HRSG with sufficient heat ensuring the operating con-
ditions of the original ST needs to be slightly reduced. The addition of heat supplied by the SOFC is
intended to serve as a substitute for the heat generated by the GT. The reduction of gas depends on
the amount of total heat supplied by the SOFC. Still, the residual heat confined in the exhaust gasses
of the 100 MW SOFC is small, compared to the 440 MW CCGT.

To ensure the original heat and mass balance in the STs, the model initially maintains the GT
system exhaust temperature of 91 °C, which corresponds to the original configuration. This exhaust
temperature is assumed to ensure the HRSG is supplied with sufficient heat. To approximate the effect
of SOFC heat integration, minor adjustments are assumed to be allowed when taking into account the
part load operating conditions providled THERMOFLEX models, the load correction curve (discussed
in Chapter 4), and the assured flexibility of the SGT5-4000 GT at non-standard conditions [93] [13].

The Aspen model calculates the proper gas supply that maintains the original exhaust temperature
and scales the air accordingly to match the fuel-to-air ratio of the reference models. This replaces
the heat source of the HRSG from the combustion of natural gas to the combustion of the remaining
hydrogen. Since the applied setup ensures the same load and system operating conditions for the ST,
the isentropic efficiency correction only needs to be applied to the GT’s compressor and turbine.

Decreasing the GT load affects the performance of the system by two opposing relations. The re-
duced gas consumption affects the GT by the decrease in load due to the load correction. However, the
heat supply by the SOFC increases the produced power while simultaneously decreasing the natural
gas fuel consumption. These two opposing effects play a key role during the optimization of the SOFC-
CCGT integration. Nevertheless, this work attempts to match the operating conditions of the original
setup while modifying the heat source. The reduction of gas, the resulting power output and correction
factors are depicted in Table 5.7.
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The heat is supplied after the first reheater of the HRSG to match the temperature of the GT exhaust
stream (514 °C) and the SOFC exhaust stream (547 °C) to prevent exergy destruction. This work does
not discuss further the optimal location of the heat integration in the HRSG, due to the assumed
simplification of the heat exchangers, no conclusions can be drawn on this matter. The boundary
conditions are related to the heat duty and the minimum exhaust temperature of the SOFC. The SOFC
must still be able to supply heat to the Grid to Stack module. The Grid to Stack module requires
temperatures of up to 185 °C and a total of 5.2 MW. In addition, the SOFC exhaust stream must be
able to provide the incoming water flows of the three pressure levels of the HRSG after the CPH at 149
°C.

Implication SOFC-HRSG

Table 5.7 compares the system with the HRSG heat integration to the uncoupled system. The impli-
cations of integration are briefly discussed, but the results are elaborated on in the next Chapter. The
heat exchangers transfer a total of 27.3 MW to the HRSG while still being able to deliver heat to the
Grid to Stack module. The heat transfer lowers the exergy losses of the fuel cell by 65% by reducing the
exhaust gas from 453 °C to 120 °C. Heat coupling induces a reduction the of natural gas required by 7%
to accommodate heat absorption of 27 MW along the length of the HRSG. This means an isentropic
efficiency correction of the GT by 0.83% when applying the load correction curve of Brouwer et al. [15].
The next Chapter elaborates on these synergies by comparing the exergy flows. The operating pressure
and pressure ratios are the same as mentioned in the original simulation of the Hemweg 9 CCGT which
can be found in Table 4.3.

5.3.2. SOFC-CCGT Preheater

Because the exergy losses of the SOFC have not yet been minimized, the exhaust flow after heat inte-
gration with the HRSG and Grid to Stack module is still 120 °C, the possibility of supplying heat to
the GT is being considered.

The literature review provided two options for the SOFC-GT heat integration. The first is air pre-
heating which is applied after the compression of air [38][34]. However, tapping the compressed airflow to
preheat cannot be accomplished without major modifications to the turbine. Therefore, this adjustment
is very unlikely in a retrofitted GT. Heating the air stream before it enters the compressor deteriorates
the system’s performance because heated air streams require more compressor power. Besides, heat-
ing an airflow of 671 kg/s requires a huge heat exchanger, increasing the component costs and plant size.

The second heat integration technique is the preheating of GT’s fuel. The fuel preheating takes
place before it enters the GT, which allows the optimization to be applied without major modifications
[94][38]. In the current CCGT, the fuel is preheated to 156 °C to avoid the Joule-Thomson effect,
which prevents the condensation of the fuel during the decrease of the fuel’s pressure when entering
the combustion chamber. Expanding the amount of transferred heat to the fuel improves the system
efficiency and could reduce the fuel consumption [94].

Model Modification

Preheating the incoming GT fuel increases the Turbine Inlet Temperature, resulting in an increase of
generated power [38]. With the increase in the total supplied heat of the SOFC, the gas consumption
should decrease accordingly to maintain the exhaust temperature.

In the current GT, the incoming fuel is already preheated to 156 °C by a stream of water tapped
from the stream after the CPH at the Intermediate Pressure level. The Hemweg 9 GT allows a maxi-
mum fuel preheating temperature of 200 °C [77] which allows using the exhaust stream from the SOFC
after the SOFC-HRSG. This stream has a temperature of 219 °C. The modified flowsheet is depicted in
Figure 5.45.
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Figure 5.45: SOFC-CCGT flowsheet with heat transfer to from the SOFC exhaust flow to the HRSG and fuel preheater. The
fuel preheater is positioned after the HRSG.

Implication SOFC-HRSG-FPH

With a heat transfer of 1.46 MW, the fuel increases from 156 °C to the permitted 200 °C. The hot side
of the heat exchanger goes from 219 °C to 201 °C. The fuel preheating enhances the total heat transfer
between the SOFC and the CCGT by 5.9 % to 28.9 MW, which reduces the gas consumption by 0.35%.
The exergy losses of the SOFC decrease by another 5.6%. Although the GT isentropic correction factor
was decreased, the exergy efficiency of the system improves by 0.20%.

Table 5.7: Comparison between the system of Base case 1A (two SOFC and CCGT decoupled systems), the integration with
HRSG, and the integration with the HRSG and the fuel preheater (FPH). The latter defines Optimization case 1A. All units
are in [MW]. CF is the isentropic correction factor of the turbomachinery.

35.0

[ mBase case A HRSG only w HRSG + FPH]

= 00 Parameter Decoupled ~ HRSG coupled Case 1A
2 EXsorcios [MW] 18.9 6.60 6.23

8 25.0 7]
4 ° ‘ EXceq o [MW] 21.1 1942 1939
g 20 ‘ Pecer [MW] 441.0 4199 4199
g o | | Per [MW] 286.6 265.5 265.5
g 100 | Pgp [MW] 154.4 154.4 154.4
S e | ‘ Psorc [MW] 100.0 100.0 100.0
00 i | ‘ Exgri [MW] 763.2 707.0 705.2
Exergy loss SOFC Exergy loss CCGT Heat transfer Heat transfer [va] _ 27.3 28.9

W Base case A 18.9 21.1 0.0 o

HRSG only 6.60 19.42 27.3 CFGT 1.00 0.99 0.99
HRSG + FPH 6.23 19.39 23,9 CFgr 1.00 1.00 1.00

5.3.3. Part Load SOFC-CCGT

For part load, the operating conditions of the 290 MW reference case are maintained as is described
in Chapter 4.1.1. However, the coupling between the 200 MW CCGT at part load and the 100 MW
SOFC does not result in the required 441 MW for the comparison between the Base case 2A. To
accommodate this, mass flows in the GT and ST are scaled proportionally to achieve the total capacity
of the integrated system to 441 MW. To approximate the deviations in the system’s performance, the
isentropic efficiency correction is applied to the compressor, GT and STs. The consequences of the
downscaling of Optimization case 1A and 2A on the turbomachinery is depicted in Table 5.9. The
deviation of the residual components is unaffected. Nevertheless, it was assumed after the validation in
Chapter 4.1.1 that the correction sufficiently approximated the performance of the system.
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Table 5.8: Fuel input, Turbine power output and applied turbomachinery isentropic efficiency for the original CCGT
simulation and optimized Cases 1A and 2A.

Parameter ‘ Original CCGT | Case 1A ‘ Case 2A

Gas consumption [kg/s] 15.9 14.7 12.6

Turbine ‘ Net P, [MW] Isentropic efficiency| Net P, [MW] Isentropic efficiency‘ Net P, [MW] Isentropic efficiency

GT 284 Compressor = 87.0% 263 Compressor = 86.1% 195 Compressor = 84.6%
Turbine = 92.5% Turbine = 91.6% Turbine = 89.9%

LP-ST 31.0 92.0% 31.0 92.0% 30.3 91.6%

IP-ST 50.9 94.5% 50.9 94.5% 48.1 94.0%

HP-ST 75.0 91.7% 75.0 91.7% 67.5 90.5%

5.4. SOFC CCGT CHP

Finally, the integration of the SOFC with the CCGT CHP plant is also being investigated. Because
the CHP employs a connection to the DHN, the system can transfer more heat, lowering its exhaust
temperature. This presumably allows the SOFC to dissipate more heat and lower its exhaust tempera-
ture to the return temperature of the DHN. The added value will be demonstrated from the following
analysis.

5.4.1. Model Modification

The SOFC is coupled similarly to the previous analyses, but this time the SOFC gets an additional heat
exchanger added at the very end of its exhaust stream, which represents the connection to the DHN.
The resulting SOFC CCGT CHP plant utilizes the downstream SOFC environmental exergy losses by
cooling down the SOFC exhaust gasses to supply the DHN. With the construction of the connection
to the DHN in the CCGT CHP plant of Base cases B, the SOFC could also be connected to the same
grid. Figure 5.46 depicts the final flowsheet of the SOFC-CCGT CHP plant.
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Figure 5.46: Resulting SOFC-CCGT CHP flowsheet. DHN1 receives heat from the bleed between the IP- and LP- ST, and
from the CPH splitted water flow. DHN2 utilizes the SOFC’s downstream exhaust gas.

