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Summary

This PhD dissertation deals with the integration of a bottoming Organic Rankine
Cycle (ORC) cycle to recover heat from the flue gases of a commercial micro gas
turbine (mGT) for the production of electricity. The off-design behavior is modelled
with a steady-state approach and, in addition, the transient response is analyzed.
The application of this system aims to instantaneously satisfy the electricity demand
of a set of 150 houses in Cologne (Germany).

First, the design of the energy system under study (i.e. mGT coupled with the
bottoming ORC) is performed. A commercial mGT (on-design electric power output
equal to about 100 kWe) is selected for this application and a thermodynamic
optimization of the design of the bottoming ORC is performed aiming to maximize the
electric power output. The most promising working fluid for the ORC is an
environmentally friendly one, the R1233zd. The total electric output is equal to 119.7
kW at ambient temperature of15°C, split in 93.9 kW from the mGT and 25.8 kW from
the ORC. The ORC equipment is sized subsequently after the complete design.

Second, the part-load performance of the designed energy system is studied through
steady-state models developed in Matlab®. The off-design study aims to analyze how
the system behaves when the operating conditions (i.e ambient temperature, power
demand) differ from the nominal ones. In addition, the results obtained with the
steady-state part-load approach are used to validate the dynamic model results once
steady-state conditions are reached.

Third, the dynamic response of the energy system is analyzed when the ambient
temperature and the electricity demand vary along the two most critical days of the
year (i.e. maximum and minimum load). For that purpose, dynamic models are
developed in Modelica (in Dymola environment) and validated with the match of the
results with the steady-state part-load performance. A control system is designed
aiming to guarantee good operational conditions, controlling the electric output, the
TOT of the mGT and the TIT of the ORC.

The dynamic simulations are performed considering a time step of one second,
however, two types of electricity-demand profiles are imposed: real demand
conditions and one-minute averaged demand conditions. After analyzing the
transient response, it is concluded that the proposed system formed by the mGT and
ORC cannot work in stand-alone conditions to satisfy the demand instantaneously,
as there is a difference in the demanded electricity and the given electricity.
Therefore, a fast, parallel system (e.g. a battery or the electric grid) should be coupled
to fulfill instantaneously the demand. The results show that taking an averaged profile
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helps to get considerably smoother results, therefore, the equipment would suffer
less as the temperature gradients are lower.
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Chapter 1. Introduction

Fortunately, learning never ends

1.1. Primary energy sources and energy
consumption

The industrial development of the countries comes with the consumption of primary
energy resources. With the growth of the population and the industrial development
of the countries, the demand of energy keeps on increasing.

Figure 1.1-1 shows how the Total Primary Energy Supply (TPES) has changed along
the years between 1990 and 2016. The TPES keeps the tendency of increasing along
the years due to the continuous development, with the exception of the economic
crisis of 2008. This graphic shows the absolute energy supply divided by the energy
source. It can be highlighted that the highest share of TPES comes from fossil fuel
source (i.e. coal, natural gas and primary and secondary oil). Even if the oil (in its
main form, primary, or as a derivate, secondary) has been the principal source of
energy, the amount of coal consumption has increased since the year 2001, mainly
influenced by the high industrial development and energy consumption in Asiatic
countries (especially in China) [1], [2].
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Figure 1.1-1 Total Primary Energy Supply divided by source [1], [2]



Energy demand has evolved differently across the regions along the years. Figure
1.1-2 shows how the TPES is distributed among the different regions in a frame of
time of 45 years. The Organization of Economic Cooperation and Development
(OECD) is historically an organization of developed countries from different parts of
the world with high-income economy. As stated before, the economy and the
industrial development imply a high consumption of energy. Therefore, in 1971,
nearby the initial creation of the OECD, most of the TPES share was for the countries
with high development, with more than the 60% of the global amount. The scenario
has changed over the years, and the countries which are not part of OECD represent
a continuously growing share of the world energy consumption. For example, in 2016,
the great industrial development of Asia implies a higher energy consumption in this
region, almost tripling the share of 1971.

1971 2016

Americas Americas

Bunkers Bunkers

Asia

OECD & Eurasia
1%

Africa
Middle Europe &

East Eurasia

Figure 1.1-2 Total primary energy supply by region [1], [2]

The population is growing along the years, and the energy consumption per capita is
also increasing. Also considering the electricity consumption, the continuous
development has yield to an increase of the consumption higher than 3 MWh/capita
in 2016, 50% more than the value registered in 1990, around 2 MWh/capita. Figure
1.1-3 shows how the electricity consumption per capita varies along the years. It
presents the same tendency to grow as seen in Figure 1.1-1, with the exception of
2008, in which the economic crisis stopped the development and it is the only moment
in which a reduction of energy consumption is registered.
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Figure 1.1-3 Variation of the electricity consumption per capita along the years [1], [2]

Although the total final consumption has increased over the years, from 4244 Mtoe
in 1971 to 9555 Mtoe in 2016, so it was multiplied by 2.25, the energy division by
most economic sectors did not change drastically. It has kept stable over the years,
with the only significant increase in the energy consumption dedicated to the
transport [1], [2].
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1.2.  Energy policy in Europe

It is a fact that the energy consumption is increasing, as it has been shown in the
previous section. However, the European Commission is building the 2030 climate
and energy goals to reduce green-house gas emissions, to achieve energy savings
and to promote the deployment of renewable energy. The energy policy adopted by
the European Council on 24 October 2014 sets the following achievements by 2030

[3]:

- Areduction of at least 40% in greenhouse gas emissions compared to 1990
levels. This addresses the scarce environmental sustainability of the energy
system, on both the demand and supply sides

- An increase to 27% of the share of renewable energies in energy
consumption. This mostly promotes the security of supply, and consequently
the political and economic stability of the region

- An improvement of 20% in energy efficiency as a minimum, aiming at
achieving 30% if possible.

- A development to at least 15% of electricity interconnection, aiming at
opening up the internal market by supporting the diversification of energy
sources and routes of supply within Europe.

This framework is more demanding than the previous one, the Europe 2020 Strategy.
The targets of this framework were:

- 20% reduction of greenhouse gases emissions by 2020, compared to 1990
levels.

- Increase of the production from renewable energy sources, in order for
renewable energy to achieve 20% share in the overall EU energy
consumption.

- 20% reduction in the primary energy consumption, compared to 2020
projections, through energy efficiency measures.

By comparing the targets of the both strategy plans, it can be concluded that the aim
is to reduce drastically the primary energy consumption in terms of improving the
energy efficiency, the improvement of the sustainability of the energy systems in
order to importantly reduce the greenhouse gases emissions and a great introduction
of renewable energy sources (RES) in the share of EU energy consumption.



1.2.1. Renewable energy sources

On one hand, the energy policy promotes the use of RES. In order to do it, the
European Commission aims at acting in different areas [4]:

- Further deploying renewables in the electricity sector. In order to fulfill this
objective, the European Union pursues as its primary objective the
construction of electricity infrastructure which fits for the large-scale
installation of renewables.

- Mainstreaming renewables in the heating and cooling sector. The European
Commission has imposed to the fuel suppliers to provide a minimum share of
6.8% of low-emission and renewable fuels by introducing bioenergy in the
heating and cooling sector.

- Decarbonizing and diversifying the transport sector (with a renewables target
for 2030 of at least 14% of total energy consumption in transport)

- Empowering and informing customers.

- Strengthening the EU sustainability criteria for bioenergy. The European
Parliament plays an important role by defining the sustainability criteria in
order to avoid conflicts of the introduction of biofuels with social sustainability,
land-use rights and effects on food security and prices.

- Making sure the EU-level binding target is achieved on time and in a cost-
effective way.

1.2.2. Energy efficiency

On the other hand, the energy policy promotes the boosting of energy efficiency. This
is valuable as it aims at reducing the primary energy consumption and it decreases
the energy imports.

As stated by Miguel Arias Cafiete, European Commissioner for Climate Action and
Energy [5]:

“The cheapest energy, the cleanest energy, the most secure energy is the energy
that is not used at all.”

As a consequence of reducing the primary energy consumption, the greenhouse gas
emissions are reduced as well. Moreover, with the directive of increasing the energy
efficiency, it is expected the development of innovative technological solutions and
an improvement of competitiveness of the industry of the European Union [6], [7].

Figure 1.2-1 shows the number of measures implemented in states members of the
European Union to boost the energy efficiency classified by the policies adopted by
topics [8]. It can be highlighted that the measures on energy efficiency and renewable
energy in buildings account for almost 50% of the total measures implemented. This
is due to the fact that European buildings represent approximately the 40% of the



total energy consumption of the European Union. Therefore, great improvements in
energy efficiency in buildings yield to high reductions of energy consumption.
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Figure 1.2-1 Measures on energy efficiency in Europe

In industry, the final energy consumption has decreased by 15% from 2005 till 2013.
This is a consequence of the awareness that energy is an important cost in the
process. Therefore, any measure that aims at reducing the energy consumption has
an important weight in the overall cost of the products. Waste heat recovery is one of
the measures which has contributed to the reduction of energy consumption, as well
as the continuous improvement of energy systems efficiency.

