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Abstract.

This final degree project investigates three innovative methods to enhance the
efficiency and sustainability of combined cycle power plants. Using an advanced
thermodynamic software program, the performance of each optimization strategy will

be evaluated.

The first optimization strategy includes integrating a chiller, which cools down the intake

air of the gas turbine, potentially generating more power.

The second approach involves the design of the heating circuit for liquified natural gas,
to find its most suitable location.

The third study is the addition of hydrogen to the methane gas to allow existing

combined cycles to operate with a more sustainable fuel.

The findings of this project could be relevant to the design of existing and future
combined cycles, paving the way for more sustainable and efficient combined cycle

operation.
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Resumen.

En este proyecto de fin de grado se analizan tres métodos innovadores para mejorar
la eficiencia e impacto medioambiental de unas plantas de produccion energética, los
ciclos combinados. Se utilizara un programa informatico avanzado de analisis

termodinamico con el que se evaluara el impacto de cada estrategia de optimizacion.

La primera se basa en la integracion de un enfriador, conocido como “chiller”, que baja
la temperatura del aire de entrada a la turbina de gas, potencialmente aumentando la

potencia neta del ciclo.

El segundo objeto de estudio es el disefio del circuito de calentamiento de gas natural

licuado, para encontrar su ubicacion idénea.

El tercero trata de la mezcla de hidrégeno con gas metano para permitir que los ciclos
actuales puedan emplear combustibles méas sostenibles.

Los resultados de este proyecto pueden ser relevantes en el disefio de ciclos

combinados, pudiendo ofrecer una operacion mas sostenible y eficiente.

Rogelio Amado Pedn Garcia
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1. Introduction.

In recent years, there has been an important concern among people regarding the
environmental impact of society and industry. The increasing number of pollutants
produced accumulate over time and pose a serious risk for public health. Perhaps the
most studied pollutants are greenhouse gases, whose concentration in the last hundred
years has made a notorious impact on world climate. From 1950: [1]
e Atmospheric carbon dioxide measured at Mauna Loa Observatory rose more
than 30%.
¢ Global average temperatures rose 1.2°C.
e The frequency and intensity of 10-year extreme hot temperature events have
increased by 2.8 times.
e The frequency and intensity of 50-year extreme hot temperature events have
increased by 4.8 times.
e The frequency and intensity of 10-year extreme drought events have increased

by 1.7 times.

And the list goes on, with an increasing number of heavy precipitation events, smaller
Arctic Sea ice area, increasing ocean acidity and sea level... In addition, the proportion
of CO2 emissions captured by land and ocean carbon sinks is smaller in scenarios with
higher cumulative CO2 emissions, as their ability to absorb this gas is reduced [2]. With
an increasing global population and consumption of natural resources, if no action is

taken, the Earth will transform into a harsh environment no one would like to live in.

Fossil fuels account for more than 60% of all energy produced in the world. [3] But the
share is not evenly distributed across the world. In fact, some European countries have
a 90% share of non-fossil generation, while most parts of Africa and Asia rely heavily

on fossil fuels. [4]

Rogelio Amado Pedn Garcia
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Share of electricity production from fossil fuels, 2022

Measured as a percentage of total electricity.
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Figure 1.1 Share of fossil fuel electricity production in 2022 (Source: [4])

Even though the best alternative, from an occidental point of view, is to switch to
renewable energy, most countries in the world are far from achieving the same
generation capacity of fossil fuels using renewables. In order to reduce global
emissions of carbon dioxide and other greenhouse gases, the most sensible strategy
IS using the same energy sources with higher-efficiency systems until renewables can

enter the market appropriately.

There is not an ideal energy source, as renewable sources are highly dependent on
natural phenomena such as wind, rain and sun, which requires energy storage
solutions, increasing installation costs. Nuclear energy creates radioactive waste and
can become dangerous if not operated correctly. Considering fossil fuels, gas cycles

pollute almost 50% and 20% less than coal or fuel power plants, respectively [5].

Rogelio Amado Pedn Garcia
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The transition to clean energy sources must be made as smoothly as possible;
otherwise, developing countries will not be able to fulfill the carbon dioxide emission
requirements and economic sanctions would harm them instead of encouraging this

energy transition.

Share of electricity production from gas, 2022

Measured as a percentage of total electricity.

No data 0% 10%  20%  30%  40% 50%  60%  70%  80%  90%  100%
[ ]| f f f f I I

Data source: Ember - Yearly Electricity Data (2023); Ember - European Electricity Review (2022); Energy Institute - Statistical Review
of World Energy (2023)
OurWorldInData.org/energy | CC BY

Figure 1.2 Global electricity production from gas in 2022. (Source: [4])

In order to check where combined cycles are used, the International Energy Agency
published Figure 1.2 showing where energy production from gas is taking place. It can
be deduced that on North America, South America, the middle East, the north of Africa
and Russia, combined cycles are a relevant electricity source. By optimizing these
cycles, even slightly, the improvement of energy efficiency and reduction in carbon

emissions is multiplied.

Rogelio Amado Pedn Garcia
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According to the International Energy Agency, electricity generated from gas accounted
for 6489 TWh in 2021, around 23% of all energy generated worldwide. Gas electricity
production is expected to reach 6522 TWh in 2025, mainly in Africa and the Middle
East, whose increase of gas generation is expected to rise 1.01% and 1.15%

respectively.[6]

In Dominican Republic, 7421 GWh were produced in 2023 from coal, 31.03% of all
power generated while natural gas produced 9255 GWh, 38.70% of the total power
generated. [7] Natural gas is the main source of energy for Dominican Republic, and
improving combined cycle performance can lower carbon emissions, avoiding the use

of coal power generation and reducing costs.

In the context of regions where the transition to a renewable energy system in a short
timeline is not an option, this project is focused on studying strategies for reducing the
emissions from the fossil fuels used for energy generation. In Chapter 2, the
background and objectives of the work will be introduced. The methodology used to
evaluate the alternatives proposed will be shown in Chapter 3 and in Chapter 4, the

results of the simulations will be displayed.

2.Background and objectives.

2.1.-Background.

In 1940, the first Combined Cycle Power Plant (CCPP) came online in Switzerland,
producing 4 MW of power from gas. A year later, the Natural Gas Combined Cycle

(NGCC) was invented, and it was claimed to be “the most efficient and low-cost route

Rogelio Amado Pedn Garcia
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to electricity production” [8] Nowadays, active research is still performed to adapt and
improve combined cycles. Only in the US, 20 new NGCC are expected to come online
between 2024 and 2025, with a total capacity of 7.7 GW[9].

Natural Gas Combined cycles consist of two coupled Brayton and Rankine cycles, as
depicted in the top Brayton cycle, atmospheric air is compressed and mixed with natural
gas in a combustion chamber, being expanded afterwards in a gas turbine. Then, the
exhaust hot gases enter a Heat Recovery Steam Generator (HRSG) which is
composed of a series of heat exchangers that are used to generate steam for the

bottom Rankine cycle.

Pin
¢ T
Combustion
chamber
GAS CYCLE /
Gas
Compressor e EC:Z

?A.'u- Heat exchanger
“12u. A —W\/\/\ﬁ—:

gases
MW
@- STEAM ®
CYCLE
Pump o
am Ele—
Condenser 1 twbine E
@’ < > N, O
Qou s

Figure 2.1 Brayton (gas) and Rankine (steam) cycles. (Source: [10])

In the Rankine cycle, inside the HRSG, evaporators at different pressure levels are

used to generate steam for powering the turbines. Economizers and superheaters are

Rogelio Amado Pedn Garcia
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used to heat up liquid water before the evaporators and superheat the steam after them.
The superheated steam is then expanded in the steam turbines, generating power. The
turbine exhaust steam is driven to a condenser, becoming liquid water again thanks to

a refrigeration circuit with a cooling tower. Finally, water is pumped back into the HRSG.

3LP COMBINED CYCLE

Air

Fuel

RRAN
9009

© 5%
)

Figure 2.2 Combined cycle with three pressure levels (3LP).

Combined cycles can be adapted to various scenarios, a popular one is offshore
production, mainly used by the oil and gas industry to power machinery, and Flatebg
proved that it is possible to build a 53 MW plant with 50.3% efficiency, with the
limitations of weight and volume offshore production sets. [11]

Recent research has been made towards the reduction of carbon emissions, using
post-combustion carbon capture systems, integrating combined cycles with solar power

plants, to improve energy efficiency. [12], [13]

In recent years, some researchers have investigated the use of LNG (Liquefied Natural

Gas) as fuel [14], but to the author’s knowledge, performance and cost analyses for

Rogelio Amado Pedn Garcia
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using the cooling power of LNG in different cooling circuit positions have not been
performed yet. The implementation of chillers for combined cycles has been studied as
well [15], [16]; but there is little information about the feasibility of using chillers in a high
humidity scenario as in Dominican Republic. In addition, an important topic for
decarbonization is blending natural gas with hydrogen. The impact of blending on
performance and its drawbacks are being analyzed [17], but little to no information is
available for the feasibility of blending in Dominican Republic considering its ambient

conditions.