Heat Alignment

The temperatures of the heat integration network connected to the Grid to Stack module need to be
modified in order to supply heat to the DHN. Consequently, the temperatures of the Grid to Stack
heat exchanger network were adjusted from 180 °C to 160 °C, which is just above the vaporization
temperature of water at the operating pressure of 7 bar. This slightly reduces the generated power of
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the turbines but this allows the downstream heat integration to be able to deliver all the heat.

By adjusting the upstream heat integration temperatures to 160 °C, the exhaust temperature of
the SOFC (115 °C) is sufficient for supplying the DHN with heat. Considering the minimum pinch
temperature of 5 °C and a DHN return temperature of 60 °C, the heat transfer is maximized if the
SOFC exhaust gas is 65 °C. The Aspen model automatically calculates the right amount of water flow
to achieve this temperature. This minimizes exergy destruction by the heat integration with the DHN.

Adjustments to ARR and temperature were also considered to increase the total amount of potential
heat. Both adjustments resulted in lower efficiency despite the additional heat delivered. The effect of
changing the temperature resulted in the increased heat duty of the SOFC electrode preheaters, pre-
venting the increased temperature from reaching downstream heat integration. In addition, the higher
temperature led to increased compression power of the SOFC’s recirculation compressor, decreasing the
system efficiency.

The selected ARR by the Aspen optimizer proved to be optimal, the reduction in SOFC exergy
efficiency outweighed the improvement of the CCGT. If the ARR was reduced, increasing the exhaust
flow but at the same time decreasing the temperature, the heat integration could no longer meet the
boundary conditions. An increase led to increased compression power that reduced the efficiency.

Implication and Part Load

Similarly to the previous model, the GT operates at nearly full load to enable the addition of residual
heat from the SOFC. The same small gas reduction was applied as with the power plant. This provides
the DHN with an additional 5.94 MWyy,.

120.0

W Base case B SOFC-CCGT CHP

E 1000

=3

& 800

=

&

b= 60.0

.

s 40.0

%

Q

B R |

e 1 E I
h;g‘; CDSS héz?GTOGS Heat transfer Heat to DHN
m Base case B 18.9 19.9 0.0 103
SOFC-CCGT CHP 5.38 185 27.3 108

Figure 5.47: Comparison between the decoupled SOFC and CCGT CHP systems (Base case 2B), and the optimized
SOFC-CCGT CHP. The latter defines Optimization case 1B. All units are in [MW].

The part load of the CHP plant of Optimization case 2B differentiates from the power plant of
Optimization case 2A, because it does not scale to the generated power, but to the generated heat. The
original 103 MW is obtained by scaling the load of the CCGT CHP to match the total heat generation
of the SOFC-CCGT CHP. The consequences of the downscaling of Optimization case 1B and 2B on the
turbomachinery is depicted in Table 5.9. The in-depth comparison is covered in the next chapter.
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Table 5.9: Fuel input, Turbine power output and applied turbomachinery isentropic efficiency for the original CCGT CHP
simulation and optimized Cases 1B and 2B.

Parameter \ Original CCGT CHP | Case 1B \ Case 2B

Gas consumption [kg/s] 15.9 14.8 13.9

Turbine Net P, [MW] Isentropic efficiency| Net P, [MW] Isentropic efficiency‘ Net P, [MW] Isentropic efficiency

GT 284 Compressor = 87.0% 264 Compressor = 86.1% 249 Compressor = 85.6%
Turbine = 92.5% Turbine = 91.6% Turbine = 90.9%

HP-ST 30.3 91.9% 30.3 91.9% 28.6 91.6%

IP-ST 53.3 94.5% 53.3 94.5% 50.4 94.1%

LP-ST 49.3 90.0% 49.3 90.0% 46.5 89.0%




Results and Discussion

With all optimizations being completed, the optimized systems can be compared to the original systems.
The four systems 1A, 2A, 1B and 2B were designed to contribute to the final comparison of the exegetic
performance and weighed COze emissions with the original system. To clarify, Table 6.1 restates which
systems are compared to one another and what parameters are adhered to.

Table 6.1: Comparisons overview with system power and heat output.

Comparison Base case Optimization case

1A CCGT & SOFC full load decoupled CCGT-SOFC full load coupled
Power [MW] CCGT: 441, SOFC 100 CCGT + SOFC: 518
Heat [MW] - -

2A CCGT full load CCGT-SOFC part load coupled
Power [MW] CCGT: 441 CCGT + SOFC: 441
Heat [MW] - -

1B CCGT & SOFC full load decoupled CCGT-SOFC full load coupled
Power [MW] CCGT: 417, SOFC 100 CCGT + SOFC: 497
Heat [MW] CCGT: 103, SOFC 0 CCGT: 103, SOFC 5

2B CCGT full load CCGT-SOFC part load
Power [MW] CCGT: 417 CCGT + SOFC: 474
Heat [MW] CCGT: 103 CCGT + SOFC: 103

In comparison 1A and 2A, the systems generate no heat. In comparison 1A, the systems operate at
full load. The decoupled system (Base case 1A) is compared to the coupled system (Optimization case
1A). In comparison 2A, the power output of the coupled system (Optimization case 2A) is matched to
the original CCGT (Base case 2A). In comparison 1B and 2B, the systems generate heat. In comparison
1B, the systems operate at full load. The decoupled system (Base case 1B) is compared to the coupled
system (Optimization case 1B). In comparison 2B, the heat output of the coupled system (Optimization
case 2B) is matched to the original CCGT CHP (Base case 2B).

6.1. Assessing the Benefits Based on Exegetic Performance (Sub-
objective 1)

In the next four comparisons, the exergy flows of the base cases and the optimized models are compared
using exergy Sankey diagrams and tables. Because the Sankey diagrams are expressed in relative
numbers to the input exergy, the tables give the absolute numbers. Appendix A.4 also contains tables
showing the relative differences to which this chapter also frequently refers.

6.1.1. Results Optimization Case 1A: Full Load
The exergy Sankey diagram Figure 6.1 visualizes the results of the SOFC-CCGT integration at full
load, where the exergy flows are expressed relative to the total exergy input of the gas and hydrogen.

92
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From the figure, the exergy efficiencies can be deduced. The useful exergy (visualized in green arrows
and for the SOFC also the purple arrows) relative to the exergy input of the individual system (blue
blocks) define the exergy efficiency of the individual systems!.

The SOFC benefits the most from integration, the SOFC operates at an exergy efficiency of 83.91%,
while the stand-alone CCGT also increases the exergy efficiency to 58.00%. The SOFC delivers 11.77%?
of its exergy to the CCGT through the indirect heat coupling, which accounts for 1.91% of the total
exergy input. About 10% of the total transferred heat is lost due to heat transfer exergy destruction.
The exergy efficiency of the system is calculated by counting the green arrows as useful exergy divided
by the exergy of the fuels (blue blocks).
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Figure 6.1: Sankey exergy diagram Optimization case 1A: SOFC-CCGT full load. *Net = The power consumption subtracted
from the power generation.

Comparison with Base Case 1A

To properly measure the effect of the integration at full load, the SOFC was included in the comparison
at Base case 1A but without heat coupling. Thus, the SOFC and the CCGT operate independently
of each other. During the integration of the SOFC with the CCGT in Optimization case 1A, the gas
consumption had to be reduced to accommodate the heat provided by the indirect heat coupling. This
results in an absolute gas reduction of 7.6%, while the absolute power reduction of the CCGT only de-
creases by 5.24% 6.2. The implication of the applied isentropic correction factor on the turbomachinery
of the GT is reflected when comparing the GT’s irreversibilities to the reduction of gas consumption.
The correction factor results in a lower absolute reduction in GT irreversibilities (-7.00%) than gas
consumption decreases (-7.60%), meaning relative losses have increased.

In order to compare the two systems with different capacities, the relative differences must also be
considered, expressing exergy flows relative to the total exergy input of the specific system in Appendix
A.3. The total exergy destruction decreased by 9.7% (Table 6.2). However, as can be seen in Appendix

Wsorc = (FC Power + SOFC heat to HRSG + SOFC heat to fuel preheater / Fuel to SOFC) and ¥ocgr = (Generator
GT Net + ST - Pump & Mechanical losses)/ (Fuel to combuster + SOFC heat to HRSG + SOFC heat to fuel preheater)
%(1.67+0.084-0.16) /16.23
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A.3, the relative exergy destruction decreases by 1.39%, caused by the large reduction of exergy de-
struction of the SOFC. Furthermore, heat integration reduces the environmental losses of the SOFC
by 67.1%. The environmental losses of the SOFC decoupled system in Base case 1A are used for heat
integration with the CCGT in Optimization case 1A.

In addition, the Grid to Stack module benefits from the system integration (-84.2% relative exergy
destruction) as the temperatures of the hot and cold side of the SOFC system heat integration are
brought closer together because of the heat integration of the SOFC and the CCGT, which is posi-
tioned upstream of the SOFC system heat integration. In the decoupled system, the incoming hot
stream temperature is 512 °C and leaves at 453 °C, while the maximum cold outgoing stream is 200 °C.
In the coupled system, the incoming hot stream temperature is 165 °C and leaves at 99 °C, while the
maximum cold outgoing is 160 °C.

Table 6.2: Absolute exergy differences of Base case 1A and Optimization case 1A.