1.3. Energy systems and flexibility

Due to the energy policies and measures, in which the RES starts playing a significant
role, the power systems in Europe are suffering a significant change. The introduction
of weather-dependent sources as wind or solar, with less controllable and predictable
output than the conventional power plants, is driving changes in the composition and
operation of the entire power grid [9]—[11].

Matching the generation and consumption requires flexibility in the system. The term
flexibility has different meanings according to the different players involved in the
energy supply. According to planners, it describes the extent to which an electricity
system can adapt the pattern of electricity generation and consumption in order to
balance supply and demand. But according to generation companies and power plant
operators, it defines the ability of a power plant to vary its generation output as fast
as possible, without harming the components.

Traditionally, in power systems, the flexibility was provided almost entirely by
monitoring the supply side and controlling the generation. The complexity increases



when the flexibility is needed not only due to a non-constant demand of energy, but
also an unpredictable energy generation due to variable renewable energy sources.

Table 1.3-1 describes the different types of flexibility needs due to the addition of
RES in the energy supply framework [11].

Table 1.3-1 Description of the different types of flexibility needs [11]
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winter or to weekend and off-peak forecast
cooling in hours
errors
summer)
Variation of
Needs to back- . energy RES
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pactty 12%

The need for flexibility over a given period can be defined as the amount of energy
that has to be shifted in order that the energy demand minus the variable renewable



energy generation would be constant. Therefore, the end result is to avoid peaks.
The need of flexibility depends on the considered time framework. If short amount of
time is considered, the flexibility characteristics requirements demand high reactivity
of the system. If the time framework increases, reactivity should be less intense, till
a certain point, because there may be fluctuations that should be compensated.

There are three important terms in energy flexibility:

- Up regulation: which means that the additional power should be provided
because it is needed to maintain the system balance.

- Down regulation: which means that the power availability in the system should
be reduced.

- Ramping capability: which means how fast flexible resources can change
demand or supply of power.

Flexibility plays an important role in the competitiveness of the energy systems, as it
defines their capability of meeting the demand especially when non-programmable
renewable energy sources are involved in satisfying the demand. This is particularly
relevant for the development of smart grids and for off-grid applications (like rural
villages development).

1.4. Importance of the research

In conclusion, the future energy policy will be increasingly oriented towards improving
the efficiency of energy systems, as well as towards increasing the flexibility i.e. the
dynamic response of the electricity production to be combined with rising amounts of
energy produced from renewable sources. Renewable energy sources cause an
increase of the importance of the small-scale distributed generation with respect to
the traditional large-scale generation. This is particularly relevant for the development
of smart grids and for off-grid applications (like rural villages development), in which
the study of the dynamic behavior is really important.

The studied energy system in this work is classified as small-scale generation. The
present research aims to create a methodology to study the dynamic behavior of an
energy system, starting from the steady-state conditions.

The energy system that will be analyzed is a plant formed by a commercial micro
Gas Turbine (mGT) coupled with an optimized bottoming Organic Rankine Cycle
(ORC). By coupling the mGT with the bottoming ORC, the energy efficiency of the
overall system increases in comparison to the mGT working by its own. This thesis
is focused on the proper modeling and simulation of both systems, in steady-state as
well as in dynamic conditions.



By studying the dynamic behavior of the energy system, the response time can be
analyzed and that would help to study the integration of conventional systems with
renewable systems. The best way to increase the flexibility in the energy supply is to
be aware of the dynamics present in the energy system.

In order to analyze the dynamics of the system, a real electricity-demand profile
consisting in a set of 150 houses in Cologne (Germany) is studied. By imposing the
electricity demand, the flexibility of the system formed by the mGT with the ORC can
be analyzed. The flexibility is analyzed in terms of dynamic response to the
fluctuations.
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Chapter 2. Methodology

Don't try to be the best, just try to give your best

2.1. Objectives

The final objective of the thesis is analyzing the possibility of the implementation of
the combined system formed by the mGT and the ORC by studying the dynamic
behavior of the whole system. This would allow determining whether the system is
able to correctly respond to the electricity demand of the aggregation of a set of
houses. In order to reach this final objective, different intermediate steps have to be
completed:

Identifying the performance at nominal conditions of a commercial mGT: AE-
T100 (nameplate electric power out equal to 100 kWe).

mMGT steady-state modeling to study the behavior in part load conditions while
varying the ambient temperature and the requested power load.

Optimizing the design of the bottoming ORC by maximizing the net power
produced.

Steady-state modeling to analyze the part-load behavior of the ORC when the
MGT operates in off-design conditions.

Modeling of the mGT regenerator to obtain the characteristics (i.e. metal
mass) needed to analyze the dynamic response.

Dimensioning the heat exchangers of the bottoming ORC using Aspen
Exchanger Design& Rating®.

Dynamic modeling of the whole system mGT+ORC in Modelica language.
Implementing a dedicated control system to handle the operation of the
mGT+ORC system.

Analyzing the system response.

In Figure 2.1-1, the layout of the system under study is depicted, showing the
components which have been considered and the numeration of the streams.

11
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Figure 2.1-1 Layout of the studied system (INGT+ORC)

2.2. Description of the structure of the thesis

In this section, the structure of the thesis is described. As stated before, the main
objective of this work is the study of the performance of the combined cycle
composed by a commercial mGT with a bottoming ORC in both steady-state and
dynamic conditions considering the variation of ambient temperature and electricity
demand. To reach that goal, a suite of in-house models has been developed.

In Chapter 3., after the description of the mGT technology, it is explained the way
the design model has been developed considering the real performance of the mGT
AE-T100 as well as the considerations taken to perform the part-load simulations
while describing the off-design models.
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Chapter 4. has the same structure as Chapter 3. . First, an overview of the ORC
technology is introduced. Once the technology is described, it is presented the way
the ORC has been designed, considering the optimization process to maximize the
net power output evaluating the feasibility of different working fluids. In addition, the
considerations taken to carry out the part load simulations are explained by
describing the off-design models implemented.

Chapter 5. deals with the dynamic modeling and the considerations taken into
account to study the transient behavior. In addition, in this chapter the control strategy
and how the parameters of the controllers are obtained are described.

After the description of how the models are performed, the results are presented and

discussed in Chapter 6.

Figure 2.2-1 shows how the solutions of the models are interrelated.
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Figure 2.2-1 Description of the interrelations among the models and simulations
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When looking at the figure, in green is represented the part related to the mGT and,
in pink, to the ORC. Two design models have been developed in Matlab® for steady-
state conditions. The first one introducing the already-known data (e.g.
turbomachinery maps, entering air mass flow rate, turbine outlet temperature) to
validate the performance at nominal conditions of the existing mGT. The second one,
to optimize the design of the bottoming ORC. Once the nominal performance of the
MGT has been obtained, a representative pressure drop has been added in order to
simulate the pressure drop caused by the primary heat exchanger of the bottoming
ORC. After adding the pressure drop, the corrected values of mass flow rate and
temperature of the flue gases exiting the turbine of the mGT at nominal conditions
have been taken as input for the design of the ORC.

Once the behavior of the whole system at nominal conditions has been determined,
the heat exchangers could be sized. For the mGT, the regenerator is an existing one,
therefore, a 3-D model of it has been developed in Matlab® using the characteristic
dimensions, in order to calculate the volume, surface and steel mass that are
fundamental to evaluate the dynamic performance of the system (they characterize
the thermal capacitance). In the case of the ORC, the heat exchangers have been
sized with Aspen Exchanger Design & Rating® by indicating the design process
conditions. Moreover, the sized heat exchangers of the ORC have been simulated
independently to analyze the part load behavior of them in stand-alone conditions
and retrieve specific correlations that have been used in the part-load system model.

After the heat exchangers have been sized, steady-state models for the off-design
conditions have been developed considering the whole system and including the
information of turbomachinery and heat exchangers at part load conditions. The
simulations have been performed by varying the ambient temperature and the
rotational speed of the mGT turbomachinery (as indirect way to evaluate a reduction
of requested power). The variation of those parameters affects the performance of
the mGT and, as a consequence, the performance of the bottoming ORC. These
results have been taken as a reference to validate the performance of the dynamic
model when reaching steady-state conditions.