To investigate combined cycle improvements, three strategies will be examined in this
project:

e Open Rack Vaporizers (ORVs) placement.

e Chiller usage and sizing.

e Hydrogen Blending usage.

2.1.1.-ORVs.

Open Rack Vaporizers (ORVs) are heat exchangers which employ sea water to heat
Liguified Natural Gas (LNG) from -163C up to 15C, to be later burned at the gas turbine.
The heat exchanger consists of a series of aluminum tubes in contact that allows heat
transfer between these two fluids. [18]. ORVs need an inlet of hot water and an outlet
of cooler water, and their respective pumps. They do not require any additional source
of heat or power. As sea water is required, the first step is deciding what are the
possible sources of hot water, which can be found in the cooler circuit of the condenser,

depicted in Figure 2.3.

Rogelio Amado Pedn Garcia
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COOLING CIRCUIT

Cooled circuit Cooler circuit
A A
s N\ N
From cycle

Hot side

To cooling tower

To cycle Cold side

From cooling tower

Figure 2.3 Cooling circuit of the steam turbine.

2.1.2.-Chillers.

In combined cycles, reducing inlet air temperature can increase combined cycle power
output in a cost-effective manner. As the air cools down, its density increases, allowing
a higher mass flow rate and increasing output power [19]. Air-cooled electric chillers
and water-cooled absorption chillers can be used to obtain this effect, as shown in

Figure 2.4 and Figure 2.5.
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ELECTRIC CHILLER
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Figure 2.4 Electric chiller components.

Electric chillers work by circulating a refrigerant in a closed cycle, as seen in Figure 2.4.
First, the liquid refrigerant is pumped and its pressure and temperature increase (steps
1 and 2). Then, it is cooled down with ambient air (step 3). Finally, the pressure drops
in an isenthalpic valve which cools down the refrigerant used to take heat from the

compressor inlet air (step 4). [20]
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Figure 2.5 Absorption chiller components.

The absorption chiller has a similar working principle, but the refrigerant used is usually
a mixture of water and lithium bromide, which has a high affinity for water. First, the
lithium bromide solution is pumped into a generator (steps 1 and 2), where vapor from
the boiler heats up the solution. As it is heated, lithium bromide loses affinity for water,
and it evaporates into a condenser. The concentrated lithium bromide solution goes
back to an absorber after being cooled down in a regenerator (steps 3 and 4). This
concentrated solution is sprayed in the absorber, attracting water vapor from the
evaporator (step 5), and completing the cycle. The evaporator has a low pressure,

lowering the boiling point of water to around 4°C.

The cycle that absorbs heat from the system to be cooled starts in the absorber, cooling
down water vapor to enable a faster water absorption by the lithium bromide (steps 8
and 9). It also cools down the water vapor in the condenser (steps 6 and 7) and heat is
later rejected with a fin-fan cooler.
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On the other hand, the cooling circuit starts in the condenser, where evaporated water
turns into liquid (step 10), which is sprayed in the evaporator (step 11) over the cooling
water tubes (step 12) where it evaporates. Finally, cooling water enters a heat
exchanger which cools down the air for the gas compressor inlet [21].

2.1.3.-Blending.

Another option to optimize combined cycles involves introducing hydrogen into the
natural gas fuel mixture, a process known as hydrogen blending. This technique aims
to decrease carbon dioxide emissions from gas turbines, thereby enabling more
adaptable and versatile fuel usage. In Table 2.1 the differences between methane and

hydrogen properties are compared.

Table 2.1 Hydrogen and methane properties. [22]

CHARACTERISTIC UNITS METHANE HYDROGEN
Formula CHa4 H2
Molecular weight kg/kmol 16 2
Molecular size pm (10*? m) 380 289
Lower/Upper flammability - 4.4/17 4/75
limits
Flame speed cm/s ~30-40 ~200-300
Adiabatic flame temperature °C ~1963 ~2204
Lower Heating value MJ/Nm3 35.8 10.8
Lower Heating value MJ/kg 50 120
Density (STP?*) kg/m? 0.657 0.0899

*STP=Standard temperature and pressure

As shown in Annex C, some modifications in the equipment must be conducted prior
to blending operation, but once installed, the operation is similar to operation with only

natural gas.
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2.2.-Objectives.

The main objective of this final degree project is to generate knowledge about possible
strategies to improve the efficiency, reduce the carbon footprint and increase the power
output of combined cycles. This main objective can be divided into the following specific
ones:

e Perform a bibliographic review of the strategies for improving the efficiency of
combined cycles, reduce their environmental impact and increase their power
output.

e Study the effects of the placement of Open Rack Vaporizers in a combined
cycle.

e Study the effects of implementing different chillers in a combined cycle.

e Study the effects of hydrogen blending in a combined cycle.
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3. Methodology.

The methodology used in this work comprises the thermodynamic analysis of the three
alternatives presented before. In the first strategy, the Open Rack Vaporizers are
designed to work with sea water, and all the possible configurations will be compared
with the aim of finding the most suitable location, given a turbine and its operating
conditions. The other two strategies, the use of a chiller and blending, will be compared
against the same cycle with no modifications, as a way of analyzing the viability and
the expected return of a more complex cycle.

3.1.-Thermodynamic analysis.

For the Thermodynamic analysis, mass and energy balances have been performed for

the relevant cycle equipment. The general mass balance is written as follows:
. . 3.1
Z Mmip, = Z Mout (3.1)

Where m;, and m,,; are the mass flowrates in kg/s of incoming and outgoing streams.
The general energy balance for open systems in steady regime, following the 15t Law

of Thermodynamics, is

Q - W = Z mout : hout - Z min : hin (32)

Where ( is the thermal power in KW, W represents power in kW, and h;,, and h,,,; are
the specific enthalpy values of the incoming and outgoing streams in kJ/kg. Note that
changes in kinetic and potential energy have been neglected in this analysis.

Equations 3.1 and 3.2 have been particularized for every cycle component. In the case
of the cycle heat exchangers, the general formula 3.3 for heat transfer using the
Logarithmic Mean Temperature Difference will be used to estimate the heat rate, and
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for the analysis of heat exchanger, the second part of the equation 3.3 has been used

to calculate the heat rate.

Q=U-A-LMTD =m-Cp- AT (3.3)

Where:
e ( is the heat transferred [kW]
e U is the overall heat transfer coefficient [kW/(m?-°C)]
e Ais the area of the heat exchanger [m?]

e LMTD is the Logarithmic Mean Temperature Difference [°C]

Heat transfer calculations depend on lots of different parameters, and even with the
same heat exchanger shape, the fluid velocity, temperature, viscosity, density etc. can

drastically change the heat transfer rate of a given surface. [23]

When comparing different operating conditions, a reasonable first approach is that the
heat transfer rate is directly proportional to the temperature difference across the
surfaces. While it is a good first approach, it does not perform good enough for small
temperature differences, and it does not distinguish between co-current and counter-

current flow.[24]

Rogelio Amado Pedn Garcia



- Universidad de Oviedo - Escuela Politécnica de Ingenieria de Gijén

-

Optimization of Combined Cycles — Page 27 of 114

COCURRENT
7;‘, out T |
T Th,in i
Hot A i
fluid | = i
7_-’) g )—’ 1 T{l,nul
L s I Ih out | 1(,0\"
: |
} Cold fluid T i
T | f
A B
COUNTERCURRENT
Cod _ 7

|

|

7‘ 1 7/. I
c,in l fluid hin 4 i
= |

T | = '
fin I Thou

A B

Figure 3.1 Comparison between co-current and counter-current flow [25]

As a way to solve these limitations, the LMTD is commonly used. In this method, the
heat rate is proportional to the mean temperature difference between the two fluids
across all the surface. For simplification, it is assumed that the temperature decreases
linearly across the tubes. As shown in Figure 3.2, ‘A’ and ‘B’ represent the ends of the

heat exchanger, and ‘1’ and ‘2’ represent the inlet and outlet of each flow.
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Figure 3.2 Co-current and counter-current configurations of a general heat

exchanger.
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Figure 3.3 Temperature evolution in co-current and counter-current configurations.

The LMTD is calculated using the formula LMTD

_ (AT4-A

- ln(ﬁg—g)

analysis on how to deduce it, see Annex A. LMTD formulation.