Exergy input/losses [MW] Base case 1A Case 1A A%
Exergy in 900 842 -6.44
Natural gas 763 705 -7.60
Hydrogen 137 137 -
Exergy out 541 518 -4.28
Power 541 518 -
CCGT 441 418 -5.24
SOFC 100 100 -
Exergy destruction 359 324 -9.7
CCGT 323 302 -6.26
Irreversibilities GT 267 249 -7.00
Generator losses 2.87 2.63 -8.13
Pump + mechanical losses 2.54 2.54 -
Environmental GT 21.1 194 -8.12
Condenser + irreversibilities ST 28.7 29.1 1.62
SOFC 36.7 20.6 -43.7
Grid to Stack 3.96 0.63 -84.2
Stack 5.10 5.10 -
Afterburner 6.83 6.83 -
Turbine 1.85 1.85 -
Environmental 18.9 6.23 -67.1
Exergy integration - 16.1 -
Exergy exchanged HRSG - 14.1 -
Exergy exchanged FPH - 0.66 -
Exergy losses integration - 1.36 -
Exergy efficiency [%] Base case 1A Case 1A A
SOFC 73.14 83.91 10.76
CCGT 57.74 58.00 0.27
SOFC-CCGT 60.08 61.47 1.39

Conclusion Comparison 1A

The above advantages outweigh the decreased isentropic efficiency of the gas turbomachinery. The
integrated SOFC-CCGT system has an exergy efficiency of 61.47% which is an increase of 1.39% over
the two separate systems at full load. The CCGT also performs 0.27% better if the heat supplied by
the SOFC is considered (58.0%) than the CCGT without the heat supply of the SOFC (57.7%). To
find out whether the exergy efficiency of Optimization case 1A is higher than that of Base case 1A, the
exergy efficiency of the stand-alone CCGT (57.74%) was compared with the SOFC-CCGT (61.47%).
The indirect coupling of the retrofitted SOFC-CCGT improves the exergy efficiency of the stand-alone
CCGT by 3.74% and with this improvement, it can be concluded that Optimization case 1A outperforms
Base case 1A based on its exergy efficiency.
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6.1.2. Results Optimization Case 2A: Part Load

For the following analysis, it was ensured that the total capacities of the two systems matched each
other. Figure 6.2 shows the relative exergy flows of the scaled model, Optimization case 2A. The total
power generated by the SOFC is maintained at 100 MW, but the CCGT is scaled to generate 441
MW, which corresponds to the standalone CCGT at full load (Base case 2A). This comparison allows
examination of the effect of the applied part load operation of the CCGT to enable the integration of
the SOFC, while keeping the total power equal to that of the original CCGT.

Figure 6.2 shows that the SOFC has a capacity that is relatively larger when compared to the
CCGT than the latter Optimization case 1A in Figure 6.1. The scaled down CCGT capacity will have
an opposite effect: On the one hand, the SOFC has a higher exergy efficiency, so that proportionally the
weighted efficiency ought to go up. On the other hand, the part load operation of the CCGT degrades
the CCGT’s performance, because it operates at a sub-optimal point away from the full load design
point. Additionally, the decreased capacity of the CCGT may limit the heat that the CCGT could
potentially absorb due to the disturbed relative capacities of the systems which would increase the
environmental exergy losses. In Optimization case 2A, the SOFC supplies 0.08% of the total exergy in
the form of heat to the FPH and 1.90% to the HRSG while 0.19% being destroyed by the heat transfer
(depicted in purple in Figure 6.2.
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Figure 6.2: Sankey exergy diagram Optimization case 2A: SOFC-CCGT part load. *Net = The power consumption
subtracted from the power generation.

Comparison with Base Case 2A

Because the absolute power capacity is the same in Optimization case 2A compared to Base case 2A,
the comparison between absolute differences gives a better comparison than the relative comparison.
Table 6.3 shows the improvement when the exergy inputs of the two systems are compared considering
the equal exergy outputs. Replacing 160 MW of exergy confined in natural gas with only 137 MW of
hydrogen accounts for a 23 MW reduction in total exergy input.

The decreased efficiency of the CCGT due to the part load operation is more apparent than in the
previous analysis. Although the natural gas consumption decreases by 20.9%, the GT irreversibilities
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only decrease by 17.7% and the total power output of the CCGT decreases by 22.6%. The negative
effect is greater, in terms of exergy losses and power drop, than the reduction of exergy input of natural
gas. The same is noted with the ST, where pump and mechanical losses decrease by only -6.79%.

Even more significant is the increased losses originating from the stream turbine at +7.1 MW (con-
denser + irreversibilities ST). The decreased isentropic efficiency of the three STs decreased by an
average of 0.70% on average compared to the STs at full load, mentioned in Table 5.8. In addition to
the efficiency degradation, the additional heat supplied by the SOFC is condensed whenever there is an
excess of heat. With the additional heat transfer of the SOFC to the HRSG, proportionally more heat
is supplied by the SOFC to the HRSG compared to Optimization case 1A during full load operation.
This difference can be seen when comparing the amount of heat from the SOFC to the HRSG in Figure
6.1 and in Figure 6.2, or the tables in Appendix A.3 and A.4.

Table 6.3: Absolute exergy differences of Base case 2A and Optimization case 2A.

Exergy input/losses [MW] Base case 2A Case 2A A%
Exergy in 763 740 -3.01
Natural gas 763 604 -20.9
Hydrogen - 137 -
Exergy out 441 441 -
Power 441 441
CCGT 441 341 -22.6
SOFC - 100
Exergy destruction 323 299 -7.25
CCGT 323 277 -14.1
Irreversibilities GT 267 220 -17.7
Generator losses 2.87 1.97 -31.2
Pump + mechanical losses 2.54 2.36 -6.79
Environmental GT 21.1 16.8 -20.3
Condenser + irreversibilities ST 28.7 35.8 24.8
SOFC - 20.7 -
Grid to Stack - 0.63 -
Stack - 5.10 -
Afterburner - 6.83 -
Turbine - 1.85 -
Environmental - 6.28 -
Exergy integration - 16.0 -
Exergy exchanged HRSG - 14.1 -
Exergy exchanged FPH - 0.58 -
Exergy losses integration - 1.39 -
Exergy efficiency [%] Base case 2A Case 2A A
SOFC - 83.85 -
CCGT 57.74 55.18 -2.56
SOFC-CCGT - 59.59 -

Conclusion Comparison 2A

All the effects added together result in a decreased efficiency of the CCGT of 2.56%, yet the SOFC-
CCGT still outperforms the stand-alone CCGT despite the additional losses associated with the part
load operation. This also confirms that Optimization case 2A outperforms Base case 2A based on its
exergy efficiency. Comparing Optimization case 1A with 2A show that the synergies between the SOFC
and the CCGT are decreasing. Even though the ratio of the SOFC to the CCGT is greater, as well
as the efficiency of the SOFC compared to the stand-alone CCGT, the SOFC-CCGT efficiency still
decreases. The attenuation of the synergies originates from the failure of the model to fully convert the
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addition of heat to useful exergy. The sum of the condenser losses and the ST irreversibilities increased
by 24.8% although that the CCGT capacity was down-scaled by 22.6%.

6.1.3. Results Optimization Case 1B: Full Load

The following comparison between Optimization case 1B with Base case 1B includes heat in the equation.
Similar to Optimization case 1A, the comparison examines both systems operating at full load. Figure
6.3 shows the exergy Sankey diagram where the exergy flows are expressed relative to the total amount
of exergy input. The figure shows that useful exergy consists not only of electricity, but also physical
exergy contained in the heat supplied. Although, the supplied heat expressed in energy sums up to 108
MW, expressing the heat in exergy equals 19.1 MW. The heat to the DHN is 2.27% of the total exergy
input. The SOFC extends its system boundary by the implementing three system heat connections.
The first and second are the same as in the previous analysis, to the fuel preheater (0.08%) and to the
HRSG (1.61%). The heat is converted into generated power and losses, but also contributes indirectly
to the heat supply of the DHN. The exergy confined in the steam of the HRSG is tapped by 16.1%?3
to feed the DHN. Besides the indirect contribution of the SOFC to supply the DHN indirectly by the
heat transfer to the working fluid of the HRSG, the SOFC contributes directly to the supply of heat
to the DHN (0.12%). The major difference between the power-only cases is that the system now has a
method of achieving lower exhaust temperatures that allows for recovering more environmental exergy
losses. In this case, the SOFC discharges the exhaust gas at a temperature of 65 °C instead of 99 °C
which should be noticeable in the efficiency.
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Figure 6.3: Sankey exergy diagram Optimization case 1B: SOFC-CCGT CHP full load. *Net = The power consumption
subtracted from the power generation.

Comparison with Base Case 1B

To clearly demonstrate the improvements caused by making the DHN connection, the SOFC was added
to Base case 1B during the comparison. In this case, the SOFC and the CCGT CHP operate indepen-
dently of each other, and the DHN connection of the SOFC was omitted. To make the heat transfer
possible, the gas consumption of the CCGT was reduced by 7.0%. However, the power of the CCGT
decreases by a smaller amount of 4.6%, indicating the effective substitution of the heat released by the

3(3.61%,/22.49%)*100%
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gas combustion with the exhaust heat of the SOFC. The exergy transferred to the fuel preheater of
0.69 MW and to the HRSG of 13.6 MW, partially compensates for the decreased gas consumption that
would otherwise be discharged to the environment.

The SOFC provides an additional 4.4% of heat (+0.81 MW), which reduces the environmental
losses of the SOFC by 71.6% to 5.38 MW. In Optimization case 1A, where the system is not coupled
to the DHN, the environmental losses are higher at 6.23 MW. The reduction of environmental losses in
Optimization case 1B reduces the total losses of the SOFC by 45.5%. Because the heat delivered to the
DHN is also considered as useful exergy, the SOFC efficiency increases to 84.21%.

Table 6.4: Absolute exergy differences of Base case 1B and Optimization case 1B.

Exergy input/losses [MW] Base case 1B Case 1B A%
Exergy in 900 846 -5.98
Natural gas 763 709 -7.04
Hydrogen 137 137 -
Exergy out 535 516 -3.45
Power 517 497 -3.73
CCGT 417 397 -4.6
SOFC 100 100 -
Heat 18.3 19.1 44
CCGT 18.3 18.3 -
SOFC - 0.81 -
Exergy destruction 365 330 -9.7
CCGT 328 308 -6.2
Irreversibilities GT 267 248 -7.3
Generator losses 2.87 2.67 -6.8
Pump + mechanical losses 2.41 2.41 -
DHN losses 11.2 11.2 -
Environmental GT 19.9 18.5 -7.2
Condenser + irreversibilities ST 24.5 25.4 3.72
SOFC 36.7 20.0 -45.5
Grid to Stack 3.96 0.63 -84.2
SOFC 5.10 5.10 -
Afterburner 6.83 6.83 -
Turbine 1.85 1.85 -
DHN losses - 0.20 -
Environmental 18.9 5.38 -71.6
Exergy integration - 15.9
Exergy exchanged HRSG - 13.6 -
Exergy exchanged FPH - 0.69 -
Exergy losses integration - 1.60 -
Exergy efficiency [%] Base case 1B Case 1B A
SOFC 73.14 84.21 11.06
CCGT 56.99 57.43 0.45
SOFC-CCGT 59.44 61.04 1.60

Conclusion Comparison 1B

Whether Optimized case 1B outperforms Base case 1B is tested when the original CCGT CHP is com-
pared with the integrated SOFC-CCGT CHP system. The exergy efficiency improves from 56.99% to
61.04%. Because the stand-alone SOFC already has a higher efficiency than the CCGT, the comparison
between the paired SOFC-CCGT CHP and stand-alone CCGT CHP may create unjust conclusions.
Comparing the separate CCGT CHP and SOFC with the coupled SOFC-CCGT CHP gives insights
in the synergies of the systems. This comparison also results in an improvement of as much as 1.6%.
It can therefore be concluded that Optimized case 1B indeed outperforms Base case 1B based on its
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exergy efficiency.