The dynamic model has been developed with an object-oriented language (i.e.
Modelica, through Dymola platform). Therefore, each component (e.g. turbine, heat
exchanger) has been modeled independently. Then, the components have been
coupled together describing the system mGT+ORC. The response of the dynamic
model reaching steady-state conditions has been validated with the results obtained
from the steady-state models. Moreover, the solution of the steady-state models
plays a fundamental role not only for the validation of the dynamic models, but also,
to evaluate different off-design points in which the dynamic model should be
linearized. To design the control system, obtaining the transfer functions of the
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system (i.e. the way the outputs of the process vary with a modification of the inputs)
was needed. To do so, it was required to perform the linearization of the system at
different equilibrium conditions (different off-design conditions).

Finally, the control system has been designed, and the evaluation of the transient
conditions has been performed by dynamically changing the electricity demand,
considering the two most critical days of the year.

2.3. Software

In order to fulfill the modeling requirements to properly reach the objectives of this
thesis, five main softwares have been used. On one hand, for the design and part-
load operation models in steady state conditions, the software selected to implement
the models is Matlab®, which was coupled to REFPROP to calculate the properties
of the organic fluid. To calculate the properties of the mGT fluids (i.e. air, fuel and flue
gases), the NASA polynomials formulation was implemented in Matlab®, as they
properly describe the thermodynamic properties of the fluids involved, facilitating the
computations. On the other hand, Dymola® has been chosen to develop the dynamic
models, coupled to CoolProp to evaluate the properties of the organic fluid. The
motivation to use different software to evaluate the properties of the fluids was the
proper compatibility between them.

In addition to the software mentioned above, the dimensioning of the heat
exchangers of the ORC module has been done by using Aspen Exchanger Design &
Rating®.
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Chapter 3. Micro Gas Turbine

There are always reasons to feel lucky, make those reasons
your strengths.

3.1. Introduction to the technology

In this section, a brief introduction to the micro gas turbine (mGT) is reported,
considering which mGT can be found in the market and the thermodynamics ruling
the process. In addition, a brief comparison to its main competitor in small scale,
namely internal combustion engine is reported too.

3.1.1. Thermodynamic properties of the ideal cycle and
modifications from the ideality

A gas turbine is based on the open Brayton cycle, which ideally consists in 4
transformations: an isentropic compression till the maximum pressure of the cycle,
an isobaric heating of the fluid till the maximum temperature of the cycle followed by
an isentropic expansion till the minimum pressure and the isobaric heat rejection.
Figure 3.1-1-left shows the layout of the ideal simple gas turbine considering an
external heat input (no combustion chamber is considered) while Figure 3.1-1-right
shows the T-s diagram considering air as working fluid, with a molecular mass equal
to 29 kg/kmol, with a pressure ratio equal to 5, with ambient air temperature of 15°C
and the turbine inlet temperature equal to 1000°C.
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Figure 3.1-1 Ideal simple gas turbine layout (left) and T-s diagram (right) using air as
working fluid considering a pressure ratio equal to 5, air inlet temperature equal to 15°C and
turbine inlet temperature equal to 1000°C
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The ideal regenerative gas turbine is based on the same basis of the ideal simple
one, but the hot fluid exiting the turbine preheats the fluid after the compressor in
order to reduce the heat input. In Figure 3.1-2-left, the layout of the regenerative gas
turbine is depicted and in Figure 3.1-2-right represents the ideal regenerative Joule-
Brayton cycle in T-s space considering the same assumptions adopted for the simple
gas turbine and an ideal regenerator. Therefore, considering that the mass flow and
fluid are the same, the hot fluid is cooled down till the inlet temperature of the cold
fluid and the cold fluid is heated up till the temperature of the hot fluid at the inlet of
the regenerator. As it can be seen from both T-s diagrams, considering the same
assumptions for both cycles, the net work is the same?!, while the heat input in the
regenerative case is lower, implying higher efficiency.
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Figure 3.1-2 Ideal regenerative gas turbine layout (left) and T-s diagram (right) using air as
working fluid considering a pressure ratio equal to 5, air inlet temperature equal to 15°C and
turbine inlet temperature equal to 1000°C

After defining qualitatively the performance of the cycle, here the evaluation of the
efficiency of both cycles is developed.

Considering a perfect gas, with a specific heat (c,) and constant of the gas (R*), the
variation of entropy affecting the fluid can be expressed as:

ds=c,——-R"— Eq. 1
By defining 6 as

0=— Eq. 2

1 Since the thermodynamic transformations of the ideal regenerative Joule-Brayton cycle are
reversible, the net work is represented by the area contained by the cycle in T-s space.
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Considering isentropic conditions, the outlet temperature after the compression can
be computed with Eq. 3 and, after the expansion, with Eq. 4. B is the pressure ratio
between the pressure at the outlet with respect to the inlet.

Tout,comp = Tin,comp.BO Eq. 3

Tout,turb = Tin,turbﬁ_e Eq. 4

The efficiency (n) is defined as the ratio between the net work obtained (l,,,;) and the
heat input to the system (q;;,). For a simple gas turbine with a perfect gas, it can be
expressed as:

lnet _ O (T3 —T,) — Cp (T, —Ty) _ I,—T;

= 1—— Eq. 5
din Cp (Ts = T3) I3 =T,

Nsimple

Considering isentropic conditions for the turbomachinery, it can be expressed as:

Ty

_ _ -0
Nsimpte = 1 W—l—ﬁ Eq. 6

For a regenerative Joule-Brayton cycle, also considering a perfect gas as working
fluid, the efficiency can be expressed as:

e GT=T) =G, =T T,—T o
Nregenerative i Cp (T, —T5) T,—T, g.
And considering isentropic conditions, it can be expressed as:
Tlﬂg - Tl Tl @
Nregenerative = 1 — m =1- T_4'8 Eqg. 8

Looking at Eq. 6, the efficiency of an ideal gas turbine based on a simple cycle just
depends on pressure ratio and fluid: an increment of the pressure ratio implies an
increment of efficiency. When analyzing Eqg. 8, the efficiency of an ideal regenerative
gas turbine depends on the pressure ratio and both on the inlet and maximum
temperature. Differently from the simple gas turbine, an increment of the pressure
ratio would deal to a decrease in the efficiency. While an increment of the maximum
temperature results in an increment of the efficiency.
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In Figure 3.1-3, how the efficiency varies with the pressure ratio (left) and how the
efficiency varies with the net specific work (right) are represented considering two
different maximum temperatures equal to 800°C (top) and 1000°C (bottom) for both
simple (black lines) and regenerative (blue lines) gas turbine. The continuous lines
represent the ideal cases, while the dashed lines represent a more real behavior
considering isentropic efficiency of the turbomachinery equal to 90%, pressure drop
on the heat exchangers equal to 2% with respect to the inlet pressure, and
effectiveness of the regenerator equal to 90%.
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maximum temperature equal to 800°C (top) and 1000°C (bottom) for both simple (black
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As predicted before, the efficiency of the ideal simple gas turbine does not change
with the maximum temperature, but the specific work increases with the temperature.
In the regenerative case, the efficiency decreases with the decrease of the maximum
temperature. The maximum temperature influences the simple gas turbine when
considering real conditions, obtaining a higher efficiency with higher values of
maximum temperature. In addition, the effect of the pressure ratio on the efficiency
can be seen for both cycles. As stated before, for the ideal regenerative gas turbine,
the efficiency decreases with the pressure ratio while it increases for an ideal simple
gas turbine. However, in this last case, the different losses could modify that behavior
highlighting the presence of an optimum value of pressure ratio which maximizes the
efficiency.

Moreover, the net specific work increases with the maximum temperature for both
cycle configurations.

3.1.2. Categories of gas turbines
The gas turbine (GT) technology is classified in five different groups [12]:

o Frame type Heavy-Duty gas turbines. This type of gas turbine represents the
largest power generation units, within a range from 3 MW to 480 MW with
efficiencies varying between 30-46%. They employ axial-flow compressors
and turbines.

e Aircraft-Derivative gas turbines. Originated originally as aircraft mover, they
turned to be also power generation units, with a production between 2.5 MW
to 50 MW, with an efficiency range from 35-45%. They consist of an aircraft
derivative gas generator and a free-power turbine.

e Industrial Type gas turbines. This kind of gas turbine are widely used in
petrochemical plants. With a nominal power between 2.5 MW and 15 MW but
penalized in efficiency (with respect to the others mentioned before) at values
around 30%, which could be boosted using a regenerator.

e Small gas turbines. In this case, the nominal power ranges between 0.5 MW
and 2.5 MW. The design of this type of gas turbine includes the use of
centrifugal compressor (or a combination of centrifugal and axial
compressors) and a radial-inflow turbine.

e Micro gas turbines. Within this category, the gas turbines with a nominal
power lower than 350 kW are included. They use radial-flow turbine and
compressor and a regenerative cycle.