') Eor a more detailed
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In order to achieve the proposed objectives, some calculation methods have been used
to lower calculation time. If a complete analysis of a combined cycle had to be made
by hand, using mass and energy balances, although possible, it would be very time-

consuming for the simulation of different scenarios.

The main programs considered, their main strong points and limitations are collected
in Table 3.1.

Table 3.1 Programs considered for the design of components and combined cycles.

Program name Strong points Limitations
Detailed analysis of physical Only one component at a
Thermo-Calc . .
properties time
_ Thermophysical analysis of Simple analysis of
ProSim (Matlab)
components components
. . Code-intensive, difficult to
EES Accurate fluid properties .
add different components
Complete cycle/components Iterative (requires
Thermoflow _ o
analysis computation time)

In this project, Thermoflow was selected as the software to be used, as it allows to
perform a complete analysis of the cycle and its components. EES and an Excel Macro
have been also used to obtain some fluid properties. The use of the Macro is described

in Annex D. Microsoft Excel Macros.

The three components used from Thermoflow are described below.
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3.1.1.-GTPro.

It is a software specially built for designing all types of gas turbine cycles, simple and
combined, with different configurations. It takes input working conditions, such as the
turbine model, ambient temperature, pressure and relative humidity, design boiler
pressure... and simulates the cycle with different conditions until finding the ones that

optimize its efficiency.

Steam System Type

" 0. Simple cycle gas turbine(s)
Steam Turbine
" 1, Single pressure HRSG for process/STIG only
Condenser
" 2. Dual pressure HRSG for process/STIG only
3]
(" 3. Single pressure CC, non-condensing tubine 2
" 4, Single pressure CC, extraction condensing tuibine E §
7
" 5, Dual pressure CC, non-condensing turbine | HP[ IP | LP
[R—
" 6. Dual pressure CC, extraction/induction condensing turbine U[ J‘
" 7. Dual pressure reheat CC, extraction/induction condensing turbine @“I).:l Heat Recovery Boiler
" 8. Triple pressure CC, extraction/induction condensing turbine Gas Turbine
9 T i i i ine
* 19 Triple pvessur%eheal CC, extraction/induction condensing turbine [ ST connected o iniatmediske preestne boler [IFE)
" 10, Dual pressure reheat CC, reheat before IP [~ ST connected to low pressure boiler (LPE)
" 11. Triple pressure reheat CC, reheat before IP Above sketch is for illustration only. Steam turbine may have bleeds

and additions. HRSG heat exchanger sequence may be modified
- Various process streams may be established later,

Figure 3.4 Screen capture of GTPro, showing different configurations for the type of
cycle.

Once all the input parameters are set, GTPro gives a text and graphic output with the

flow conditions in each point.

Rogelio Amado Pedn Garcia



- Universidad de Oviedo - Escuela Politécnica de Ingenieria de Gijén
ﬁ;ﬁ% Optimization of Combined Cycles — Page 31 of 114

I 2 I 3 T O I B T 0 I 7 I O T g I

Figure 3.5 Screen capture of the general graphic output of GTPro -2LP cycle-.

This was the software used to design the combined cycle and the chillers. One of its
features is being able to export the cycle, once simulated, to Thermoflex, the main

component of Thermoflow.

3.1.2.-Thermoflex.

It is the most complete component of Thermoflow for performing thermodynamic
analyses. The navigator used to select different working modes is depicted in Figure
3.6. The first step is the design of the cycle components from an extensive library, using
the “Edit Drawing” option. Then, components are connected through pipes and initial

cycle conditions are set.
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Figure 3.6 Thermoflex navigator used to select different modes.

When the first “Play” button is pressed, the “Edit Inputs” button is activated. Clicking it
opens a menu for the input of ambient conditions and the general site configuration.

Then, the operating conditions of all components are set.

Thermoflex has three simulation procedures that must be run in order, using the second
“Play” button:

1) Thermodynamic Design (TD): It uses the previously design conditions to
simulate the behavior of its components, performing heat and mass balances.

2) Engineering Design (ED): It considers, as well as thermodynamic conditions, the
actual size of components, choosing the next larger one for a required operation
from the available libraries.

3) Off Design (OD): It fixes the components previously simulated, and it allows the
user to change operation conditions without modifying the size of the equipment.

Thermoflex allows the user to change the design modes all at once or one by one, for
fine-tuning design. In addition, in the business version of Thermoflex, the PEACE add-
on is available, which gives a cost and size estimation of the equipment and resources

used in the cycle, as shown in Figure 3.7.
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Figure 3.7 Screen capture of main PEACE configuration.

Once all the different steps of the simulation have been run, Thermoflex gives both text
and graphic outputs of all the calculated parameters. Figure 3.8 shows the outline of

the general graphic output of Thermoflex for a combined cycle with 3 pressure levels.
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Figure 3.8 Screen capture of the general graphic output of Thermoflex -3LP cycle-.
3.1.3.-ELINK.

ELINK is a useful tool that allows the user to simulate GTPro and Thermoflex designs
in Microsoft Excel, being able to simulate multiple operating conditions. Even though
simulations in ELINK take longer and Thermoflex can also simulate multiple operating
conditions, the tool allows to analyze the results in a more orderly way. Figure 3.9
shows the interface used to run and modify simulations.

)& @ m [5]|save One | ~| | " Add Cases ¥ Manage Inputs & Replace Linked File I L View Messages BR Edit Preferences
& Copy sheet Ll Remove Cases Manage Outputs 55 Export Case File

@Pnnthraphlcs ELINK Help
31  Create Mew Insert New Compute
Waorkbook ~ Worksheet ~ - [=5 Open Case File About ELINK

Mew Link Current Link G Variables Files Actions Other

Figure 3.9 Screen capture of ELINK options.
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3.2.-Strategies for improving combined cycles.

After describing the software used for the thermodynamic analysis, the strategies

studied for improving combined cycles will be introduced.

For the second and third strategies, Dominican Republic conditions have been studied
as the country relies heavily on fossil fuels for electricity generation, and a fast adoption

of green sources of energy is not achievable.

Firstly, only the heat rejection related components of the cycle were studied, allowing
to evaluate the optimal placement position of ORVs. Afterwards, the whole cycle was

considered for studying the introduction of chillers and fuel blending.

@) chiller

Fuel

@ Blending H,

Figure 3.10 Combined cycle with the three areas to be analyzed.

3.2.1.- Placement of Open Rack Vaporizers.

Before studying the position of ORVs, the conditions of the cooling system of the turbine
needed to be fixed. As previously commented, for this first study it is enough to focus

on the heat rejection circuit of the cycle.

Rogelio Amado Pedn Garcia



- Universidad de Oviedo - Escuela Politécnica de Ingenieria de Gijén

i

%}(}\ Optimization of Combined Cycles — Page 36 of 114

The steam turbine works with a design exhaust pressure between 0.085 bar and 0.075
bar. The same condenser was considered for both levels of pressure; therefore, it was
designed for the most demanding case, 0.075 bar. The main input and output
properties are indicated in Table 3.2 and Table 3.3 for both pressure levels.

Table 3.2 Turbine and condenser fluid properties in the main cycle.

First Pressure Level — 0.085 bar

Pressure | Temperature | Mass flow Enthalpy State
[bar] [°C] [t/h] [kJ/kg] [-]
Superheated
ST Input 165 565 489.6 3437
Vapor
Liquid-Vapor
ST Output 0.085 42.69 489.6 2,231.2 _
mixture
Condenser Subcooled
0.444 42.69 489.6 178.7 o
Output liquid

Second Pressure Level — 0.075 bar

Pressure | Temperature | Mass flow Enthalpy State
[bar] [°C] [t/h] [kJ/kg] [-]
Superheated
ST Input 165 565 489.6 3473
Vapor
ST Output Liquid-Vapor
0.075 40.33 489.6 2,219.6 .
Condenser mixture
Condenser Subcooled
0.434 40.32 489.6 117.7 o
Output liquid
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Table 3.3 Condenser fluid properties in the cooling cycle.

First Pressure Level — 0.085 bar
Pressure | Temperature | Mass flow Enthalpy State
[bar] [°C] [t/h] [kJ/kg] [-]
Condenser Subcooled
3 30.43 26,035 127.8 o
Input liquid
Condenser Subcooled
2 39.69 26,035 166.5 o
Output liquid
Second Pressure Level — 0.075 bar
Condenser | Pressure | Temperature | Mass flow Enthalpy State
Input [bar] [°C] [t/h] [kJ/kg] [-]
Subcooled
ST Input 2 28.00 25,903 117.7 o
liquid
Condenser Subcooled
3 37.30 25,903 156.4 o
Output liquid

The design of the condenser was made on Thermoflex, according to input and output
temperatures. In an effort to use the same condenser area for both pressure levels, the
Logarithmic Mean Temperature Difference (LMTD) has been used to design its cold-
side input temperature for the high-pressure scenario. To make calculations simpler, it
was assumed that for both levels of pressure, the heat exchanged in the condenser
was the same. As U and Q are considered constant, to keep the same heat exchanger

area -or size-, the LMTD must be constant.