6.1.4. Results Optimization Case 2B: Part Load

The last system being analyzed is the scaled system Optimization case 2B where the heat production
is equal to that of the planned CCGT CHP of Base case 2B. The supplied heat to the DHN was scaled
from 108 MW to 103 MW in terms of energy. The relatively small scaling does not change the system
much, except that with the down scaling of the CCGT the relative capacity of the SOFC becomes larger
and the part load losses become greater. For comparison with Base case 2B, the SOFC is now excluded
from consideration, which, with equal heat output, makes the inputs more comparable.
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Figure 6.4: Sankey exergy diagram Optimization case 2B: SOFC-CCGT CHP part load. *Net = The power consumption
subtracted from the power generation.

Comparison with Base Case 2B

Even though the same amount of heat goes to the DHN, the heat transfer from the SOFC to the DHN
loses 0.21 MW of exergy, which explains the difference between the total exergy to the DHN. In addition,
it is notable that the increase in inserted exergy of the fuels (4+5.33%) is a lot smaller than the increase
in useful exergy (413.20%). The gain of incorporating the SOFC exceeds the loss of the isentropic
efficiency correction of the turbomachinery for a reduction of 12.6% natural gas (which is -1.4% for the
compressor and -1.5% for the turbine, mentioned in Table 5.9).

Compared to Optimization case 2A, where synergies declined due to part load operation due to the
increase environmental losses though the condenser, Optimization case 2B loses less heat through the
condenser. In Optimization case 2B, a larger proportion, of the supplied heat by the SOFC, is converted
in useful exergy. The bleed after the IP ST of 38% allows the excess heat to be used for heat supply
to the DHN. This results in a reduction in condenser losses of 1.9% instead of an increase of 24.8% in
Optimization case 2A. Thus, the SOFC-CCGT CHP is able to efficiently utilize the heat provided by
the SOFC under the current operating conditions.
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Table 6.5: Absolute exergy differences of Base case 2B and Optimization case 2B.

Exergy input /losses [MW] Base case 2B Case 2B A%
Exergy in 763 804 5.33
Natural gas 763 667 -12.6
Hydrogen - 137 -
Exergy out 435 492 13.20
Power 417 474 13.82
CCGT 417 374 -10.2
SOFC - 100
Heat 18.3 18.1 -1.07
CCGT 18.3 17.3 -5.55
SOFC - 0.82 -
Exergy destruction 328 312 -5.09
CCGT 328 290 -11.7
Irreversibilities GT 267 233 -12.8
Generator losses 2.87 2.51 -12.3
Pump + mechanical losses 2.41 2.30 -4.66
DHN losses 11.2 10.6 -5.55
Environmental GT 19.9 17.4 -12.7
Condenser + irreversibilities ST 24.5 24.0 -1.93
SOFC - 20.0 -
Grid to Stack - 0.63 -
SOFC - 5.10 -
Afterburner - 6.83 -
Turbine - 1.85 -
DHN losses - 0.21 -
Environmental - 5.38 -
Exergy integration - 15.9
Exergy exchanged HRSG - 13.6 -
Exergy exchanged FPH - 0.66 -
Exergy losses integration - 1.61 -
Exergy efficiency [%] Base case 2B Case 2B A
SOFC - 84.19 -
CCGT 56.99 57.45 0.47
SOFC-CCGT - 61.24 -

Conclusion Comparison 2B

Optimization case 2B outperforms Base case 2B, the exergy efficiency of the SOFC-CCGT CHP system
is higher than the original CCGT CHP whereby the heat output is equalized. At the same time, the
efficiency of Optimization case 2B is higher than the system examined in Optimization case 1B, because
the relative larger capacity of the more efficient SOFC than the CCGT outweighs the part load losses
of the CCGT. Besides, the additional heat supplied can be well absorbed in the DHN because a portion
of the heat is now conducted past the condenser by applying the bleed of the IP ST, instead of being
discarded by the condenser.

6.1.5. Summary

Table 6.6 summarizes results from the systems studied. Each optimized system is better than the
compared original or decoupled case. Of all Optimized cases is the exergy efficiency of Optimization
case 1A the highest. The full load optimized cases (1A and 1B) define the proposed systems that will
be used in the MES case study.
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Table 6.6: Summary of exergy efficiency results of all Cases.

Case Base case ¥_ .. [%] Optimization case ¥_ . [%] A
1A 60.0 61.5 1.47
2A 57.7 59.6 1.85
1B 59.4 61.0 1.60
2B 57.0 61.2 4.26

6.2. Assessing the Benefits Based on GHG Emissions (Sub-
objective 2)

The combination of the higher efficiency and the addition of hydrogen results in a lower amount of
GHG emissions per unit of useful exergy. Table 6.7 shows that the relative COge [t/MWh] emissions
compared to the original CCGT (Base case 2A) and original CCGT CHP (Base case 2B) for the cases
A and B respectively. The benefits of coupling, without including the additional hydrogen, can be
seen when the GHG reductions of the optimized systems are compared to the GHG reductions of the
uncoupled systems in Base cases 1A and Base case 1B. Noting from the table, it appears that the rela-
tive reduction of the coupled systems is always greater than the relative reduction of uncoupled systems.

The optimized cases decreases the relative COqe emissions by 21.3% and 21.0% for Optimization case
1A and Optimization case 2A respectively compared to the original CCGT. Relative GHG emissions
continue to decrease when heat is also included. But when compared to the simulation of the planned
CCGT CHP, it is 20.3% and 21.3% for Optimization case 1B and 2B respectively.

Table 6.7: Summary of COge results of all Cases. The variable COze includes the total of the heat and electricity generation
of the system. *Relative to Base case 2A and Base case 2B for the Cases A and B respectively.

Case P, [MW] P, [MW] CO,e [t/MWh]| Al%]*
Base case 1A 541 - 0.274 -18.5%
Base case 2A 441 - 0.336 -
Optimization case 1A 518 - 0.264 -21.3%
Optimization case 2A 441 = 0.266 -21.0%
Base case 1B 517 103 0.239 -16.2%
Base case 2B 417 103 0.285 -
Optimization case 1B 497 108 0.227 -20.3%

Optimization case 2B 474 103 0.224 -21.3%




Multiple Energy System: Case Study

The exegetic performance of the optimized SOFC-CCGT systems exceeded the Base case models of the
original power plant and planned CHP plant. They emit less COqe per produced power and heat, and
require less natural gas. Yet the added financial value of integrating an rSOC with the CCGT to also
enable the SOEC mode has not been demonstrated. For this purpose, the third research sub-objective
is to assess the benefits of retrofitting an rSOC to an existing CCGT based on the gross profit. The
integration of an rSOC with a CCGT would increase the weighed gross profit [€/MWh]| compared to
the current Hemweg CCGT.

By utilizing various energy carriers, the integration of an rSOC with a CCGT would be able to
respond to price fluctuations of the energy network. The relative gross profit is expected to increase
because the proposed system can adjust its operating mode depending on the energy price, whereas the
original system was solely able to produce power. Even though the proposed system is more efficient,
the price of the same amount of energy in hydrogen is higher compared to that in natural gas, so the
cost per MWh produced is not guaranteed to go down. To account for any increased total output of
the system, the relative gross profit per unit of energy is considered. To account for time-related effects,
the net present value (NPV) of the gross profit was calculated.

Finally, the effect of adding a TES to the MES on the weighted gross profit is also examined. The
TES is expected to decouple the production and demand of heat, giving the system more freedom to
anticipate price volatility, while still meeting the required heat demand.

The financial benefits of retrofitting an rSOC to an existing CCGT are assessed by inserting the
system into a dispatch model that represents the energy system of the Amsterdam metropolitan area.
The following section will discuss the construction of the model with the assumptions made, followed
by a comparison of the systems. Finally, sub-objective 3 will be concluded.

7.0.1. Dispatch Model

The dispatch model is a mixed-integer programming model that calculates the optimal dispatch solution
for the whole energy asset portfolio. The dispatch model aims to maximize the total gross profit of the
entire energy system. Covering the heat and electricity demand of the portfolio is the main constraint,
which is based on a database of Amsterdam’s predicted heat and electricity demand on an hourly basis
until the year 2050. The output generated by the model is the full dispatch profile for the whole port-
folio, but specific assets can be highlighted. The output includes operating data (electricity-, heat- and
hydrogen production; fuel consumption; and COqe emissions) and financial data (electricity-, heat- and
hydrogen revenues; fuel costs; and variable Operating & Maintenance costs).

The dispatch model simulates the energy system by representing it with interconnected nodes. Each
node represents an Asset (such as a CHP, TES, an electric boiler, or a biomass power plant) or a
consumer of the energy carrier (such as electricity, gas, heat, or hydrogen). The heat network of the
metropolitan area of Amsterdam is visualized in Figure 7.1a as an example. The dispatch model has
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converted this network to the interconnected nodal network of Figure 7.1b. The dispatch model pro-
cesses the electricity, gas, and hydrogen grid in the same manner. Each connection between nodes is
equipped with boundary conditions, based on the pipe capacity and flow direction. The model calcu-
lates the optimal distribution of resource and energy flows by the hour while respecting these boundary
conditions.

sdorpy

(2)

(b)

Figure 7.1: a) District Heating Network Metropolitan area Amsterdam and Almere. b) Interconnected nodal representations
of DHN of the Heating Network Metropolitan area Amsterdam and Almere by the dispatch model.