The gas turbine used in this work belongs to the latter mentioned category.
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3.1.3. Comparison with internal combustion engines

A good alternative to a combined cycle composed by a micro gas turbine with a
bottoming ORC for electricity generation, is substituting the GT with a diesel engine.
Indeed, the diesel engine has the advantage of having a faster starting response with
respect to the GT and a higher efficiency. However, it has some disadvantages while
comparing it to a gas turbine [13]:

e The diesel engine has a higher level of vibration than a gas turbine.

e The diesel engine cannot compete in terms of NOx emissions, at least without
a catalyst, as the gas turbine emits one order of magnitude less NOx than the
diesel engine (~40 mg/Nm? against 500 mg/Nm? at 5% 02) [14].

e Usually, maintenance costs are lower for a gas turbine, mainly due to the
lower oil consumption and lower wear of components.

e Typically, the volume occupied by a diesel engine is higher than a gas turbine
for the same nominal power.

So even if the efficiency is higher with a diesel engine, it can be considered that the
increment of efficiency while combining the GT with the bottoming ORC fulfills the
requirements of high efficiency for electricity generation, while keeping the
advantages of the gas turbine.

3.1.4. AE T100

The gas turbine selected to be studied is the Turbec T100, manufactured by Ansaldo
Energia (recalled AE T100). The AE T100 is a micro gas turbine designed to produce
100 kWe when working just in power mode (no cogeneration is considered). There
are two different models: the AE T100 Power, which just produces electricity, and the
AE T100 Power and Heat, which produces both electricity and heat (i.e. an additional
heat exchange is present). With the second one, a higher first principle efficiency is
obtained, but a penalization exists in the production of electricity due to the additional
bottoming recovery heat exchanger (i.e additional pressure drops at the turbine
outlet) [15]. Figure 3.1-4 shows the mGT selected.

The AE T100 is composed by a single-stage radial centrifugal compressor, a single-
stage radial turbine, a lean premix combustion chamber, a permanent magnet
electrical generator (which acts as an electric starter when doing the start-up of the
GT by giving the power needed to the system to be self-stable) and a flue gas-air
regenerator [15]-[17]. The rotating elements (i.e. electrical generator, compressor
and turbine) are mounted on the same shaft, and the whole system is contained in
the same housing. Table 3.1-1 collects the nominal performance of the gas turbine
under study.
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Figure 3.1-4 mGT AE T100 [17]

Table 3.1-1 Nominal performances of the AE T100 [17]

MICROTURBINE

Nominal speed 70000 rpm
Turbine Inlet Temperature = 950°C
Turbine Outlet Temperature  645°C
Pressure ratio of compressor =4.5

Fuel Natural gas
PERFORMANCES

Electrical output 100 kW (£3)
Electrical efficiency 30 % (+2)
Exhaust gas flow = 0.79 kg/s
Exhaust gas temperature =270°C

Average sound pressure
NOx
CcO

~72dB(A) @ 1 m
<15 ppm(v) = 31 mg/Nm?
<15 ppm(v) = 19 mg/Nm?
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3.2. Design modeling

After introducing the technology itself, the way the micro gas turbine has been
modeled at nominal conditions is described in this section. It is mandatory for the
completeness of this thesis to know how the micro GT behaves. The technical
information given by the manufacturer is not enough either to study the part-load
behavior of the mGT itself and/or to properly design the bottoming ORC plant.
Therefore, the complete thermodynamic performance should be evaluated. Figure
3.2-1 shows the layout of the micro GT.

— Air
Fuel
— Flue gases

C: Compressor

CC: Combustion Chamber
F: Air Filter

G: Generator

REG: Regenerator

T: Turbine

Figure 3.2-1 Layout of the considered micro gas turbine

The model to evaluate the nominal conditions collects the information available in
literature [18], [19]. However, not all the information of the performance of the T100
is given in the literature, namely, the pressure drop of the filter of air entering the
system and the pressure drop in the regenerator, because the experimental layouts
do not consider the micro gas turbine T100 in standalone conditions, but usually it is
modified according to the requirements of the research institution (e.g. coupled with
volume modules [19], in an hybrid configuration with fuel cell [20], [21] or modifying it
to operate like micro-Humid gas turbine [22]). Those modifications constitute a
perturbation of the pressure drops of the system, modifying the performance of the
gas turbine. Therefore, to validate the performance and establish the whole model of
the micro gas turbine evaluating each thermodynamic state, the pressure drops are
considered as independent variables which are modified in order to obtain the
declared electric power, namely 100 kWe. Figure 3.2-2 shows the concept here
explained. The nominal conditions already known from literature are taken as
parameters, a tailored-made model has been developed in Matlab® considering each
component independently and the pressure drops are the iteration variables to
validate the nominal conditions. In order to evaluate the properties of the fluids, the
NASA polynomials formulation is implemented (see Appendix B), as they properly
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describe the characteristics (i.e. specific heat and enthalpy) of the fluids considered
in the gas turbine (air, fuel and flue gases)?.

Nominal known
conditions

Design model of the
micro gas turbine

APriger

Apregenerator

L.

Is the
nominal P,
obtained?

0]

Yes
¥

Validation of the
design of the micro
gas turbine

Figure 3.2-2 General logic to evaluate the nominal conditions of the mGT

In the next paragraphs, each component is described, and the characteristic
equations are discussed. At the end, the way the equations are coupled together to
perform the mGT simulation is defined.

3.2.1. Filter

Before the compressor, a filter is installed. The main function of the filter is avoiding
the entrance of particles and bodies that could produce the erosion and damage of
the compressor blades [23]. However, the filter reduces the performance of the
system by adding a pressure drop, thus the air entering the compressor (p,) is not at
atmospheric pressure (p,), but at a lower pressure (See Eq. 9).

P1 = Po — APriter Eq. 9

In addition, the filter can be considered isothermal as there are no heat exchanged
and the air is ideal, which means that isenthalpic corresponds to an isothermal.

2 The behavior of air, fuel and flue gases can be approximated as ideal in the range of
temperature and pressure typical of gas turbine applications
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Therefore, the temperature of the air entering the compressor is the same as the
ambient temperature.

T1 = TO Eq 10

3.2.2. Compressor

After the eventual particles have been removed from the air with the filter, the air is
compressed in a single-stage centrifugal compressor to the maximum pressure in the
cycle. The way the air is compressed is described by the compressor characteristic
maps. These maps describe not only how the compressor works at nominal
conditions, but also at part load operation. Following the common approach in
turbomachinery, reduced variables are considered: reduced rotational speed (N,)
and reduced mass flow rate (m,). The definition of these variables is expressed with
Eq. 11 and Eqg. 12.

N
Ny —comp = Eqg. 11
JT
VA
My—comp = Mair * Eq. 12

1

The compressor characteristic maps (shown in Figure 3.2-3) represent two functions
which correlates the pressure ratio (8) and the isentropic efficiency (n) with the
reduced mass flow rate and the reduced rotational speed [24], [25].
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Figure 3.2-3 Characteristic map of the centrifugal compressor (left) and efficiency trend
(right) of the AE T100 for different ratios of reduced rotational with respect to the nominal
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The compressor characteristic maps are also used for the off-design and dynamic
model, so in order to have a wider range of values nearby the sub-idle zone, the
procedure explained in Appendix A is used to extrapolate the original curves at lower
values of reduced rotational speed.

The pressure ratio (8) can be expressed as:

ﬁcomp = f(mr—comp;Nr—comp) Eqg. 13
b2

ﬁcomp = Eq. 14
P1

With the isentropic efficiency, the enthalpy at the outlet of the compressor can be
calculated. It can be expressed as:

Ncomp = f(mr—comp'Nr—comp) Eq. 15
hziso - hl

Necomp = W Eq. 16

haiso = h(p2,51) Eq. 17

In addition, the mechanical power absorbed by the compressor is expressed as:

Pcomp = Mgy * (hy — hy) Eq. 18

3.2.3. Regenerator

The AE-T100 is a regenerative gas turbine, which means that after the air has been
compressed in the compressor, the air is preheated before entering the combustion
chamber. In this case, the regenerator is a corrugated heat exchanger, described in
the section 3.4. On one hand, the presence of the regenerator reduces the amount
of fuel required in the combustion chamber [12]. On the other hand, to preheat the
air, a part of the heat of the turbine exhaust flue gases is exploited; thus, reducing
the available heat that could be exploited by the bottoming cycle. Considering the
enthalpy of the working fluids (h), the heat exchanged between the two fluids (Q) can
be expressed as:

Qreg = Mair * (hs —hy) = Meiye * (hs — he) Eq. 19
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And considering the global heat transfer coefficient (U) and the exchange area (A4),
the exchanged heat can also be expressed as:

Qreg = UA - ATy Eq. 20

Where the logarithm mean temperature difference (AT},,) is computed as:

(Ts —T3) = (Ts — T3)

=R o

ATlm =

A good parameter describing the performance of the regenerator is the effectiveness
(). The effectiveness represents the ratio between the actual heat exchanged and
the maximum heat that could be exchanged in an ideal heat exchanger (i.e. infinite
heat exchanger area) [23], [26].