For both pressure levels, the outlet temperature of the cooling cycle after the condenser
was set to three degrees lower than condensing temperature of the main cycle. For the
first pressure level, the cooling cycle condenser inlet temperature was obtained from
the simulation. With this result, the LMTD was calculated, so that the cooling cycle

condenser inlet temperature for the second pressure level can be calculated from the
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definition of the LMTD (see Annex A). As the main cycle condenser inlet and outlet
temperatures are the same (condensing process) for each pressure level, co-current
and counter-current configurations give the same result. The calculated operating

temperatures were fixed for all the examined cases:

AT, = Tmain,cond - Tcooling,in (3-4)

ATB = Tmain,cond - Tcooling,put (3.5)

After fixing these operating temperatures, the study of ORV placement position can
proceed. The limitations for the design are:

e The ORVs must discharge to the sea.

e The sea temperature is 25°C and the maximum discharge temperature allowed
by the company is 31.5°C.

e The air wet bulb approach to incoming warm water of the cooling tower is 4°C.

e The heat rate required for the ORVs is set by the cases which have them
installed in the outlet of the cold side of the cooling circuit.

e The evaporative cooling tower blowdown is taken from the cooling tower and
pumped out by the circulating pump, being discharged directly to the sea and
bypassing ORVs.

There are two possible locations for the flow inlet and outlet: before the cooling tower
(CT) - the hot side - or before the condenser - the cold side -. There are also two
possible placements for the ORVs, in the inlet pipeline or the outlet pipeline. These four

possibilities are depicted in Figure 3.11.
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Figure 3.11 Possible locations for inlet or outlet pipes and ORVs.

Out of all twelve possible setup combinations for each pressure, six have been
calculated for the first pressure level and five for the second pressure level. The

reasons for discarding a setup were:

e Discharge to sea from the hot side without ORVs, due to the high temperature
discharge limitations.

e The situations where the order of discharge from the same side was worse (the
inlet pipe located prior to the outlet pipe) if the other order was available.

e The situations where the inlet pipe connects to the hot side and the outlet pipe
connects to the cold side, as very similar possibilities are better due to the lower

water flow through the condenser.

The remaining configurations were considered, and named according to these

conditions:

e The four main configurations were named with letters from A to D.
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e Cases with a ‘1’ in the name correspond to low-pressure scenarios. Cases for
high-pressure scenarios do not have the additional number.
e Case Cl was added in parallel to the C high-pressure scenario due to

temperature limitations.
e Cases Bl and BI1 were named in parallel to B and B1 due to their similarity but

COI'I'GSpOI’]d to separate cases.

The configuration of all cases may be compared in Figure 3.12 and Table 3.4.

CASE A/A1 Tosea CASE B/B1 Tosea

% From cycle %

ORVs
ORVs

From cycle

) o
From sea From sea
a) Cases A/Al b) Cases B/B1
CASE BI/BI1 Tosea CASE C/C1 Tosea
From cycle 5% From cycle
From sea From sea
c) Cases BI/BI1 d) CasesC/C1
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CASE CI

From cycle

To cycle

To sea

From sea

CASE D/D1

From cycle

ORVs

To sea

5

To cycle

i O |

From sea

e) CaseCl

f) Case D/D1

Figure 3.12 Different locations for inlet and outlet streams and the ORV placement.

Table 3.4 Inlet and outlet pipes and ORV placement.

Case Seawater intake Seawater release ORV location
A Before CT After condenser Release
B After condenser After CT Release
Bl After CT Before Condenser Release
C Before Condenser After CT Intake
Cl After CT Before Condenser Intake
D After CT After Condenser Release

For calculating the power output, only the steam turbine and the cooling circuit will be
considered, to simplify calculations. Although this prevents obtaining the total power
output and economic benefit due to the disregard of the rest of cycle equipment, the
differential power output and cost can be easily calculated and compared, allowing to

select the best configuration for ORVs.

3.2.2.- Introduction of air chillers.

To evaluate the feasibility of introducing a chiller in the cycle, two different combined
cycles with two (2LP) and three (3LP) pressure levels were considered. The three-
pressure cycle, depicted in Figure 3.13, consists of a 329 MW gas turbine, the SGT5-
4000F, and a general 3-stage vapor turbine provided by the software. The two-pressure
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cycle, shown in Figure 3.14, consists of a 62.5 MW gas turbine, the SGT-800-62, and

a general 2-stage vapor turbine.

3LP COMBINED CYCLE

Figure 3.13 3LP combined cycle with the location of a possible chiller.

2LP COMBINED CYCLE
Sl
% Air '_
Fuel
RRRR
=

Figure 3.14 2LP combined cycle with the location of a possible chiller.

As usual operation of the plant is in the combined cycle configuration, the simple cycle

configuration will use the same chiller equipment designed for the combined cycle. The
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chillers are designed to decrease compressor air inlet temperature down to 10°C. A
lower value may cause ice generation at the first compressor stages, and, as pressure

increases, it can cause permanent damage.

For both cycles, two distinctive operation modes (simple, with only the gas turbine; and

combined, with both turbines) and design ambient conditions were studied:

e Scenario 1: Combined cycle at 15°C ambient temperature and 100% relative
humidity (RH)

e Scenario 2: Combined cycle at 30°C and 60% RH

e Scenario 3: Simple cycle at 15°C and 100% RH

e Scenario 4: Simple cycle at 30°C and 60% RH

With the purpose of allowing the comparison between scenarios, both cycles have been
calculated for ISO ambient relative humidity, 60% [26]. Therefore, scenarios 1 and 3 at
60% relative humidity and 20°C ambient temperature are considered equivalent to the
design conditions, as the same cooling power is required. Results for the design
conditions of the first scenario are available in Annex B. Hence, scenarios 1 and 3
consider a smaller chiller able to decrease ambient temperature from 20°C to 10°C at
60% RH. On the other hand, the second and fourth scenarios consider a larger chiller
able to decrease ambient temperature from 30°C to 10°C. As a result, it is possible to
detect if there is an increased benefit of increasing the chiller size, due to economies
of scale and the additional cooling for warmer conditions. Table 3.5 collects the chiller

design conditions.
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Table 3.5 Chiller design conditions.

. . Design . .
Size Cycle Scenarios Design RH | Chiller type
Temperature

2LP

Small 1,3 15°C 100%* Electric,
3LP .

absorption

2LP

Large 2,4 30°C 60% and none.
3LP

* Simulations were performed at 60%, following ISO standard, to allow the comparison

between the chiller sizes.

As the influence of the chiller affects the whole combined cycle, the entire cycle was
simulated to evaluate all variations. Three chiller types were considered for each cycle
and scenario:

e Electric chiller

e Absorption chiller

e No chiller

Off-design simulations were performed for several ambient conditions, with the purpose
of collecting data about the performance for a wide range of real operating conditions.
For the sake of avoiding an excessive number of graphs while showing the most
amount of valuable, some values were normalized. The raw values obtained are

available in Annex B.

As the third and fourth scenarios correspond to the simple cycle simulations - using
only the gas turbine -, they may not be a primary consideration for the design of the
equipment. For the sake of brevity, these scenarios have also been included in Annex
B.
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3.2.3.-Hydrogen Blending.

To evaluate the effects of hydrogen blending, both combined cycles used for the
previous analyses -2LP and 3LP- were simulated with blending. Differences in
hydrogen and methane (representing natural gas) properties could complicate the
design of the combined cycle components depending on the amount of hydrogen in the
mix. These differences are explained in Annex C. A significant difference is the use of
a Selective Catalytic Reductor which lowers the nitrous oxide emissions (NOx), at the

cost of the price for the equipment and a pressure drop.

As the goal set by Siemens - the turbine manufacturer - is to develop gas turbines until
they can handle up to 100% hydrogen, in the Thermoflex simulations, the percentage
in volume of hydrogen has been simulated from 0% (no blending at all) up to 100%

(only hydrogen as fuel).

3.3.-Economics & Environmental analysis.

To study the profitability of a project, the Net Present Value (NPV) was used
considering a 20-year timeframe. As operating expenses are considered in Thermoflex
with the ‘PEACE’ addon, it is straight-forward to calculate the NPV with the cost of fuel
and electricity.

The formula for the NPV for a constant annual benefit is: [27]

1-1+r™
NPV=B-%—I (3.6)

Where:
e B is the annual benefit or loss.

e risthe annual interest rate, approximately 3%.
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e nis the number of years of operation.