Current System and Opportunities

The current CCGT in the Hemweg area solely produces electricity. A heat grid is present due to the
neighboring incineration plant that supplies the North and West Amsterdam areas. In 2018, the DHN
supplied 1.7 PJ of heat to 19 thousand residential houses. It is expected that the DHN will supply 2.2
PJ of heat to 32 thousand residential houses by the year 2023 [95]. The growing heat network creates
opportunities for the proposed CHP system. The power plant in Diemen (natural gas CHP CCGT
plant) is the main heat supplier of the DHN in Amsterdam’s South, East, and Zuidas districts, and to
the cities Almere and Amstelveen. The Diemen power plant is on the other side of the city and will
thus not conflict with the proposed system due to the losses associated with transportation heat losses.

The energy mix of Vattenfall in 2020 consisted of 52.4% wind energy and 2.9% solar energy [96]. Ad-
ditionally, Vattenfall is expanding its offshore wind farms significantly in the coming years. The rSOC
balancing system is expected to become competitive when the proportion of renewable energy sources
in the energy mix is increased [32] because of the intermittent behavior of RESs[27]. In the future, the
Hemweg area will become a fossil-free hub for electricity and heat, and it will become Vattenfall’s center
for the production of green hydrogen [78]. Moreover, the government of the Netherlands is planning
to construct a hydrogen grid that will be accessible from the Hemweg area [79]. Amsterdam plans on
implementing this hydrogen grid by the year 2025 [97].

In summary, the growing demand for the DHN and the expansion of Vattenfall’s renewable energy
mix create opportunities for making a profit through the proposed setup. The Hemweg area exhibits
an electricity grid, a connection to the DHN, and an assumed hydrogen grid.

Input

The financial input consists of the commodity bidding and selling prices, and the CO5 tax. It is assumed
that the bid and offer prices of the commodities are equal. The commodity prices for the examined
years are listed in the Confidential Appendix Page 16. The model only studies the years 2025 through
2045 in five-year increments, due to the large required computing power. The intermediate years were
approximated by applying linear interpolation.

The following years and system setups are examined:

o Years: 2025, 2030, 2035, 2040 and 2045

o FEnergy system setups: Current system setup (Hemweg 9 CCGT), Proposed system (rSOC-CCGT
CHP), Proposed system + TES (rSOC-CCGT CHP + TES)
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The model predicts electricity prices on an hourly basis, gas prices on a monthly basis, and heat and
hydrogen prices on an annual basis. The standard deviation SD in the Confidential Appendix Page 16
shows the volatility over a year of the commodity prices. It was assumed that the consumed hydrogen
was classified as green hydrogen, meaning it did not increase GHG emissions in the total energy system.

Research on the CHP mode of the Hemweg 9 CCGT by Siemens and Vattenfall concluded that the
imposed bleeds of the ST enable the system to scale the power and heat output [77]. Therefore, it is
assumed that the system can freely vary between its power mode and its heat and power mode. It can
also vary the capacity of both modes. The efficiency decrease of part load operation is considered in the
model. The optimized systems (Optimization case 1A and 1B) are implemented in the energy network,
allowing the system to deliver heat at a variable capacity depending on the demand constraints. The
dispatch model considers startup time and ramp-up speeds, which was based on the original model
provided by Vattenfall. The ramp rate for the CCGT is set to 1000 MW /h, while the heat ramp rate
is 55 MW /h. The dispatch model was adjusted to enable the implementation of the varying electricity
and heat production by reading a Power-Heat diagram shown in Figure 7.2. The PQ diagram describes
the electricity and heat operating area of the CHP unit. This diagram shows four coordinates from
which the model calculates the optimal operating coordinate by conducting a linear interpolation.

The total switching time from the SOEC to SOFC would only take 10 minutes [39]. The transient
response of the rSOC was sufficient for grid balancing purposes [39][63], so the ramp up rate of the
CCGT would be the limiting factor [63]. With the implementation of the CCGT ramp rate, the SOEC
ramp rate would have little effect.

PQ diagram
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Figure 7.2: a) PQ diagram of SOFC-CCGT CHP system. The highlighted area shows the operating zone of the proposed
system b) PQ coordinates and SOEC input/output in LHV. The SOEC can operate at any point between 130 and 0 MW which
is determined by an interpolation.*First-order LHV efficiency which includes power and heat.

The four coordinates are the maximum and minimum of heat and power generation, which are based
on the results obtained with the optimization of the system. For the coordinates P1 and P2, the results
of Optimization case 1A and Optimization case 2B are applied. Points P3 and P4 are retrieved from
the existing model Hemweg 9 CHP of Vattenfall. Because this work did not investigate the complete
operating window of part load performance, it was assumed that the SOFC load scales proportionally
with the CCGT. This assumption results in a constant fuel ratio Hy/ NaturalGas based on the chemical
energy input based on the LHV [W], which was maintained at 20.1%. The available operating points
P3 and P4, applied in this model, account for the efficiency drop during the part load operation. Table
7.2b defines the hydrogen production of the SOEC based on the LHV. It is assumed that the SOEC
can scale its production proportionally to the applied load.

The gross profit is calculated by the model. The income of the model includes the sales from elec-
tricity production (SOFC,CCGT), heat production (SOFC,CCGT), and hydrogen production (SOEC).
The expenses include electricity consumption (SOEC), natural gas consumption (CCGT), hydrogen
consumption (SOFC), COy tax (CCGT), and variable operating and maintenance costs (CCGT).
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7.1. Assessing the Benefits Based on Gross Profit (Sub-objective
3)

To explain the mechanisms that influence the gross profit of the system, the results of the year 2030 will

be highlighted. From the analysis, it will become clear how the proposed multi-energy system utilizes

the different energy carriers and thus increases the gross profit. After this analysis, the TES will be

added to the system showing how the TES decouples the production and consumption of heat thereby

increasing the gross profit. After the analysis, the resulting system will be used to determine research
sub-objective 3.

rSOC-CCGT CHP

The four Figures 7.3 depict the utilization of the four energy carriers used by the proposed system in the
first two weeks of January 2030. The figures indicate the flexibility of the system of being able to change
from mode and energy carrier. The first figure shows the use and production of hydrogen by the SOFC
and SOEC respectively. Because the system can switch modes it increases the total operating hours
which it presumably responds to the electricity price. This will be investigated shortly. The variable
heat production and the flexibility of the system to follow the heat demand constraints are shown in

Figure 7.3.3. The last figure, Figure 7.3.4, shows the gas consumption of the CCGT which follows the
same curve as the hydrogen consumption.
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Figure 7.3: Utilization of energy carriers by the rSOC-CCGT CHP in the first two weeks of January 2030. 1) Hydrogen, 2)
Power, 3) Heat, 4) Natural Gas.

The major advantage of the proposed system is shown in Figure 7.4 where the adaptability of the
system to the APX price! is demonstrated. The normalized APX price is shown in orange and the
hydrogen production and consumption of the rSOC are shown in the two shades of blue, be aware of
the two different y-axes. When the price is high, for example in the first five days, the SOFC-CCGT
converts hydrogen and gas to electricity. However, when the price is low, and it is not profitable to
produce power, the SOEC exploits the low electricity price by using it to generate hydrogen and sell it
on the hydrogen market which provides opportunities for increased profitability.

1Spot market price for electricity in the Netherlands, the United Kingdom, and Belgium.
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Figure 7.4: Adaptability of the rSOC-CCGT system to the APX price. The price is normalized for confidentiality purposes.

The results of the year 2030 are compared with the simulation of the current 442 MW CCGT
Hemweg 9 power plant in Table 7.12. The rSOC-CCGT CHP system shows the impressive growth of
the gross profit by an increase of 141%. The revenues from the SOFC-CCGT are considerably higher
due to the additional revenues from the generated heat (+74 GWh) and electricity (+756 GWh). The
relative fuel costs [€/GWHh] did increase because the relatively expensive hydrogen was used to substi-
tute for the NG. But the substitution simultaneously reduces the relative COz [kt/GWh]| emission from
0.345 to 0.253 (-26.6%) which reduces costs regarding the CO5 tax by €1.86 M.

In addition, the SOEC contributes to a substantial portion of the gross profit with 18.9%. The
SOEC generates hydrogen with a high gross profit margin® (80.0%) because the SOEC benefits from
the volatile electricity prices by activating the SOEC when electricity prices are low, as was depicted
in Figure 7.4. The SOEC produces in total 321 GWh of hydrogen (HHV), which equals 43.9% of the
SOFC’s hydrogen consumption. However, the hydrogen is assumed to be fed into the grid instead of
stored on-site.

2The gross profit is not depicted for confidentiality purposes. These results can be found in the Confidential Appendix Page
17

3(Sales - Costs of goods sold)/Sales
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Table 7.1: Results 2030 rSOC-CCGT CHP in comparison to CCGT Hemweg 9. *Listed in HHV.

Parameter rSOC-CCGT CHP CCGT Hemweg 9 A[%]
Financials [M€]
Gross profit (Confidential (Confidential) 140.8

)

Revenue (Confidential) (Confidential) 66.7
SOFC-CCGT (Confidential) (Confidential ) 53.4
SOEC (Confidential)

Costs (Confidential) (Confidential) 53.4
SOFC-CCGT (Confidential ) (Confidential ) 49.8
SOEC (Confidential)

Commodity [GWh|*

Generated 3213 2043 57.3
Electricity 2799 2043 37.0
Heat T4
Hydrogen 340

Consumed 5368 3848 39.5
Natural Gas 3971 3848 3.18
Hydrogen 1056
Electricity 341

Other

Operating hours [h] 8524 4978 71.2
SOFC-CCGT 5691 4978 14.3
SOEC 2833

CO?2 emission [kt| 727 704 3.18

CO2 [kt/GWHh]| 0.253 0.345 -26.6

To assess the third sub-objective, the NPV of the gross profit needs to be compared to the original
setup. The difference in NPV of the gross profit of the original CCGT and the proposed rSOC-CCGT
CHP indicates the available budget that may be invested to convert the original CCGT to the proposed
system and reinvested throughout the lifetime of the systems. The calculation of the NPV of the gross
profit (GP) in Equation 7.1 assumes an interest rate of 2%, calculates back to the year 2023, and ex-
cludes degradation effects. The results are listed in Table 7.2. The years in between the examined years
are approximated by linear interpolation. The proposed system generates an NPV of gross profit that
is 118% higher than the original system. Furthermore, it can be concluded from Table 7.2 that each
year’s gross margin and NPV increase, which is not the case for the original CCGT. The difference can
be explained by the increasing hydrogen production, presumably due to rising CO5 tax and volatility
of electricity prices, which benefit the profitability of the SOEC.