I —T,

— Eq. 22
E. =
reg TS _ Tz

Even if the heat transfer would be better with higher values of effectiveness,
increasing the effectiveness of the regenerator has the drawback of an increment of
the surface required, dealing to higher costs, higher pressure drop and higher inertia
of the system [12]. In this case, the nominal value of effectiveness is equal to 88.9%
[18].

Moreover, the pressure drops need to be taken into account as the real regenerator
is not isobaric.

P3 = D2 — Apreg,cold Eqg. 23

Ps = Ppe + Apreg,hot Eq. 24

For the validation of the micro gas turbine, the regenerator discharges directly to the
atmosphere and not to the evaporator of the bottoming cycle, so the outlet pressure
is the atmospheric one. The pressure drop of the filter at the outlet of the mGT is
included in the pressure drop of the regenerator.

3.2.4. Combustion chamber

The heat input to the gas turbine is provided by the combustion chamber. The
combustion chamber is the component in which the combustion reaction takes place.
The pressurized air enters the combustion chamber and it reacts with the fuel leading
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to a flue gas exiting the combustion chamber with a different composition,
temperature and pressure. In order to take this fact into account, the reaction of
combustion is implemented, considering a generic natural gas, with the composition
indicated in Table 3.2-1 [27] and the composition of dry air, indicated in Table 3.2-2.

Table 3.2-1 Molar composition of the natural gas

CHs [% mol] 91.397
CO2 [% mol] 1.392
CoHs  [% mol] 4.979
CsHs  [% mol] 0.79
CsHio [% mol] 0.342
N2 [% mol] 1.1

Table 3.2-2 Molar composition of the air

02 [% mol] 20.96
N2 [% mol] 78.12
Ar [% mol] 0.92

The combustion is assumed to be complete, as the amount of oxygen is always
higher than the stoichiometric one required by the fuel. However, in the model both
reactions, complete and incomplete, have been implemented depending on the
amount of oxygen entering with the air, here the complete reaction is reported.

As the natural gas considered consists of a mixture of hydrocarbons (i.e. CHs4, C2He
etc.) and inert gases (i.e. N2,Ar, CO,) the generic combustion reaction is considered
See Eq. 25).

2a+§ B Eq. 25
0, »>aCO0, +E H,0

CoHp +

Where a and B are the mole coefficients which create a fictitious macromolecule
allowing the definition of a generic combustion reaction. These coefficients take into
account the number of moles of each substance reacting in one mole of fuel.

J

a= z N¢ iXj fuel EqQ. 26
j=1
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J
B = Z Ny, jXj fuel Eq. 27
j=1

Where

Nc, is the amount of atoms of carbon in the reactive compound j of the fuel
nu,j is the amount of atoms of hydrogen in the reactive compound j of the fuel
X uel IS the mole fraction of the reactive compound j in the fuel

By knowing the coefficients which define the generic fuel, the stoichiometric
coefficients of production and consumption of reactants can be calculated following
the reaction in Eq. 25.

It is possible to evaluate the amount of each component reacting.

N flue gas = Nair * Xiair T Nfuet * Xifuel T Vi * Nfuel Eq. 28

In Eq. 28, the mole balance is represented, the number of moles of each substance
exiting with the flue gases is the amount of it entering with the air and with the fuel
plus the production of that substance due to the reaction. v; represents either the
production (positive value) or consumption (negative value) coefficient of each
component. As the evaluation of the consumption and production uses moles, it is
needed the transformation from mass to moles by using Eq. 29 and Eq. 30.

I
MMfuel = Z MML . xi,fuel Eq 29
i=1
m
. fuel
n =— Eq.
fuel MMfuel q 30

The combustor mass balance is indicated in Eq. 31.

mflue = mfuel + Mg Eq. 31

Finally, the combustor energy balance is considered, considering the presence of
thermal losses equal to 1% of the inlet heat (.omp = 0.99):

(mfuel ' hfuel + mair ' hair) *Necomb = mflue : hflue Eqg. 32
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To evaluate the efficiency of the cycle, the heat input is computed with the
corresponding lower heating value of the fuel (LHV,;), which in this case it
corresponds to 45.92 MJ/kg:

Qin = mfuel : LHVfuel Eqg. 33

Pressure drops are computed as:

Ps = P3 — APcomp Eq. 34

3.2.5. Expander

Once the flue gases exit the combustion chamber, they are expanded in the radial
turbine. The way the turbine behaves is described by the characteristics maps of the
turbine. Following a procedure similar to the one described for compressor, the
characteristic maps of the turbine (shown in Figure 3.2-4) represent two functions
which correlates the reduced mass flow and the efficiency with the pressure ratio and
the reduced rotational speed [24], [25].

My_turb = f Brurps Nr—turp) Eq. 35

Newrb = f Bewrbs Ne—turn) Eq. 36

Also in this case, reduced variables are used, and to calculate them, the conditions
at the inlet should be considered as reflected in Eq. 37 and Eq. 38.

N
Ny —turp = \/_T—4 Eq. 37

/T

V4 Eqg. 38
P,

My—_turp = Mflye

As in the case of the compressor, also these maps are implemented to study the off-
design performance of the turbine while varying the external conditions and the load.
As they are used to study the off-design, they have been extrapolated to lower values
in the sub-idle region following the procedure explained in Appendix A.
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Figure 3.2-4 Characteristic map of the turbine (left) and efficiency trend (right) of the AE-
T100 for different ratios of reduced rotational with respect to the nominal one

The pressure ratio for the turbine can be expressed as:

Da
Beurp = — Eq. 39
Ds

By knowing the efficiency, the actual enthalpy at the outlet of the turbine can be
calculated:

furb h4 - h5iso
hsiso = h(ps, Sa) Eg. 41

Once the thermodynamic properties are known, it is possible to compute the
mechanical power that could be obtained with the turbine:

Pourp = mflue - (hy — hs) Eqg. 42

3.2.6. Generator

The net mechanical power of the micro gas turbine considers the power produced by
the turbine and the one consumed by the compressor, as expressed in Eq. 43.

Prech = Prurp — Pcomp Eq. 43
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However, the real electrical power produced contemplates the presence of losses
due to the power electronic conversion (i.e. inverter and rectifier), auxiliary units
energy demands (which are approximatively constant) and bearing friction. These
losses can be computed with Eq. 44 [28], [29]

Ploss generator[kW] = 0.0806 - Pmech[kW] +7.5 [kW] Eq. 44

After computing the losses, the electric power produced by the system can be
calculated by subtracting the losses to the net mechanical power produced.

Pel = Pmech - Ploss generator EQ- 45

Finally, the electric efficiency is defined as the ratio between electric power output
and the heat input:

Pel

= - EqQ. 46
mfuelLHV

Nel

3.2.7.Micro gas turbine overall system

Figure 3.2-5 represents the way the model for the validation of nominal conditions of
the micro gas turbine has been developed. The white boxes represent the equations
shown in the sections before (from 3.2.1 to 3.2.6); the dark blue boxes, the inputs
already known of the system; the light blue trapezoids, the thermodynamic states of
the stream indicated and in green, the unknown variables which are modified to
obtain the electric power indicated by the manufacturer (100 kWe).

At nominal conditions, the air inlet conditions are known (i.e. mass flow of entering
air is equal to 0.8 kg/s, the temperature is equal to 15°C and the pressure is 1 bar),
the turbomachinery rotates at 70000 rpm, the effectiveness of the regenerator is
88.9% and the temperature at the outlet of the turbine is measured and kept fixed by
the control system at 645 °C [18]. With these parameters and the characteristic maps
describing the performance of the turbomachinery (Figure 3.2-3 and Figure 3.2-4),
the system could be evaluated. However, the pressure drops are variables which
cannot be found in the literature for the stand-alone micro gas turbine. Therefore,
they are taken as iteration variables to obtain the electric power declared by the
manufacturer (100 kWe).

By knowing the conditions of the air entering the system and by establishing the
pressure drop in the filter, it is possible to evaluate the conditions at the inlet of the
compressor using the equations in the section 3.2.1. With the equations indicated in
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the section 3.2.2, the performance of the compressor is analyzed so the outlet
conditions can be obtained.