¢ |isthe initial investment that must be made to build the plant.

In the first strategy studied, the ORVs, only the steam turbine and the cooling cycle
were considered for calculating power generation, and only the cooling circuit cost was
considered. This means that the calculated profits cannot be considered as absolute,
but will only serve as a basis to calculate differential prices between alternatives and
select the most profitable one. The add-on ‘PEACE’ from Thermoflex provides all
equipment costs except for the ORVs. Therefore, ORV cost was calculated from the
value of 5.5 MUSD, information provided by the manufacturer for the studied case CI.
To make an estimation for different ORV sizes, it was assumed that the cost was
proportional to the required contact surface, with the surface being proportional to the
LMTD, as the geometrical shape is similar, and the heat rate is the same for all different

cases.

For the second and third strategies, the introduction of a chiller and blending, the cost

and earnings of the whole cycle were analyzed.

For Dominican Republic, the price of acquisition of electricity for producing facilities is
108 USD/MWh [28]. The price of the natural gas used in the power plant is 4USD/GJ.
For the estimation of hydrogen prices, there is a high uncertainty, as no local production
is available. An Italian company, EN.IT, is planning to build a 350 MW green hydrogen
plant that could reach a Levelized Cost of Hydrogen (LCOH) between 12 and 4.35
USD/kg [29]. The Hydrogen Insights Report estimated a green hydrogen production
cost of 2.3 USD/kg for 2030 and lower than 2 USD/kg for 2050, perhaps too optimistic
expectations[29], [30].The actual price of hydrogen depends on its electricity source,
as acquiring energy for the grid is neither competitive nor sustainable. Currently, the
best alternative is using energy from wind farms, which give a LCOH of around 6

USD/kg[31]. This was the value selected to check profitability. With that price and
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considering gas properties, the price per heating value of the fuel was obtained as a

function of the amount of hydrogen in the blend, as shown in Figure 3.15.

A cost estimation analysis was performed using the simulation results to assess the
feasibility of blending. The determination of this estimate proved to be challenging as
even a slight variation in the price of hydrogen, natural gas, or electricity had the
potential to yield substantial effects on the net present value (NPV) of the plant. The
result is subject to price fluctuations, but the general trend is clearly visible in Figure
3.15: at current prices, hydrogen has a price per unit power higher than methane -

around 15 times higher for the estimated prices -.
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Figure 3.15 Price of fuel blend for the same heating value.

In order to obtain the yearly operation conditions of the cycle and calculate the NPV,
the average hourly temperature data for each month has been obtained from Weather
Spark for the Dominican Republic [32]. The relative frequency of each temperature was
calculated dividing the absolute frequency by the total amount of values taken, 288 (24
hours times 12 months). The results of relative frequencies of temperatures are

depicted in Figure 3.16.
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Figure 3.16 Relative frequency of average hourly temperature in Dominican Republic.
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For humidity conditions, an average of 90% has been estimated, with the performance

values interpolated between the 60% and 100% scenarios.

Finally, the NPV of each alternative was calculated by multiplying values by their
relative frequency and adding them up or subtracting them from the total earnings

depending on their sign.

In blending operation, using hydrogen has two additional benefits: it reduces carbon
emissions, lowering the environmental impact of the power plant and resulting in less
carbon emission taxes. To estimate the extent of these positive impacts, the Hydrogen
Decarbonization Calculator from Siemens Energy has been used [33]. Dominican
Republic currently has no tax for carbon emissions, but as the communities become
more aware of climate problems, a carbon tax could be implemented in the near future
[34].

Rogelio Amado Pedn Garcia



- Universidad de Oviedo - Escuela Politécnica de Ingenieria de Gijon
[é&é‘% Optimization of Combined Cycles — Page 49 of 114

4. Results.

4.1.-ORVs.

With the known low-pressure scenario temperatures, an LMTD value of 6.579 was
obtained at the cycle condenser, resulting in an inlet temperature of the cooling circuit
side of 30.43°C. If the change in the heat rate was considered (278,913 kW to 279,133
kW from the low-pressure to the high-pressure case), the LMTD obtained for the high-
pressure would be 6.584°C and the inlet temperature of the cooling circuit side would
be 30.41°C, a negligible difference with the previous value.

After performing Thermoflex simulations, cases A, C and D resulted in an output
temperature higher than the maximum allowable one, 31.5°C. Even though their results
are displayed, they cannot be implemented due to regulations and environmental

concerns.

167

W High Pressure

M Low Pressure

166

Net Power [MW)]

165

164
A/Al B/B1 BI/BI1 c/c1 Cl D/D1

Figure 4.1 Net power generated for all cases.
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Figure 4.1 shows the net power generated for all studied cases. All low-pressure cases
are able to give more power than high-pressure cases. The highest output power for

high-pressure and low-pressure cases are D and D1, respectively.

ORYV price is inversely proportional to the LMTD, as previously defined. Using inlet and
outlet gas and water temperatures, the values for the LMTD shown in Figure 4.2 are

obtained.

M High Pressure

M Low Pressure

A/Al B/B1 BI/BI1 c/c1 cl D/D1

Figure 4.2 LMTD of ORVs for all cases - The higher the better.

The LMTD is higher in the scenarios where the ORVs are placed in the outlet of the
high-temperature side (cases A/Al and D/D1) as higher sea water temperature

improves the heat rate to the cold LNG.

If the equipment cost given by Thermoflex and the calculated cost of ORVs is added,
the overall installation cost is obtained, as shown in Figure 4.3.
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Figure 4.3 Total installation cost for each case, in MUSD.

With the installation cost and the cost of electricity in Dominican Republic, 108
USD/MWh, it was possible to compare all alternatives using the NPV within a timeframe

of 20 years.

Table 4.1 Net profit for the different alternatives, considering an amortization time of
20 years.

High Pressure Case A | CaseB | Case Bl | Case C | Case Cl | Case D

Net Profit [MUSD] 2,074.3 | 2,075.3 | 2,078.6 | 2,084.1 | 2,086.2 | 2,091.8
Low Pressure Cases Al Bl Bll C1 Cl1 D1

Net Profit [MUSD] 2,077.1| 2,079.6 | 2,084.1 | 2,086.4 - 2,098.0

Figure 4.4. shows the net differential profit of all alternatives with respect to the worst-
case scenario, case A. The benefit of the other alternatives is clearly patent, as more

power is produced and the net profit is higher.
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Figure 4.4 Net differential profit, taking case A as reference.

4.2 .-Chillers.

Firstly, the results from the analysis of the cycles without a chiller are presented enable
the examination of the system efficiency and energy consumption with and without the
chiller and provide valuable insights for further optimization. The power and efficiency
obtained without chillers are summarized in Table 4.2 for the corresponding levels of

pressure (LP).

Table 4.2 Net power and efficiency for both cycles without chillers at ISO conditions.

Cycle simulated Net Power Output | Net Electric Efficiency (LHV)
2LP, no chiller 84.5MW 55.87%
3LP, no chiller 464.5MW 57.87%

Please note that, for the sake of brevity, additional information for the studied scenarios
is available in Annex B, to allow focusing in the most relevant results in the following

subsections.
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4.2.1.-First Scenario.

After running the simulations, values of the net power and compressor inlet temperature
for the different chiller configurations, cycle pressure levels and ambient temperatures
have been displayed in Figure 4.5 and Figure 4.6. Net power has been normalized with

respect to the lowest value of the base cycle.
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Temperature [°C]
Electric Chiller, 3LP = Absorption Chiller, 3LP No Chiller, 3LP
e Electric Chiller, 2LP e Absorption Chiller, 2LP No Chiller, 2LP

Figure 4.5 Normalized net power output for 60%RH.
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Figure 4.6 Compressor inlet temperature for 60%RH.

By looking at Figure 4.5 and Figure 4.6, it can be deduced that the decrease in power
output of the cycles after 20 °C is a consequence of the chiller reaching its maximum

cooling capacity.

It can also be observed that, from 30°C to 32.5°C, there is a sudden drop in power
output in the absorption chiller compared to the electric chiller. If the 2LP absorption
chiller is analyzed, its performance is mostly stable, as shown in the following Energy
Efficiency Ratio (EER) graph:
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Figure 4.7 Energy Efficiency Ratio of the absorption chiller in the 2LP cycle.

Therefore, the effect of the change in ambient temperature at this temperature range
cannot be the cause of the decrease in performance. However, a decrease in the steam
input flow in that range of temperatures was found, indicating that the chiller is
demanding less steam. Therefore, the chiller cooling circuit, in particular, the fin-fan
cooler, was analyzed, being the LMTD the most relevant parameter, as there is no
phase change of the fluids and conditions are not extreme, it -should be a great indicator

of heat transfer.
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Figure 4.8 LMTD and vapor flow of the fin-fan cooler of the absorption cooler from
2LP cycle.