T

NPVgp =
t=0

(lcfjﬁ)t (7.1)

Table 7.2: NPV, gross profit, revenue, and costs of examined years of the rSOC-CCGT CHP and the original Hemweg 9 plant.
The absolute numbers are confidential (Confidential Appendix Page 19), the relative difference is provided.

Energy System Year NPV 2023 2025 2030 2035 2040 2045
rSOC-CCGT CHP  Gross profit [M€] (Conf.) (Conf) (Conf.) (Conf) (Conf.) (Conf.)
Revenue (Conf.) (Conf.) (Conf.) (Conf.) (Conf.)

Costs (Conf.) (Conf.) (Conf.) (Conf.) (Conf.)

CCGT Hemweg 9 Gross profit [M€] (Conf.) (Conf.) (Conf.) (Conf.) (Conf.) (Conf.)
Revenue (Conf.) (Conf.) (Conf.) (Conf) (Conf.)

Costs (Conf.) (Conf.) (Conf.) (Conf.) (Conf.)

=A%) Gross profit 118 60 135 143 115 109
Revenue 72 66 65 72 67

Costs 75 53 49 59 52

To assess the third sub-objective, whether the implementation of the proposed MES achieves a
higher gross profit [€/MWh], the NPV of the gross profit was divided by the total generated energy of
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the commodities (Table 7.3). Because the number of operating hours has gone up, and the system now
also produces heat and hydrogen, the gross profit is weighted by the total generated energy to assess
the profitability. This calculation also includes the hydrogen generation expressed in HHV.

Table 7.3: Total generated energy [TWh| of the two systems and energy carrier over the years 2025 to 2045.

System Commodity Energy [TWh]
rSOC-CCGT CHP  Power 53.2
Heat 1.18
Hydrogen 10.1
Total 64.5
Original CCGT Power 37.8

When the outcome of Equation 7.2 of the proposed rSOC-CCGT CHP is divided by that of the origi-
nal Hemweg 9 plant, the ratio is 1.28. This ratio indicates that the weighted gross profit [NPVgp/MWHh]
of the proposed rSOC-CCGT CHP system is indeed higher than that of the original CCGT.

NPVgp 2023
Z M VVhPower7 Heat, Hydrogen

Weighted NPV ,p = (7.2)

WeightedN PV ¢p soc.coar cup
WeightedN PV ¢p, original coaT

NPV, atio = (7.3)

rSOC-CCGT CHP + TES

TES is added to the rSOC-CCGT energy system and the system is thereafter compared to the previ-
ous energy system. Besides, Vattenfall applied sensible TES in the Diemen area. Therefore, the same
TES asset is adopted as at the Diemen power plant with the same maximum capacity of 1600 MWhy,
(depending on the return and supply AT) and a maximum pump load of 225 MWy;,. This storage is
unnecessarily large when compared to the capacity of the proposed system, however, it is only used to
demonstrate the usefulness of the TES in the MES system. Because the rSOC is only being tested at a
small scale to date compared to the 100MW proposed in this research, it is difficult to make statements
about the system’s CAPEX. These are therefore not included in this study.

The advantages of adding the TES can be deducted from Figure 7.5. The addition of the TES to
the MES system enables the MES to decouple heat production and consumption. In the period between
the 13th and 15th of January, indicated with the black arrow on the right, the MES provides heat to
the DHN by discharging the TES while the SOEC takes advantage of low electricity prices to generate
hydrogen (which was illustrated in Figure 7.4). Besides, the TES enables that when the CHP produces
heat, the CHP operates at full load, resulting in a higher system efficiency. This situation may occur
during periods in which renewable energy sources are overproducing, while connected users of the DHN
require heat.
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Figure 7.5: Production of hydrogen HHV [MW] (light green, left y-axis), heat [MW] (dark green, left y-axis) and total heat
stored (blue, right y-axis). Arrows indicate the regions of interest.

Table 7.4 displays the same gross profit NPV analysis, but compares the rSOC-CCGT CHP with and
without TES. Ultimately, NPV of the gross profit of the system increases by 1.44%, which is dominated
by the differences in the year 2025. The comparison between the system with and without TES of the
produced commodity quantities, operating hours and COs emissions of the year 2030 can be found in
Appendix A.2.

Table 7.4: NPV, gross profit, revenue and costs of examined years of the rSOC-CCGT CHP and rSOC-CCGT CHP + TES.
The absolute numbers are confidential (Confidentiality Appendix Page 19), the relative difference is provided.

Energy System Year NPV 2023 2025 2030 2035 2040 2045
rSOC-CCGT CHP  Gross profit [M€] (Conf.) (Conf.) (Conf.) (Conf.) (Conf) (Conf.)
+ S Revenue (Conf) (Conf) (Conf) (Conf) (Cont)
Costs (Conf) (Conf.) (Conf.) (Conf.) (Conf.)
rSOC-CCGT CHP  Gross profit [M€] (Conf.) (Conf) (Conf) (Conf) (Conf) (Conf)
Revenue (Conf.) (Conf.) (Conf.) (Conf.) (Conf.)
Costs (Conf.) (Conf.) (Conf.) (Conf.) (Conf.)
A [%)] Gross profit 1.44 2.85 0.33 0.12 0.15 0.08
Revenue 0.61 0.11 -0.02 0.38 0.10
Costs 0.08 0.05 -0.07 0.47 0.10

7.2. Conclusion
The NPV of the gross profit of the proposed rSOC-CCGT CHP system has increased by 118% compared
to the current CCGT. If this result account for the increased energy production by dividing the NPV by

the total amount of energy produced, the increase is still 27%. This concludes the third sub-objective.
Adding a TES to the system results in a slight increase of the NPV by 1.44%.



Conclusion

This chapter discusses the conclusions of this research. The main findings based on the optimization
process, comparison and energy system analysis are reviewed. Finally, the limitations of this work are
addressed. Recommendations for future research to overcome these limitations will be proposed.

8.1. Research Objectives

While the performance of various SOFC-CCGT cycles has been widely explored, few research was found
on the retrofitted hybrid system by applying an existing gas cycle, and no research examined the in-
tegration of an rSOC with a CCGT. This study aims to determine the enhancement of performance
caused by coupling the SOFC to an existing CCGT while taking into account the bifunctional SOEC
operating mode.

The research objective was to assess the benefits of retrofitting an rSOC to an existing CCGT by
simulating its exegetic performance, relative GHG emissions and gross profit, and comparing these re-
sults to those of the existing CCGT.

This main research objective was then divided into three sub-objectives, namely:

e The first research sub-objective was to assess the benefits of retrofitting an rSOC to an existing
CCGT based on the exegetic performance.

e The second research sub-objective was to assess the benefits of retrofitting an rSOC to an existing
CCGT based on the relative GHG emissions.

o The third research sub-objective was to assess the benefits of retrofitting an rSOC to an existing
CCGT based on the gross profit.

8.2. Summary and Conclusion of Research Process

First, a brief summary and the main conclusions of the optimization process of the rSOC. Then the
coupling between the SOFC and the CCGT will be presented. Finally, the results from the MES analysis
are discussed.

8.2.1. Summary and Conclusion of rSOC Optimization Process

On cell level, both rSOC modes favored a high temperature, high fuel concentration and low current
density. Pressure had a contrary effect on the different modes, however, the heat duty of the cell
dropped at increasing pressures, which reduced the additional required electric heating. Nevertheless,
on the system level the increased pressure and temperature were detrimental for the system’s exegetic
performance. This is caused by the increased compression power and environmental exergy losses, which
relate to the large airflow, high exhaust temperature and pressure. To minimize the exergy environmen-
tal losses and exergy destruction, several optimizations were proposed.

110
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Reducing the need for fresh air proved to be the most effective method to reduce heating and com-
pression power. The air recirculation re-utilized the warm and pressurized outgoing airflow. A trade-off
had to be made between the reduced compression power of the fresh air compressor and the increased
compression power of the recirculation compressor. Besides, by reducing the fresh air, the SOFC’s and
SOEC’s Nernst voltage was negatively affected through the decreased (SOFC) or increased (SOEC)
oxygen concentration. The optimal air recirculation factor varied per SOC mode due to the difference
in endothermic and exothermic cell operation, and the affected cell voltage.

Two heat exchanger networks per mode were constructed, one for the stack and the other for the
systems Balance of Plant. The imposed heat exchanger network provided all the SOFC stack’s required
heat, while the additional heat duty of the SOEC was reduced to 16% compared to the system without
heat integration. A downstream ST was introduced to expand the outgoing gas streams. In the case
of the SOFC, the best position for the downstream turbine was shown to be immediately after the
afterburner, because this maximized the turbine inlet temperature and reduced the exergy destruction
of the downstream heat exchangers.

The resulting rSOC was used for the integration with the CCGT. The optimized SOEC system
achieved an efficiency of 84.3% which required 129 MW to produce 0.903 kg/s of hydrogen. The SOFC
operates at an exergy efficiency of 73.1%, with an electrical power output of 100 MW while consuming
1.13 kg/s of hydrogen.