As the effectiveness of the regenerator at nominal conditions and the outlet
temperature of the turbine are known, by using Eq. 22 and Eq. 23 the temperature
and pressure at the outlet of the regenerator in the cold side can be calculated. Once
the inlet conditions of the combustor have been calculated, it is needed to evaluate
the performance of the combustion chamber by using the model specified in the
section 3.2.4. In order to do it, first, an initial value for the outlet temperature of the
combustor is needed. With this initial value, there is just one value of mass flow of
fuel which satisfies both the mass and energy balances. However, as the composition
of the flue gases changes with the amount of fuel introduced, there is an iterative
process to find that value. Once both mass and energy balances of the combustor
are satisfied, the conditions of the flue gases are known. Therefore, the reduced
rotational speed and reduced mass flow can be computed (by using Eq. 37 and Eq.
38). With them, and the characteristic maps of the turbine, the outlet conditions of the
turbine are determined. As the outlet temperature of the flue gases exiting the turbine
is a parameter known, it needs to be checked whether the value of temperature
obtained with the turbine model is the same or not. If that value does not match, a
new value of temperature at the outlet of the combustor should be taken into
consideration, recalculating the required amount of fuel with the model of the
combustor and afterwards, the performance of the turbine. This process converges
when the value of temperature matches, indicating the amount of fuel required to
obtain the performance indicated. At this point, the whole regenerator can be
evaluated and the outlet temperature, determined.

Finally, the electric power is evaluated. If it is equal to 100 kWe, the assumed
pressure drops are the ones taken as nominal. If not, new values of pressure drops
are assumed, and the process starts again till the convergence.
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3.3. Off-design modeling

During real operation, the ambient temperature changes, as well as the power
required by the user (e.g. the request of a group of houses). In order to study the
transient behavior and how the system changes during the day, first, different part-
load cases have been studied in steady-state conditions. This approach helps to
validate the reached steady-state conditions of the dynamic model.

A tailored-made model has been developed taking into account the nominal
performance obtained after the validation of design conditions and a set of non-linear
equations that characterizes the behavior of each component.

Table 3.3-1 collects the known thermodynamic properties in off-design conditions.

Table 3.3-1 Fixed thermodynamic properties of the mGT

Fluid str:\elém Description '\]f:gjvs Composition Temperature Pressure
0 in, filt v v
Al 1 | in,comp/out filt X v X X
2 in,reg cold/out comp X X
3 in,comb/out, reg cold X X
4 inturb/out,comb X X
Flue 5 in,reg hot/out,turb X X v X
gases 6 in,evap/ out, reg hot X X
7 out,evap X v
Fuel X v v v

There are three different fluids: air, the fuel, and the flue gases resulting after the
combustion. Among them, the composition of inlet air and fuel are known beforehand;
but not the one of the flue gases as it depends on the reaction of combustion.
Regarding to other thermodynamic properties, just the entering conditions of both air
and fuel do not depend on the performance of the gas turbine, thus, known
beforehand. In addition, the turbine outlet temperature is controlled at a constant
value of 645°C (as stated by the manufacturer). By fixing the TOT, the regenerator
does not suffer thermal damages. If the TIT is fixed, in partial conditions, the TOT
would increase so much that the regenerator should be designed for higher
temperatures or it would suffer thermal damages. Moreover, it is easier to control the
TOT instead of the TIT as the temperature is lower, so cheaper accurate
thermocouples can be used for the measurements [19], [30], [31]. The last fixed
condition is the discharge pressure after the flue gases have heated the working fluid
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of the bottoming cycle as it discharges to the atmosphere. After analyzing the initial
conditions, and as it can be seen in Table 3.3-1, there are 16 unknowns which should
be determined to evaluate the performance of the system.

Table 3.3-2 Equations defining the part load model of the mGT

Components N° equations Description
_ Pressure drop

Filter 2 .
Isoenthalpic
Compressor map

Compressor 2 _ _
Polytrophic compression
Energy balance
Heat transfer equation

Regenerator 4 )
Pressure drop (cold side)
Pressure drop (hot side)
Mass balance

) Reaction

Combustion chamber 4
Energy balance
Pressure drop

_ Turbine map

Turbine 2 ) )
Polytrophic expansion
Pressure drop

Evaporator 2 .
Energy balance with ORC

Total components equations 16

As there are 16 unknowns, 16 equations are needed to solve the system, which are
aggregated in Table 3.3-2. Most of the equations described in the table, are described
in the sections from 3.2.1 to 3.2.6. However, in this case, the pressure drops are not
the nominal ones, but taking the nominal pressure drop as reference, they depend
on the variation of the velocity of the fluid (i.e. air and flue gases). Thus, for each
component, the new pressure drop (Ap,ss) can be determined by using Eq. 47 with

the nominal values and the off-design ones of mass flow rate (1) and density (p) [24]

. 2

m

Aposs = Apnom< —off ) (—p"°m> Eq. 47
Mnom poff

Another characteristic equation of the part load behavior is how the heat transfer
varies with the process conditions with respect to the nominal ones. The heat
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exchanged in the regenerator can be expressed in terms of the global heat transfer
coefficient, the exchanging surface and the logarithm mean temperature difference,
as seen in Eq. 48. That expression is valid either for nominal or part load conditions.

Qheat exchanger = UA - ATy Eq. 48

It is possible to evaluate the product UA at nominal conditions as all the system is
already determined. Thus, it is possible to say in a general way, and without additional
information regarding the part load conditions for that specific heat exchanger that
the variation of the UA product follows Eq. 49 [24].

ors \
UAOff = UAnom( . ) Eq. 49

nom

Regarding the part load behavior of the compressor and turbine, they behave in the
same way as explained in the sections 3.2.2 and 3.2.5, considering the different
performance maps.

The part load model is more difficult to solve than the design one, due to the
dependence of the part-load behavior on the thermodynamic properties at those
conditions (i.e. pressure drop with mass flow and temperature). This fact converts the
system in a highly non-linear one. The model implemented follows the logic explained
in Figure 3.3-1, where the design conditions are introduced to evaluate the off-design
ones. The part load simulations have been performed by varying the ambient
temperature and the rotational speed of the turbomachinery (as indirect way to study
the variation of the electric power produced). The selection of changing the rotational
speed of the turbomachinery instead of the electric power output is motivated by the
reduction of iterations for obtaining the solution, as it is easier to study the
performance of the turbomachinery by knowing the rotational speed, thus,
interpolating in the characteristic maps. However, the variables indicated in Figure
3.3-1 are the variables which are modified with the solver function of Matlab® to reach
the convergence of the whole system respecting the mass and energy balances of
each component.
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Figure 3.3-1 General algorithm of the off-design model of the mGT

3.4. Dimensioning of the regenerator

To analyze the dynamic performance of the system, the thermal capacitance plays a
fundamental role, as it determines how fast the system reacts. Therefore, the
dimensions of the regenerator should be determined, namely the volume of the
channels through which the fluids flow, the mass and volume of the metal through
which the heat exchange happens and the effective surface of the regenerator.

The regenerator used in the micro gas turbine AE-T100 is a Stainless steel SS-347
[32] corrugated plate heat exchanger [33]—[35].

To the author’'s knowledge, no complete information about the whole regenerator
geometry can be found in the literature. Moreover, discordances with the calculation
of lengths and surfaces of a corrugated plate heat exchanger have been found in the
literature [36]-[39]. Thus, a complete 3D model has been developed with Matlab®
collecting the information available in the literature and a purely mathematic
calculation has been conducted to evaluate the real surfaces and volumes. The
parameters used to do the calculations are shown in Figure 3.4-1 and Figure 3.4-2.
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Figure 3.4-1 Representation of one channel of the regenerator [40]

Figure 3.4-2 Representation of the channels configuration of the regenerator [38], [41]

The corrugations are described by a sine curve in the main flow direction (x) and they
are displaced with the chevron angle (B) in the z direction [40] as in Eq. 50.

-2 ( i t())2"+b Eq. 50
y—2 sen| (x ) z - tan(f 7 > q.

By knowing the three dimensions describing the surface of the corrugations, the
exchanging area can be computed with of Eq. 51 [42]:

[f as = [[ |#, x #,|dxdz Eq. 51

Where 7 is the vector describing the surface of the corrugations and the subscripts x
and z indicate the partial derivatives of 7 with x and z, respectively.
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The vector 7 can be expressed as:
t = it (2 ( A, t()) Gl LA e Eq. 52
T = X1 > sen| | x 2 z - tan(f i 2] z g.

To calculate the surface, it is required to calculate the module of cross product of the
partial derivative of 7 with respect to x and z (|7, x 7,|). The partial derivatives can be
expressed as shown in Eg. 53 and Eq. 54.

5 5 b 2w A 2 -
fe=o—=l+5 5 -cos (x—Z+Z'tan(ﬁ)>'7 J Eq. 53

*—ar—bznt() ( AL t())zn*+ﬁ Eq. 54
rZ—aZ—z i an(f) - cos| (x ) z - tan(p 1 j g.