As seen in Figure 4.8, the LMTD has almost the same shape as the vapor flow, so it
may be concluded that the fin-fan cooler is the chiller bottleneck, limiting its cooling

capacity.

In Figure 4.9 the efficiency for the different types of chiller has been computed. It can

be seen that the cycle efficiency with a chiller is lower, but its power output is larger.
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Figure 4.9 LHV efficiency for 60%RH.

Figure 4.10, Figure 4.11, Figure 4.12 and Figure 4.13 collect the results from the price
estimates, including labor costs.

Total Cost Electric Chiller [kUSD]

= Combined cycle
= Construction and other expenses
= Chiller

Coil

= Pump

Figure 4.10 Total cost of 2LP combined cycle and electric chiller.
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Total Cost Absorption Chiller [kUSD]

331.05 137.14
m Combined cycle

m Construction and other expenses
= Chiller
<K

Coil

® Pumps

= Fin-fan cooler

Figure 4.11 Total cost of 2LP combined cycle and absorption chiller.

Total Cost Electric Chiller [kUSD]

1211

= Combined cycle
m Construction and other expenses
= Chiller

Coil

= Pump

Figure 4.12 Total cost of 3LP combined cycle and electric chiller.
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Total Cost Absorption Chiller [kUSD]

453.93

m Combined cycle

m Construction and other expenses 1497 '
= Chiller
—_ | 8324
Coil
® Pumps
= Fin-fan cooler

Figure 4.13 Total cost of 3LP combined cycle and absorption chiller.

This allowed to obtain an estimation of the cost per unit power for each alternative with
respect to ambient temperature, depicted in Figure 4.14.
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Figure 4.14 Cost of the installed power in the plant for 60%RH -the lower the better-.

As the 3LP cycle has a higher efficiency and associated cost decrease relative to the
power generated, the cost per installed kW is also lower. At ambient temperatures
higher than 16°C and 18°C, for the 3LP and 2LP cycles, the chillers can manage to
reduce the cost per kW of the plant relative to the cycle with no chiller. Even though the
cost per kW installed is lower, the decrease in generation efficiency could lower overall
plant returns. For that reason, the NPV was calculated for 20 years of operation and is

shown in the next scenario to be compared with its chiller.

4.2.2.-Second Scenario.

All the following graphs have been calculated for the relative humidity designed, 60%,

and designed for an ambient temperature of 30°C.
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Figure 4.15 Normalized net power output for 60%RH.
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Figure 4.16 Compressor inlet temperature for 60%RH.

In Figure 4.16, looking at the electric chiller and no chiller slopes, it can be observed
that the temperature drop the chiller generates is lower for higher values of ambient
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temperature. This is mostly due to the decrease in the EER of the electric chiller - see
Figure 4.17 - and partly due to the air specific heat (Cp), which increases with
temperature as seen in the Figure 4.18 obtained from [35]. Therefore, with a constant
heat transfer rate, a lower temperature drop is achieved for higher temperatures.

I

EER Electric Chiller

0 5 10 15 20 25 30 35 40 45

Figure 4.17 EER of the electric chiller for the 2LP cycle.
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Figure 4.18 Increase in the calorific power of the air as a function of temperature [35].
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Figure 4.19, Figure 4.20, Figure 4.21 and Figure 4.22 show the cost of the alternatives

with an electric chiller.

Total Cost Electric [kUSD]

/

= Chiller =l 5225 —ll 201.1

Coil

m Combined cycle

= Construction and other expenses 525.5

= Pump

Figure 4.19 Total cost of 2LP combined cycle and electric chiller.

Total Cost Absorption [kUSD]

427.25

466.05
il 5225 'I

Figure 4.20 Total cost of 2LP combined cycle and absorption chiller.

m Combined cycle

= Construction and other expenses
= Chiller

Coil
= Pumps

= Fin-fan cooler
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Total Cost Electric [kUSD]

= Construction and other expenses /

= Chiller il 23924 S 530 )
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Figure 4.21 Total cost of 3LP combined cycle and electric chiller.

= Combined cycle

= Pump

Total Cost Absorption [kUSD]

1646.54

m Combined cycle
Af;\‘

= Construction and other expenses
= Chiller
—llll] 21953
Coil
® Pumps \
= Fin-fan cooler

Figure 4.22 Total cost of 3LP combined cycle and absorption chiller.

The installation cost is higher than the previous chillers but the cost per net kW can be

lower as their cooling capacity is higher.
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Figure 4.23 Cost of power generation capacity installed for the 3LP plant -The lower
the better-.

Finally, the NPV of chiller implementation was obtained and compared with the values
for the first scenario. From Figure 4.24 it can be deduced that chillers have a higher
return when the temperature drop is higher, and a bigger design — the second scenario-
performs better at higher temperatures while a smaller design is more suitable for

temperatures up to 25°C.
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Figure 4.24 NPV of using electric and absorption chillers of two different sizes, with
respect to the 2LP combined cycle operation with no chiller.
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Figure 4.25 NPV of using electric and absorption chillers of two different sizes, with
respect to the 3LP combined cycle operation with no chiller.
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In the specific environment of Dominican Republic, if its ambient conditions across the
Typical Meteorological Year (TMY) are used to calculate its production, Table 4.3 is

obtained with the expected returns of each alternative considered.

Table 4.3 Shows for each type of chiller the NPV (20yr) [MUSD] compared to the

operation with no chiller.

2LP 3LP
Chiller used _ _ _ _
Combined Simple Combined Simple
cycle Cycle cycle Cycle
Small 13.97 12.00 105.95 50.26
Electric
Large 28.11 22.64 160.79 92.19
Small 6.75 7.64 63.11 28.08
Absorption
Large 21.10 22.71 115.99 74.76
4.3.-Blending.

Results considering blending of natural gas and hydrogen are presented in this section.
For blending operation, the ambient temperature and relative humidity simulated were

25°C and 90%, close to the ambient conditions of Dominican Republic.
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Figure 4.26 Normalized net power as a function of the hydrogen volume percent for
both plants.

The power output difference for zero percent volume is due to the absence of a
selective catalytic reductor (SCR), and is only considered if the plant was not designed
for hydrogen, as it does not account for the pressure drop caused by the SCR. This
indicates that around 55-60% of hydrogen is needed to justify the use of an SCR from
the technical point of view.
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Figure 4.27 Net efficiency depending on the hydrogen volume percent for both plants.

The net power and efficiency increase as more hydrogen is included in the blend, due
to the higher output temperatures achieved in the gas turbine. More information about

this temperature rise is available in Annex B. Detailed results.

Nevertheless, when comparing the NPV of the different alternatives, blending does not
seem so profitable, as shown in Figure 4.28 and Figure 4.29. For the current price of 6
USD/kg of hydrogen, blending is not very profitable for high percentage blends.
However, a small percentage is feasible. In addition, that would not change drastically
the cycle configuration as operation with low hydrogen percentage can be carried out

with less modifications.

If we consider that hydrogen price will drop to 2USD/kg, the breakeven point is for 92%
and 97% for 2LP and 3LP, respectively.
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Figure 4.28 Profit expected when using hydrogen blending for the 2LP cycle.
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Figure 4.29 Profit expected when using hydrogen blending for the 3LP cycle.

If we plot the electricity price needed for breakeven as a function of hydrogen price, as
in Figure 4.29, it may be observed that for delivering energy with the electricity price
considered, 108 USD/MWh, hydrogen price would have to be 2 USD/kg or lower to

break even.
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Figure 4.30 Price of the electricity needed to get a NPV of zero.
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5. Conclusions.

The objectives set in this work have been fulfilled, ORVs, chillers and blending analysis

have been performed and their impact on the cycle has been quantified.

All three alternatives for improving combined cycles have been analyzed and
simulated. The main results obtained from this work are summarized in the following

paragraphs.

For the environmental conditions considered for natural gas preheating, Case D1 (with
the sea water intake in the cold side and the outlet in the hot side with the preheaters)
outperformed all the other possible configurations for any pressure level in the turbine.
Case CI (preheaters in the water intake, placed in the cold side and outlet in the cold

side) performed the best only considering high-pressure scenarios.

Considering the introduction of chillers, the electric chiller was in most cases the best
alternative, and makes combined cycles more competitive, allowing for higher power

operation.

Regarding blending with hydrogen, the expected return is lower than with natural gas.
However, future environmental regulations may limit carbon emissions associated to
power generation, forcing operation with hydrogen. In this context blending is profitable
up to 49% hydrogen in case of a two-levelled pressure cycle and 52% in case of a 3LP

cycle, for the actual price of 6USD/kg.