8.2.2. Summary and Conclusion of SOFC-CCGT Coupling

To utilize the exergy losses of the SOFC, an indirect coupling of the SOFC-CCGT system was im-
posed. The heat was inserted in the CCGT at two locations, the higher temperatures at the HRSG
and the lower at the GT fuel preheater. To effectively transfer the heat of the SOFC into the CCGT
system, the heat of combustion of natural gas was substituted by the heat of the SOFC’s exhaust stream.

The heat integration reduces the environmental losses of the SOFC by 65% while enhancing the
performance of the CCGT. A reduction of 3.0% of total exergy input was achieved when the SOFC-
CCGT generated the same power output as the original CCGT. Nevertheless, the synergies of the SOFC-
CCGT diminish when operating at part load due to the limited absorption of heat. The environmental
losses were reduced by incorporating the heat transfer to the DHN in the system, while the exegetic
performance of the CCGT CHP was increased. Maintaining the heat output resulted in an increased
efficiency, due to the ability to supply the additional heat to the DHN instead of discharging it to the
environment.

8.2.3. Summary and Conclusion about MES

The gross profit of the proposed MES was analyzed with an energy system optimization model of the
Amsterdam Metropolitan Area. The proposed MES, consisting of the rSOC-CCGT CHP, was able
to adjust its operating mode to anticipate on the variations in the energy grid. The proposed model
took advantage of low electricity prices by operating at SOEC mode, which resulted in a large gross
margin of 80.0%. The gross profit of the MES was increased compared to the original CCGT due to the
high gross margin of the SOEC, the increased efficiency of the system, and the increased total energy
produced hours. The NPV of the gross profit of the years 2025 to 2045 was calculated to take time de-
pendency into account. Additionally, the NPV of the gross profit was corrected for the increased amount
of energy produced, by dividing it by the total amount of energy. This was used to assess sub-objective 3.

The addition of the TES showed that heat production and consumption could be decoupled. This
allowed the system to run at full load more frequently, which is advantageous because the full load has
higher efficiency than part load. In addition, it was found that the addition of TES allowed to operate
the SOEC while still meeting the heat demand, which increased the total heat supplied. The NPV of
the gross profit of the system with TES is 2.85% higher than the system without TES.
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8.3. Main Findings

In this section, a conclusion will be drawn about each of the sub-objectives. From the three sub-
objectives, a conclusion can then be drawn about the main research objective.

8.3.1. Assessing the Benefits Based on Exegetic Performance (Sub-objective
1)

The benefits of the rSOC-CCGT based on exegetic performance can be assessed using the results of the

exergy analysis, summarized in Tables 8.1 and 8.2. The exegetic performance of the system increases

when a SOFC is coupled with an existing CCGT and CCGT CHP, while respecting the operating

conditions of the SOEC. Thus, in both cases, it can be assumed that there are benefits of retrofitting

an rSOC to an existing CCGT based on the exegetic performance.

8.3.2. Assessing the Benefits Based on GHG Emissions (Sub-objective 2)
The benefits of the rSOC-CCGT based on GHG emissions can be assessed using the results of the exergy
analysis, summarized in Tables 8.1 and 8.2.

As can be seen from the table, the reduction of CO2e in Optimized case 1A is 21.3% compared to
the CO2e of the original CCGT. When the CHP is included in the consideration, the reduction of CO2e
in Optimized case 2B is 13.2% over the CO2e of the original CCGT CHP. Thus, in both cases, it can
be assumed that there are benefits of retrofitting an rSOC to an existing CCGT based on the GHG
emissions.

Table 8.1: Concluding results Sub-objective 2 Cases A: Exergy efficiency and relative GHG emissions

Case System W System [%] CO,e [t/MWHh]

Original CCGT CCGT full load 57.7 0.336

(Base case 2A) CCGT: 441 [MW¢|

Optimization case 1A CCGT-SOFC full load coupled 61.5 0.264
CCGT + SOFC: 518 [MWe¢]

Difference 3.80 -21.3%

Table 8.2: Concluding results Sub-objective 2 Cases B: Exergy efficiency and relative GHG emissions

Case System W System [%] CO,e [t/MWh]
Original CCGT CHP ~ CCGT full load 57.0 0.258
(Base case 2B) CCGT: 417 [MW|

CCGT: 103 MW
Optimization case 2B CCGT-SOFC part load 61.2 0.224

CCGT + SOFC: 474 [MW,]
CCGT + SOFC: 103 [MW,,]
Difference 4.20 -13.2%

8.3.3. Assessing the Benefits Based on Gross Profit (Sub-objective 3)

As can be seen from table 8.3, the NPV of the gross profit of the proposed MES case was found to
be 118% higher than the original CCGT. Corrected for the increased amount of energy produced, by
dividing it by the total amount of energy, this resulted in a 28% increase from the original CCGT to
the Proposed MES case. It can therefore be concluded that there are also benefits of retrofitting an
rSOC to an existing CCGT based on the gross profit.

Table 8.3: Concluding results Sub-objective 3: NPV of gross profit [M€], Total energy of carriers generated [TWh]|, Weighted

NPV [€/MWHh]
Case NPV [M=<€] Energy [TWh] Weighted NPV [€/MWh]|
Original CCGT (Base case 2A) (Conf) (Conf) (Conf)
Proposed MES case (Conf) (Conf) (Conf)

(Combined Optimization case 1A and 1B)
Difference 118% 1% 28%
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8.3.4. Assessing the Benefits Based on All Performance Parameters (Main
Research Objective)

Using the three sub-objectives, a conclusion can be drawn about the main research objective: Exergy
efficiency increases, GHG emissions decrease and gross profit increases, when a retrofitted rSOC is
coupled with an existing CCGT. The proposed systems outperform the original CCGT system on each
performance parameter.

8.4. Research limitations and recommendations for future re-

search

Although the outcomes of this research are valuable, the reader is advised to take into account the
limitations while interpreting the results. These limitations provide opportunities for future research.

8.4.1. Simulation software

The first limitation of this work stemmed from the software used to model the combination of the
rSOC and the CCGT systems. No simulation software currently is known to be capable of perfectly
mapping both an electrochemical process of an electrolyzer and gas cycles. Although several studies
have managed to get the rSOC to match experiments with Aspen Plus, Aspen plus is generally not used
for modeling CCGTs but for chemical process simulations.

In addition, Aspen plus has no ability to correct for part load operation of a system such as in the
engineering mode in THERMOFLEX or in the simulation software Cycle Tempo. In this work, the
losses in part load operation were approximated with an isentropic correction of the turbomachinery.
However, the other parts, such as the heat exchanger, also suffer efficiency losses. Again, with the
current simulation software a trade-off has to be made.

Through the stack analysis, it was found that in the range of current densities (<10,000 A /m?) and
pressures (<10 bar), mainly the temperature and the oxygen concentration the cell voltage. If these
operating conditions are not exceeded, relationships in the literature are available where the cell voltage
can be corrected depending on the operating temperature and current density. This allows adopting
the electrochemical cell in a gas cycle focused simulation software such as THERMOFLEX, thereby
enabling the part load analysis while accounting for the largest electrochemical implications. Because
this work opted for detailed mapping of the electrochemical process of the rSOC, thereby compromising
on the detail of the CCGT, future work is recommended to investigate the reverse.

8.4.2. Model

The electrochemical model has been validated and calibrated with respect to small-scale experiments.
However, the current system is of MW scale. It was assumed that scale does not affect performance.
However, it does appear to do so when looking at more mature electrochemical techniques such as
alkaline electrolysis. The SOCs are expected to be applied on various scales but the scaling effects of
cells and stacks on performance remain to be explored.

The degradation can significantly affect the performance of the system. Besides maintaining the
temperature gradient and maximum fuel concentrations, little attention was paid to the degradation
effects of the SOC. The determination of optimal operating conditions and the financial analysis would
likely be different if these effects were taken into account. Future research that determines the de-
gree to which degradation affects long-term exegetic performance, and incorporates these effects into
the thermodynamic optimization and into the dispatch model would be a valuable addition to this work.

The fuel consumption of 0.8 was assumed based on experiments discussed in the literature. This
factor has a strong effect on efficiency: the higher, the better. However, other papers often assume a
higher utilization factor than was used in this work. This could increase the efficiency of the system
since the afterburner - which receives the residual 20% unconverted hydrogen - is the major source of
the SOC’s system exergy destruction. SOC technological improvements in the coming decades, such as
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an increasing fuel utilization factor, when SOC system majors were not considered in this work.

It was assumed that a hydrogen grid will be in place when the proposed system will be manufactured.
However, the hydrogen grid will not be constructed everywhere, so the majority of the CCGTs around
the world do not comply with the current system requirements. Considering hydrogen storage instead
of the hydrogen grid will expand the scope of this work, making the system applicable to more CCGTs.
However, the scale of the proposed system would make the implementation of storage unlikely. Other
energy carriers than hydrogen could be the solution. Storage would also have beneficial effects on the
system configuration. The SOFC features a maximum allowable hydrogen concentration of 97%. This
means that a series of flash drums can be deployed to facilitate the fuel of this purity, rather than the
assumed membrane technology to meet the 99.97% purity required for the hydrogen grid. Therefore,
the effect of hydrogen storage on the exegetical and financial performance of the system would be an
interesting follow-up study.

In this work, the same system components are used for the SOFC and SOEC to access the rSOC
mode. However, this research has not considered whether the same components could be used. To
determine this, the efficiency losses associated with deviating operating conditions must be taken into
account and balanced against the required investments. Future work could contribute with a techno-
logical economic analysis of the rSOC’s Balance of Plant.