So the cross product of them (7, x 7)) is expressed in Eqg. 55, with a final result
declared in Eq. 56.

7 j k
1 é-Z—TT-cos((x—&+z-tan(ﬁ))-Z—TT) 0
P X1 = 2 2 4 A Eq. 55
0 é-Z—TT-tan(ﬁ)-cos ((x—&+z-tan(ﬁ)) 2_7r) 1
2 A 4 A

., L b 2m A 2\, L b 2m
rxXTz=§-7-cos (x—Z+z-tan(ﬁ))-7 1—]+E-

Eq. 56

-tan(p) - cos ((x — % +z- tan([)’)) . 2%) k

Therefore, the module of the cross product is expressed in Eq. 57

2
é-z—n-cos (x—&+z-tan(,8)>-2—n + (1)
2 2 4 A

|7, x 7| = , Eq.57

+ é-2—7T-tan(ﬁ)-cos (x—&+z-tan(ﬁ))‘2—n
2 2 4 A

=

41



After substituting the result of Eq. 57 in Eqg. 51, it is possible to evaluate the heat
exchange surface of one corrugated plate.

The volume of the channels can be directly evaluated by doing the double integral of
the corrugations equations in both dimensions: x and z.

*(%(b A 2w\ b
Vchannel=2-fofo E-sen (x—Z+Z-tan(ﬁ))-7 +§ dzdx  Eq. 58

To evaluate the volume of metal between the channels, the thickness should be
added to the value of y.

X z X zZ
Vimetar = j j (y + 6) dzdx — f f y dzdx Eq. 59
0o Jo o Jo

The nominal parameters of the regenerator of AE-T100 are reported in Table 3.4-1
[43].

Table 3.4-1 Parameters of the regenerator

Assumptions of the dimensions

L [mm] 250
W [mm] 300
O [mm] 0,15
A [mm] 2
h [mm] 1
N plates 770
B[] 75
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Chapter 4. Organic Rankine Cycle

The only one who must believe in you is just yourself.

4.1. Introduction to the technology

In this section, a brief introduction to the ORC technology is made. Some of the
available applications are presented, the advantages of the technology are
highlighted, the main classification of the cycle configurations is presented and a
remark to the influence of the fluid is done.

4.1.1. Applications

There are a lot of applications for which the steam cycles do not offer a viable
solution, and on those applications, the ORC technology can be a good competitor.
In Figure 4.1-1, the different applications in which the ORC technology is suitable
according to the temperature of the heat source and the power output of the module
are shown in Figure 4.1-1 [44]. It can be highlighted the high potentiality for a wide
selection of different applications. The case under study in this work is positioned in
the small waste heat recovery (WHR) classification with a power output below than
50 kW and with temperature of the heat source between 200°C and 400 °C.

Thermal stability limit
400 .........................................................................
Medium WHR

Gray zone
ORC or

Micro and Small WHR
mini ORC

High T. solar

300

200 ]

Heat source temperature (°C)

\ Solar for High T geothermal
\_rural electrification T b e
100 Low T geothermal
OTEC
0
1 kW 10 kW 100 kW 1MW 10 MW

Power output

Figure 4.1-1 ORC applications field considering the heat source temperature and the power
output [44]
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A brief description of each application is mentioned in the following sections.

41.1.1. Biomass

The biomass is an energy source originated from living organisms. Even if the fossil
fuels are also originated from living organisms, the main difference between biomass
and fossil fuels is the fact that the latter ones have been produced and trapped
underground in very long times. The main advantage of the biomass is that the power
production with this source has limited carbon dioxide emissions into the atmosphere
thanks to its production chain.

The use of biomass is usually coupled with cogenerative ORC plants, usually with a
net electrical efficiency in the 15-20% range, able to reach a total first principle
efficiency of 90%. In Europe, more than 200 ORC power plants fueled with various
types of solid biomass have been installed, making this application one of the fields
of major success for ORCs. Many of these power plants are in the MWe power range
and adopt a superheated cycle configuration. Usually high complexity fluids as
hydrocarbons, fluorinated fluids, light siloxanes and MDM are adopted in this kind of
application [45].

4.1.1.2. Concentrated solar power

Concentrated solar power plants use a technology based on the conversion of the
direct component of solar radiation into medium-high temperature thermal energy
and then into electricity, heat or mechanical work. To obtain a higher level of energy
per unit area, mirrors are used. An opportune heat transfer fluid (e.g. molten salts or
synthetic oil) is heated up in solar collectors and then the fluid transfers the
accumulated heat to the ORC working fluid [44].

An interesting application for this kind of system is the stand-alone configuration for
remote areas, for final users not connected to the electric grid. Usually, the plant size
is small for those cases. Due to the small capacity of the engines, volumetric
expanders are usually used [45].

Moreover, recently, instead of using a heat transfer fluid, the idea of heating up
directly the ORC working fluid has been studied. The idea consists in avoiding the
evaporation in the solar field, and in storing the heated organic fluid directly in tanks.
Electricity is then produced through a flash triangular cycle or one level cycle with
laminated admission [46].

In addition, there are studies considering the possibility of combining the
concentrated solar power plant with biomass to provide the heat input to the ORC
[47]. This gives more flexibility to the electricity production and heat generation, if
present.
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41.1.3. Geothermal

The properties of the geothermal fluid strongly depend on the location, characterizing
the heat source with a temperature which can vary from about 80°C to 200°C. ORC
power plants are mainly adopted for the conversion of liquid-dominated geothermal
reservoirs characterized by temperatures around 120-150°C [45]. The geothermal
fluid may contain a non-negligible amount of incondensable gases, which may
originate corrosive compounds, dealing to the need of more expensive equipment.
The most common configuration for the geothermal exploitation is the saturated cycle
one with an alkane (e.g. propane, isopentane, isobutane) as working fluid, which may
include a regenerator.

When two-phase geothermal fluid is extracted from the reservoir, the steam and the
brine are separated: the steam is used to evaporate the ORC working fluid, while the
brine is used to preheat the ORC working fluid.

When working with steam-dominated geothermal reservoirs of large capacity, usually
steam power plant is used to recover the available heat. However, a bottoming ORC
system is an optimal solution to increase the overall efficiency, by exploiting the hot
discharge from the steam turbine.

4.1.1.4. Ocean Thermal Energy Conversion (OTEC)

Even if no commercial application exists, ORC power plants could be adopted for the
conversion of ocean energy deriving from the temperature difference between
surface and deep water. OTEC engines have a really limited efficiency due to the low
thermal gradient and, in order to be effective, the minimum temperature difference
between the ocean surface layers should be around 20°C [45], [48].

4.1.1.5. Waste heat recovery

The potential of recover the waste heat is countless. Nowadays, the use of ORC
systems has become an efficient and convenient solution to recover part of that
released heat to produce electricity [45], [48], [49].

GTs and internal combustion engines (ICEs) are two sources of waste heat. The
integration of ORCs with ICEs is a common commercial practice to improve the
power output and efficiency of these systems and it can be found as a commercial
solution by many ICE manufacturers [50]. Depending on the place where the heat is
recovered (either from the engine water jacket or from the hot flue gases), the power
increment would be in a range between the 3% and 10%. Similarly, the waste heat
of the flue gases of the GTs with a power output range between 3 and 30MWel (too
small for a steam bottoming cycle) can be recovered by an ORC, with an increment
of the power output around 20-35% [45], [51], [52]. An example of this is the WHR
from GTs which mechanically drive the compressors in the natural gas compressor
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stations [53]. Usually, these stations are isolated so thermal energy is not needed.
However, a bottoming ORC could mechanically drive a compressor or produce
electricity. Moreover, the combination of a micro gas turbine with a bottoming ORC
is of great interest. And it is the application under study in this work.

In addition to GTs and ICEs, many industrial sectors are characterized by large
guantities of waste thermal energy available in the process fluids in a wide range of
mass flow rates and temperatures. After using some part of the available thermal
energy for the processes, the remaining heat could be exploited to produce additional
power instead of being released to the environment. The sectors with a relevant
amount of waste heat, so the more interesting ones, are the cement industry, the
metal industry (e.g. iron, steel, copper, aluminum), the glass industry, the
petrochemical sector and food and beverage processing industry. In general, ORC
technology enables heat recovery from any industrial process where the available
waste thermal power and temperature are sufficiently high to guarantee a cycle
design with adequate efficiency at a reasonable cost.