Future research lines could analyze different chiller types, other methods for obtaining
cheaper hydrogen for combined cycles. On the other hand, the use of chillers and more
efficient cycles can improve the feasibility of blending. The integration of these three

combined cycle improvements could be synergetic and require further investigation.
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6. Schedule and budget.

TASKS January February March April June
documentstion
First simulations
Chiller simulations
ORVs simulations
Blending simulations
Formal documentation
Presentation
Simulation Revision
Final Revision
Figure 6.1 Schedule for the project development.
Table 6.1 Cost of the investigation.

Description Quantity Unit Price Total Price
Business Laptop 1 100€/yr 100€
Thermoflex License 1 12,000€/yr 3,000€

GTPro License 1 6,000€/yr 1,500€

Investigation hours 400 40€/h 16,000€
Professor hours 40 50€/h 2,000€
Office Equipment 1 200€/yr 50€
Indirect Costs 3% 679.50€
Total Cost 23,329.50€
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Annex A. LMTD formulation.

In order to obtain the formula for the LMTD, the general equation of heat transfer is

used:
dQ=U-dA-AT =U-A-LMTD (A.1)
For this demonstration, all inlet flows are considered in point A excluding the cold flow

in counter-current. The subscript ‘h’ corresponds to the hot fluid and the subscript ‘C’

corresponds to the cold fluid, as shown in the following image.

@ T, 1 @ T,
t @ L @
\ @
@ T,
T, @
®
A Co-current B A Counter-current B

Figure A.1 Flow temperature for co-current and counter-current configurations.

The heat transferred from the hot side to the cold side is the same, and it is given by
this equation:

th = dQc =My - Cpp - dTy =m - Cp - dT, (A.2)

To simplify the representation, phi is defined as ® = AT _ TnCen
dTp meCpc

, AT =T, — T, , and

d(AT) = dT, — dT,. = ATy, — AT,, where the differential and differences are measured

from left to right -or from A to B-.

First, both heat transfer equations are made equal, for instance, from the hot side:
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dQ, =U-dA-AT =1y, - Cpy - dTy (A.3)

dT;, can be expressed in terms of AT and @ using previous equations:

dT,, = d(AT) + dT, = d(AT) + @ - dT, (A.4)
d(AT) (A5)
h=1"%

And substituting it in the previous equation:

d(AT) (A.6)
1-o

UdAAT=thp‘h

In order to integrate, 1 — @ is converted back to temperatures using its definition:

oo q AT _dT, —dT, (A.7)
dT, dT,

As the rate of change of temperatures as a function of the position is constant,
differentials can be substituted by differences:

AT, — AT, (A.8)

1-0=
AT,

Then, the numerator is rewritten as a function of inlet and outlet temperatures:

Thg —Tha — (TC,B - TC,A) _ Tha=Thpg —Tea+ Tep (A.9)

1-=
AT, —AT,

In this arrangement, AT, and ATy represent left-side and right-side temperature

differences:
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AT, = Th,A - Tc,A

(A.10)
ATp =Thp — Tc (A.11)
A Th A Th
AT } Al AT,
T, B
A Co-current B A Counter-current B

Figure A.2 ATa and ATs in co-current and counter-current configurations.

After substituting T, , = Tp, 1 and Ty p = Ty, the following expression is obtained:

ATA - ATB

o (A.12)
Th1 — Th2

Following with the previous equation, and substituting 1 — &:

_ —d(AT) - AT,
U-dA-AT =1y, - Cpp - ——— D

(A.13)
AT, — ATy
Simplifying and rearranging,
(AT, — ATg) —d(AT) (A.14)
U-dA- ATh =my- CP,h AT

To eliminate differentials, the expression is integrated:
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B B
(AT, — ATg) f ) —d(AT) (A.15)
. A — — . .
fA U-d AT, ) mp - Cpp T

Next, the constants are moved out of the integral and the integration is performed:

(AT, —ATg) (5 7A@ .
U'A—'I‘h.LdA__mh.CP’h.L AT
AT, — AT, A.l7
U . % . A = —mh * Cp’h * [ln(ATB) - ln(ATA)] ( )
h

Rearranging to get to the heat flow,

AT, — AT, . A.18
U.A.u:mh.cph.ATh:Qh ( )
In (ﬂ) ’
ATg
Hence, it is shown that LMTD = (ATAA—_TAATB).
ln(m)
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Annex B. Detalled results.

The detailed values of combined cycle simulations can be revised in this annex.

B.1.- First Scenario.

If the first scenario at its design humidity conditions is simulated, the following power

output is obtained:
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Figure B.1 Net power output of 2LP combined cycle operation at 100%RH.
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Figure B.2 Net power output of 3LP combined cycle operation at 100%RH.

The fuel and air flow show a similar shape:
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Figure B.3 Fuel flow into the gas turbine for the 2LP cycle, 100%RH.
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Figure B.5 Fuel flow into the gas turbine for the 3LP cycle, 100%RH.
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Figure B.6 Air flow into the gas turbine for the 3LP cycle, 100%RH.

The chiller’s performance can be measured as the air temperature difference between

ambient and compressor inlet temperature.
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Figure B.7 Compressor inlet air temperature of 2LP cycle at 100%RH.
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Figure B.8 Compressor inlet air temperature of 3LP cycle at 100%RH.

57
56 83
0, %0
? O...:.:: .....
[ ]
°.§ e ““0000:::' ::._
c .‘::o
v 83y
S ey
= .':‘o
| 2%
54 v_1v
> ° oy
T ®e %,
= ° °
° °
., 0..
53 ° J
'o‘ e
[ ]
[ ]
[ ]
[ ]
[ ]
52
0 5 10 15 20 25 30 35 40

e Electric Chiller e Absorption Chiller No Chiller

Figure B.9 LHV efficiency of the 2LP cycle at 100%RH.

Rogelio Amado Pedn Garcia



- Universidad de Oviedo - Escuela Politécnica de Ingenieria de Gijon

Ag;% Optimization of Combined Cycles — Page 90 of 114

59
58 3 H
L2 1 $2e, ooe

§ 00000003333331“.
: 57 3.... .
O *%es
C ‘:..
[J] ®e%
§ 56 ® .: ...
E o...O...
> 55 .o'. .0-.
E ..' ...

54 ey

53

0 5 10 15 20 25 30 35 40
e Electric Chiller e Absorption Chiller No Chiller
Figure B.10 LHV efficiency of the 3LP cycle at 100%RH.
The next graphs show the results for ISO humidity, 60%.
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Figure B.11 Net power output of the 2LP combined cycle at 60%RH.
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Figure B.12 Net power output of the 3LP combined cycle at 60%RH.
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Figure B.13 LHV efficiency of the 2LP cycle at 60%RH.
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Figure B.14 LHV efficiency of the 3LP cycle at 60%RH.

B.2.- Second scenario.

The following information was obtained for 100%RH.
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Figure B.15 Net power output of 2LP combined cycle operation at 100%RH.
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Figure B.16 Net power output of 2LP combined cycle operation at 100%RH.
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Figure B.18 LHV efficiency of the 3LP cycle at 100%RH.

The following information was obtained for 60%RH.
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Figure B.19 Net power output of 2LP combined cycle operation at 60%RH.
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Figure B.20 Net power output of 3LP combined cycle operation at 60%RH.
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Figure B.21 LHV efficiency of the 2LP cycle at 100%RH.

40

v'.'.""‘
...Q.....‘

5 10 15 20 25 30 35 40

e Electric Chiller e Absorption Chiller e No Chiller

Figure B.22 LHV efficiency of the 3LP cycle at 100%RH.
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Figure B.23 Compressor inlet temperature of the 2LP cycle for 60%RH.
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Figure B.24 Compressor inlet temperature of the 2LP cycle for 60%RH.
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B.3.- Third Scenario.

The following information was obtained for 100%RH.
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Figure B.25 Net power output of 2LP simple cycle operation at 100%RH.
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Figure B.26 Net power output of 3LP simple cycle operation at 100%RH.
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The following information was obtained for 60%RH.
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Figure B.27 Net power output of 2LP simple cycle operation at 60%RH.

340 |
00gee
8 v.....
( ]
320 . .Og‘“
— :88..
= 32,
2, 300 %o 0,
- %%
v e e
2 oy e
o 280 . ..’- oy .
?_-, ’o... ’o..
g 1’..
e
260 o
240
0 5 10 15 20 25 30 35 40 45

e Electric Chiller e Absorption Chiller No Chiller

Figure B.28 Net power output of 3LP simple cycle operation at 60%RH.
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B.4.- Fourth Scenario.