Based on recommendations from the literature, an indirect heat integration of the SOFC and the
retrofitted CCGT was imposed, because a direct integration would excessively affect the normal oper-
ation of existing CCGTs. However, a direct hybrid system shows better thermodynamic performance.
Future work should examine the extent to which direct integration can be applied to existing cycles
and how off-design performance affects the system.
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A.1. Theoretical Background

Appendix Tables

Table A.1: Relevant molecules in the system and the molecule standard exergy [18]

Molecule Exergyo™ [J/mol]

H2
H20,,,,,
H20jqu4
02

N2

CH4
CcO2
C2H6
C3H8
C4H10
CcO

NO

NO2

2.35E+05
9.50E-+03
9.00E-+02
3.97E+03
6.90E-+02
8.31E+05
1.95E+04
1.50E+06
2.15E+06
2.80E-+-06
2.75E+05
8.80E+04
5.56E+04
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Figure A.1: Pinch
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Figure A.2: Pinch analysis for SOEC system, Temperature vs. heat load diagram
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Figure A.3: SOEC system optimization rounds results

(a) System power consumption per mole (b) System Exergy Efficiency
900 90%
800 80%
T w0 . 0%
8 - 60%
E 600 :g °
S 500 —é 50%
g w0 = 40%
g &
8 300 5 30%
B &
2 200 0%
&~
100 10%
B 0%
0. Base Case 1. Clll Heat 2 Air 3. Down 4 System  5.Operating 0. Base Case 1. Cell Heat 2. Air 3. Down Stream 4. System Heat 5.Operating
. . : o . Integration Recirculation Turbine Integration Conditions
Integration Recirculation  Stream Heat Conditions
Turbine  Integration Optimization Round
Optimization Round
(c) System total exergy loss per mole (d) Exergy destruction Grid to Stack module per mole
600 45.00
T 5
T 500 7
& g’
E =
i 100 Z 00
E E 25.00
£ 300 g
2 £ 20.00
-§ 200 'é 15.00
5
]
? E 10.00
% 100 &
3] 5.00
0 0.00
0. Base Case 1. Cell Heat 2. Air 3. Down 4. System 5.0perating 0. Base Case 1. Cell Heat 2. Air 3. Down 4. System Heat 5.0perating
In[egrat_ion Recirculation Stream Heat Conditions Integration Recirculation Stream Turbine Integration Conditions
Turbine  Integration Optimization Round
Optimization Round
(e) Exergy destruction Stack module per mole (f) Exergy destruction Purification module per mole
250 7
) = 6.8
S 200 S
kil £ 66
g E
=0 oo
£ £
g g 6.2
Ag 100 § 6
=] <
7] B 58
5 50 g
g g
= = 5.6
0 5.4
0. Base Case 1. Cell Heat 2. Air 3.Down 4. System 5.Operating 0. Base Case 1. Cell Heat 2. Air 3.Down  4.System  5.Operating
Integration Recirculation Stream Heat Conditions Integration Recirculation Stream Heat Conditions
Turbine  Integration Turbine  Integration
Optimization Round Optimization Round
(g) Exergy destruction Purification to Grid module per mole (h) Environmental exergy
1.27208 350
T 127207 = 300
S
£ g
Z 127206 = 250
= Z
£ = 200
£ 1.27205 S
g g
£ £ 150
< 127204 Z
<
& g 100
127208 &
& 50
1.27202
0. Base Case 1. Cell Heat 2. Air 3.Down 4. System Heat 5.Operating 0
cgra ec Stream Conditions 0. Base Case 1. Cell Heat 2. Air 3. Down 4.System  5.Operating
Turbine Integration Recirculation  Stream Heat Conditions
Optimization Round Turbine Integration

Optimization Round



A.2. Appendix Optimization 122

Figure A.4: SOFC system optimization rounds results
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Figure A.5: SOFC Graphs
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A.3. MES analysis

Parameter +TES rSOC-CCGT CHP A%]

Financials [M€]

Gross profit (Confidential) (Confidential) 0.32
Revenue (Confidential) (Confidential) 0.11

SOFC-CCGT (Confidential) (Confidential) 0.11
SOEC (Confidential) (Confidential) 0.07
Costs (Confidential) (Confidential) 0.05
SOFC-CCGT (Confidential) (Confidential) 0.04
SOEC (Confidential) (Confidential) 0.31

Commodity [GWh|*

Generated 3253 3213 1.24
Electricity 2790 2799 -0.34
Heat 123 4 66.57
Hydrogen 340 340 0.07

Consumed 5370 5368 0.04
Natural Gas 3972 3971 0.04
Hydrogen 1057 1056 0.04
Electricity 341 341 0.07

Other

Operating hours [1 8526 8524 0.02
SOFC-CCGT 5691 5691 0.00
SOEC 2835 2833 0.07

CO2 emission [kt] 27 27 0.04

CO2 [kt/GWh] 0.250 0.253 -1.32

Table A.2: Results 2030 rSOC-CCGT CHP with and without TES. *Listed in HHV

A.4. Appendix Results and discussion

Exergy input/losses [%] Base case 1A Case 1A A
Exergy in 100 100 -
Natural gas 84.8 83.8 -1.05
Hydrogen 15.2 16.2 1.05
Exergy out 60.1 61.5 1.39
Power 60.1 61.5 1.40
CCGT 49.0 49.6 0.63
SOFC 11.1 11.9 0.77
Exergy destruction 39.9 38.5 -1.39
CCGT 35.8 35.9 0.07
Irreversibilities GT 29.7 29.5 -0.18
Generator losses 0.32 0.31 -0.01
Pump + mechanical losses 0.28 0.30 0.02
Environmental GT 2.35 2.30 -0.04
Condenser + irreversibilities ST 3.19 3.46 0.27
SOFC 4.07 2.45 -1.6
Grid to Stack 0.44 0.07 -0.4
Stack 0.57 0.61 0.04
Afterburner 0.76 0.81 0.05
Turbine 0.21 0.22 0.01
Environmental 2.10 0.74 -14
Exergy integration - 1.91 -
Exergy exchanged HRSG - 1.67 -
Exergy exchanged FPH - 0.08 -
Exergy losses integration - 0.16 -
Exergy efficiency [%] Base case 1A Case 1A A
SOFC 73.14 83.91 10.76
CCGT 57.74 58.00 0.27
SOFC-CCGT 60.08 61.47 1.39

Table A.3: Relative exergy differences of Base case 1A and Case 1A
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Exergy input /losses [%] Base case 2A  Case 2A A
Exergy in 100.00 100.00 -
Natural gas 100.00 81.54 -18.5
Hydrogen - 18.46 -
Exergy out 57.74 59.59 2
Power 57.74 59.59 1.85
CCGT 57.74 46.08 -11.7
SOFC - 13.50 -
Exergy destruction 42.26 40.41 -1.85
CCGT 42.26 37.43 -4.8
Irreversibilities GT 35.03 29.74 -5.3
Generator losses 0.38 0.27 -0.1
Pump + mechanical losses 0.33 0.32 -0.01
Environmental GT 2.77 2.27 -0.5
Condenser + irreversibilities ST 3.76 4.83 1.1
SOFC - 2.79 -
Grid to Stack - 0.08 -
Stack - 0.69 -
Afterburner - 0.92 -
Turbine - 0.25 -
Environmental - 0.85 -
Exergy integration 2.16 -
Exergy exchanged HRSG - 1.90 -
Exergy exchanged FPH - 0.08 -
Exergy losses integration - 0.19 -
Exergy efficiency [%)] Base case 2A Case 2A A
SOFC - 83.85 -
CCGT 57.74 55.18 -2.56
SOFC-CCGT - 59.59 -

Table A.4: Relative exergy differences of Base case 2A and Case 2A
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Exergy input /losses [%] Base case 1B Case 1B A
Exergy in 100 100 -
Natural gas 84.8 83.8 -0.97
Hydrogen 15.2 16.2 0.97
Exergy out 59.4 61.0 1.60
Power 57.4 58.8 1.37
CCGT 46.3 47.0 0.7
SOFC 11.1 11.8 0.7
Heat 2.04 2.26 0.2
CCGT 2.04 2.17 0.1
SOFC - 0.10 -
Exergy destruction 40.6 39.0 -1.6
CCGT 36.5 36.4 -0.1
Irreversibilities GT 29.7 29.3 -0.4
Generator losses 0.32 0.32 0.0
Pump + mechanical losses 0.27 0.29 0.02
DHN losses 1.25 1.32 0.1
Environmental GT 221 2.18 0.0
Condenser + irreversibilities ST 272 3.00 0.28
SOFC 4.07 2.36 -1.7
Grid to Stack 0.44 0.07 -0.4
SOFC 0.57 0.60 0.0
Afterburner 0.76 0.81 0.0
Turbine 0.21 0.22 0.0
DHN losses - 0.02 -
Environmental 210 0.64 -1.5
Exergy integration - 1.88 -
Exergy exchanged HRSG - 1.61 -
Exergy exchanged FPH - 0.08 -
Exergy losses integration - 0.19 -
Exergy efficiency [%] Base case 1B Case 1B A
SOFC 73.14 84.21 11.06
CCGT 56.99 57.43 0.45
SOFC-CCGT 59.44 61.04 1.60

Table A.5: Relative exergy differences of Base case 1B and Case 1B with the decoupled SOFC
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Exergy input/losses [%] Base case 2B Case 2B A
Exergy in 100 100 -
Natural gas 100.0 83.0 -17.00
Hydrogen - 17.0 -
Exergy out 57.0 61.2 4.26
Power 54.6 59.0 4.40
CCGT 54.6 46.6 -8.0
SOFC - 12.4 -
Heat 2.4 2.26 -0.15
CCGT 24 2.15 -0.2
SOFC - 0.10 -
Exergy destruction 43.0 38.8 -4.3
CCGT 43.0 36.1 -6.9
Irreversibilities GT 35.0 29.0 -6.0
Generator losses 0.38 0.31 -0.1
Pump + mechanical losses 0.32 0.29 -0.03
DHN losses 1.47 1.32 -0.2
Environmental GT 2.61 2.16 -0.4
Condenser + irreversibilities ST 3.21 2.99 -0.22
SOFC - 2.49 -
Grid to Stack - 0.08 -
SOFC - 0.63 -
Afterburner - 0.85 -
Turbine - 0.23 -
DHN losses - 0.03 -
Environmental - 0.67 -
Exergy integration - 1.98 -
Exergy exchanged HRSG - 1.69 -
Exergy exchanged FPH - 0.08 -
Exergy losses integration - 0.20 -
Exergy efficiency [%] Base case 2B Case 2B A
SOFC - 84.19 -
CCGT 56.99 57.45 0.47
SOFC-CCGT - 61.24 -

Table A.6: Relative exergy differences of Base case 2B and Case 2B without the decoupled SOFC
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