The following information was obtained for 100%RH.
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Figure B.29 Net power output of 2LP simple cycle operation at 100%RH.
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Figure B.30 Net power output of 3LP simple cycle operation at 100%RH.
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The following information was obtained for 60%RH.
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Figure B.31 Net power output of 2LP simple cycle operation at 60%RH.
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Figure B.32 Net power output of 3LP simple cycle operation at 60%RH.
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Figure B.33 NPV of using electric and absorption chillers of two different sizes, with
respect to the simple 2LP cycle operation with no chiller.
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Figure B.34 NPV of using electric and absorption chillers of two different sizes, with
respect to the simple 3LP cycle operation with no chiller.
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Even though the output power in the absorption chiller is higher for some values of

ambient temperature, the fuel demand also increases due to the use of an external

boiler. The NPV is most of the time higher for the electric chiller despite the absorption

having a higher output power.
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Figure B.35 Fuel flow for 2LP cycle, considering external boiler consumption.
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Figure B.36 Fuel flow for 3LP cycle, considering external boiler consumption.
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B.5.- Blending.
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Figure B.37 Net power output depending on the amount of hydrogen used in the 2LP
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Figure B.38 Net power output depending on the amount of hydrogen used in the 3LP
cycle.
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Figure B.39 TET depending on the amount of hydrogen used in the 2LP cycle.
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Figure B.40 TET depending on the amount of hydrogen used in the 3LP cycle.
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Annex C. Blending

considerations.

Hydrogen can be a carbon-free energy accumulator gas used to power machines,
vehicles, and combined cycles. Although a lot of investment is made to use it, one must

consider that its properties differ from other gases like methane.

Its higher volatility and flame velocity with respect to methane requires new control
systems for fuel injection and a modification in the ventilation systems, using fuels with

higher flame speeds could cause a flame propagation upstream into the premixer.
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Igniter
Snout :

Diffuser  Fyel Injector

] Dilution holes
Swirler
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Primary Holes

Figure C.1 Components of a gas turbine combustor. [36]
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If the flame stays in the premixer it is called ‘flame holding’. If the flame does not
stabilize, it goes downstream to the main combustion zone, and if this propagation
moves between both chambers it is called ‘flashback’. Both behaviors are highly
destructive for turbine components, applying unexpected thermal and mechanical

stress on them.

Depending on the injector design, hydrogen can be used up to 80-95%, if it is designed
for high flame speed.[37] The Lower Flammability Limit (LFL) is lower for hydrogen,
which means that a concentration as low as 4% can lead to an explosion if an ignition

source is present.[38]

Hydrogen, due to its small molecular size, can diffuse through materials otherwise
considered as airtight or impermeable. This diffusion in metals also embrittles them,

leading to premature brittle failure if no protection is applied.

Another consideration that must be evaluated is the increase of NOx as a side effect of
increasing combustion temperature. The magnitude of the increase in NOx emissions
increases exponentially with a higher percentage in volume of hydrogen. A 20%
hydrogen mixture increases NOx emissions by 10%; a 50% hydrogen mixture
increases NOx emissions by 35% and with 100% hydrogen, NOx emissions double.
However, solutions such as a larger or more efficient Selective Catalytic Reductor

(SCR) are being used to limit the emission of this pollutant.

In the simulation, a higher pressure drop due to the use of a SCR has been considered.
On top of all limitations on the percentage of hydrogen that can be injected, Siemens
Energy, the turbine manufacturer, sets the maximum hydrogen in volume for the SGT-
800 turbine (2LP) to 75% and for the SGT-4000F turbine (3LP), the maximum of 30%
hydrogen. [39]

Its difference in volumetric energy density -energy per unit volume- and gravimetric

energy density -energy per unit mass- can be obtained from the following cycle data:
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Figure C.2 Fuel volumetric flow of the 2LP cycle, depending on hydrogen volume
percentage.
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Figure C.3 Fuel volumetric flow of the 3LP cycle, depending on hydrogen volume
percentage.
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With the view to calculate the amount of natural gas and hydrogen used, the volume
percentage has been converted into mass percentage. The densities of methane and
hydrogen at Standard Temperature and Pressure (STP) are 0.657kg/m? and
0.0899kg/m? respectively. [40], [41]

Thermoflex gives the densities of methane and hydrogen at the turbine inlet, and they
are 28.90 kg/m2and 3.63 kg/m?, respectively.
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Figure C.4 Fuel mass flow of the 2LP cycle, depending on hydrogen volume
percentage.
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Figure C.5 Fuel mass flow of the 3LP cycle, depending on hydrogen volume
percentage.

As the heating value of the fuel is approximately constant, it can be deduced that while
hydrogen has more than double energy density with respect to mass, it has only a third

with respect to volume, which is a big disadvantage in terms of transport and storage.
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Annex D. Microsoft Excel Macros.

Two Microsoft Excel Macros have been used before obtaining access to EES software.
They have been used to calculate the thermodynamic properties of humid air. For quick
calculations, an interactive Psychrometric chart has been used. [42]

Humid air behavior is shown with the Psychrometric chart, and it is particularly useful

to visualize the absolute and relative humidity with temperature.
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Figure D.1 Example of psychrometric chart. [43]

For more advanced calculations, the simple online calculator of the psychrometric chart

was not enough, and the first macro “Psych” was downloaded and used. [44]
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After adding it to an Excel module, it was available for the excel workbook. Although it
was a useful tool, it had one main caveat: it required the air temperature, the barometric
pressure and a third property as inputs, which made it impossible to calculate the
temperature or pressure as they were defined as inputs.

Excel has a function called “GoalSeek” which incorporates the Newton-Raphson
method, commonly used in calculus to find the solution of a function by iteration. [45]
The function takes three input parameters:

1. VariableCell: the cell whose value is changed to modify the outcome.
2. GoalValue: the value desired in the GoalCell.
3. GoalCell: the cell whose value depends on VariableCell.

The goal is to obtain the value of VariableCell, using GoalValue and GoalCell as
reference, as their difference is the absolute error that must be minimized. This is a fast
workaround for the limitations of “Psych”, but its main disadvantage was that it worked

by having a pop-up in the screen that had to be completed every run.

To fix this, the second excel macro was built. Excel only allows the use of GoalSeek
for a single sheet of the workbook, and it has to be placed inside it to work properly

unlike “Psych” which can be placed in a general module.

The following code was used to make a list of cells where the location of the first and
third input parameters were entered. The second parameter was set to zero to make

the use of the macro more intuitive.
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Private Sub Worksheet_Change(ByVal Target As Range)
Dim i As Integer
Dim VariableCells() As String
Dim GoalCells() As String
Dim GoalValues As Double
Dim VCellsInput As Range
Dim cell As Range
Dim cellCount As Integer
Set VCellsInput = Me.Range("Y55:Y58") 'Definition of VariableCells
Set GCellsInput = ThisWorkbook.Sheets("Comparative").Range("Z55:Z58") 'Definition of GoalCells
cellCount = rng.Cells.Count

' Another way to input VariableCells
"VariableCells(1l) = "vaa"
'VariableCells(2) = "W44™ ' More inputs can be added

ReDim VariableCells(l To cellCount)
ReDim GoalCells({l To cellCount)
i=1
For Each cell In VCellsInput
VariableCells(i) = CStr{cell.Value) ' Convert cell walue to String

i=1+1
Next cell
i=1

For Each cell2 In GCellsInput
GoalCells(i) = C5tr({cell2.Value) ' Convertir cell value to String
i=1+1

Next cell2

' Another way to input GoalCells
'GoalCells(1) = "S42"
'GoalCells(2) = "V48" ' More inputs can be added
'GoalCells(3) = "Y42"

GoalWalues = @ ' This can be changed to multiple values

' Execute GoalSeek if needed
For i = 1 To cellCount
If Not Intersect(Target, Me.Range(VariableCells{i)})}) Is Mothing Then
Dim GoalCell As Range
Dim GoalValue As Double
Dim VariableCell As Range
Set GoalCell = Me.Range(GoalCells(i))
GoalValue = GoalValues
Set VariableCell = Me.Range(VariableCells(i})
' Execute GoalSeek function
On Error Resume Mext
GoalCell.GoalSeek Goal:=GoalValue, ChangingCell:=VariableCell
On Error GoTo 8

' Opcional: Mensaje de confirmacidn
If Abs({GoalCell.Value - GoalValue) < @.81 Then

MsgBox "The Goal Value has been obtained ™ & 1
Else

MzgBox "The Goal Value could not be obtained " & 1
End If

Exit For ' Switch te the next run
End IF
Next 1
End Sub

Figure D.2 Code used in the second macro to execute GoalSeek.
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This might not be a definitive solution, but it allowed to check whether Thermoflex chiller

calculations were correct and taking into account all types of heat or not.
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