According to the temperature level, the waste heat sources can be classified in three
categories: low temperature (<230 °C), medium temperature (230—650 °C) and high
temperature (>650 °C). The temperature determines the efficiency of the energy
recovery process. Generally, the steam cycles have been used for the medium and
high temperature sources and medium to large power, so an innovative cycle cannot
compete with the maturity of the steam cycles. However, for low and medium
temperature heat sources and small to medium plant size, the ORC is an optimal
alternative.

However, only in recent years this huge potential has attracted interest and the first
waste heat recovery ORC power plants have been installed, especially in cement
industry. Waste heat streams are available in a 200-400 °C range of temperatures
depending on the cement plant configuration and in a range of available thermal
powers between 5 and 100 MW. This range of available thermal energy pushes the
competition of both technologies. The heat exchangers of the steam cycles are
cheaper, but a larger number of stages in the turbine is required. Therefore, there is
a chance of optimizing the ORC system to be competitive in comparison to the small
steam cycle [45].

Therefore, ORC growth potential is particularly strong in all those sectors where there
is the possibility of recovering waste heat and the use of a steam cycle is not
economically feasible [48], [52].

4.1.2. Advantages of the technology

The steam Rankine cycle is one of the dominant power generation technology. The
ORC represents a modified version of it in which the working fluid is not water but
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another fluid. As encountered advantages can be highlighted: the reduction of the
needed heat for the evaporation process at lower values of temperature and pressure
with respect to the steam; the use of simple single or double stage turbines due to a
relatively low pressure ratio between the evaporation and condensation pressure; the
adaptability to different heat sources with the selection of the optimal fluid; and the
dry expansion in the turbine avoiding the blades erosion when condensation occurs
[44], [48], [50], [52], [54]-[56].

4.1.3. Selection of the fluid

The possibility of selecting the proper working fluid which is able to fit the external
conditions to maximize the electric power by recovering maximum heat available is
one of the main advantages of the ORC technology. This degree of freedom makes
the ORC a flexible system in terms of suitability to different heat sources at medium-
low temperature. Therefore, the working fluid has to be carefully selected in order to
obtain the best performance of the cycle. The optimal working fluid should have [44]:

- Vapor saturation curve with zero or positive slope (ds/dT), respectively
isentropic and dry fluids to avoid wet-expansion in the turbine.

- Suitable molecular mass. Large molecular mass benefits the turbine design
as the number of stages is reduced (the molecular mass is inversely
proportional to the turbine enthalpy drop), but it worsens the heat transfer
coefficients, bringing to larger heat exchangers.

- Low environmental impacts (low Ozone Depletion Potential (ODP) and low
Global Warming Potential (GWP). The ODP gives a relative measure of the
impact on ozone layer degradation when a certain mass of gas is emitted in
comparison with the effect that the emission of the same amount of CFC-11
has [57], integrated over time. The GWP measures how much heat the
emissions of 1 ton of gas will absorb (over a period of time) relative to the
amount of absorbed energy by 1 ton of carbon dioxide during the same period
of time [58].

- Good safety properties (non-flammable and non-toxic). Hydrocarbons are
often adopted as working fluid even if they are flammable, bringing
complications to the system and additional costs related to safety reasons.

- Suitable thermal stability for the studied application.

- Suitable molecular complexity (i.e. number of atoms per molecule and the
structure of the atoms in it). The molecular complexity affects the shape of the
Andrews curve, with the positive consequences of the dry expansion and
large fractions of heat input at variable temperature; but with the drawbacks
of the requirement of a regenerator and small temperature drops in the
expansion phase. Figure 4.1-2 shows three saturated cycles (with same
maximum and minimum temperature) considering fluids with different
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molecular complexity (namely water, benzene and MDM). It can be
highlighted that the temperature drop between the turbine outlet temperature
and the temperature of condensation in the case of the MDM is very high,
pushing to the presence of a regenerator to recover part of the heat.

Vs Water Benzene MDM

S

Figure 4.1-2 T-s diagrams for saturated cycles considering fluids with different molecular
complexity [44]

4.1.4. Plant layout

In comparison to the conventional steam Rankine cycles, the ORC layout is usually
simplified. The limited power output pushes to less complex layouts. Various
pressure levels cycles can only be found where the heat source has a high cost (e.g.
geothermal) that the investment cost of the ORC is not relevant to the overall cost
and higher efficiencies of the plant would make feasible the exploitation of the source.

The single pressure level cycle is the simplest layout that can be found, requiring the
smallest number of components, namely a primary heat exchanger, an expander, a
condenser and a pump. A regenerator is optional depending on the fluid itself and
the heat input conditions. The pressure of the saturated liquid exiting the condenser
is increased with a pump till the maximum pressure of the cycle. Afterwards, if a
regenerator exists, the fluid is preheated before entering the primary heat exchanger.
In this latter one, the fluid absorbs the heat available for the heat source till the
maximum temperature. Once the fluid is heated up till the maximum temperature, it
is expanded in the expander, producing mechanical work, which is converted into
electrical work by a generator connected to the shaft. If the regenerator is present,
the hot fluid exiting the expander is used to preheat the fluid exiting the pump. Finally,
the cycle is closed with the condenser. This configuration is divided into two families
depending on the maximum pressure: subcritical and supercritical cycles [44], [49].

The maximum pressure in a subcritical cycle is lower than the critical one. They are
the most common ones. Within this category, two subclassifications can be made
according to the maximum temperature: saturated and superheated. Usually, if the
working fluid has a critical temperature higher than the temperature of the heat
source, the superheating penalizes the performance of the cycle, as there is a
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reduction of the working mass flow rate. If the critical temperature of the fluid is small,
then superheating is preferred to achieve a higher average temperature of heat
introduction and reduce the entropy generation in the primary heat exchanger (PHE)
[44], [45].

The supercritical or transcritical cycle consists in a cycle with a maximum pressure
higher than the critical one. In a supercritical cycle, the change of phase from liquid
to vapor is gradual, improving the heat introduction process. These cycles have the
advantage that they can properly match the variable temperature heat source,
reducing the overall logarithmic temperature difference, thus reducing the
irreversibilities. As main disadvantage, the pressure is usually higher than the
subcritical cycles. This fact deals to two main consequences: it is required more
expensive devices and multi-stage centrifugal pumps are used, with a higher power
consumption. Some examples of experimental plants have been installed [59]-[61],
however, subcritical cycles are still ruling the ORC market.

Therefore, currently, the most common configurations are the saturated and
superheated cycles, while the supercritical cycle configuration are adopted only in
few cases. As mentioned before, the adoption of two or more pressure level cycles
is only justified where the heat source cost is so high (e.g. geothermal source), that
the investment cost of the ORC is not relevant to the overall cost [44].

Independently of the maximum pressure of the cycle, regenerative cycles are
adopted where the working fluid is highly complex, presenting a high turbine
discharge temperature and a huge difference between the turbine outlet temperature
and the condensation temperature.

4.2. Design modeling

In this section, it will be described how the ORC module is designed considering
optimal thermodynamic performance maximizing the electric output. The bottoming
ORC module has been designed considering the flue gas conditions of the mGT at
nominal conditions (i.e. temperature of flue gases around 275 °C and mass flow
around 0.8 kg/s).

As it has been said before, the bottoming cycle has to be designed and optimized.
Differently from the micro gas turbine, in which the validation of the performance has
been performed, in this case, the main objective is to obtain the maximum net power
output with the exploitation of the heat available. It has to be taken into account, that
the optimization performed is a thermodynamic one, not an economic one.

The layout of the system studied is shown in Figure 4.2-1, where the numeration of
the streams is reported.
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Figure 4.2-1 Layout of the ORC

A full tailored-made model has been developed in Matlab® considering each
component of the system. The independent inputs to the model are the mass flow
rate and the temperature of the gas turbine exhaust gases and the temperature of
the cooling fluid of the condenser.

In order to perform the optimization, three variables are modified, namely the
maximum temperature of the cycle (T11), the pressure at the inlet of the turbine (p11)
and the approach temperature difference of the condenser (i.e. difference between
the temperature at the inlet of the condenser and the outlet temperature of the cooling
fluid). Water cooled condenser is considered in this study. The cycle optimization,
once it has been modeled with Matlab®, has been performed by the patternsearch
algorithm available in the optimization ToolBox of Matlab®. Other authors consider
more variables (e.g. pinch point temperature) in the optimization [62]—-[64]. In this
work it has been decided to limit the number of optimization variables, as the output
power of the ORC module is limited in comparison with the whole energy system.

As stated above, the ORC offers another degree of freedom, namely the working
fluid. In this case, different fluids have been studied, preselecting them according to
their maximum stability temperature and their condensation pressure (above 0.8 bar
at a condensation temperature of 15°C to avoid air infiltrations).

The general logic followed by the optimization of the design is shown in Figure 4.2-2.

In the next sections, the way each component has been designed is described with
the equations characterizing them. At the end, the way the components have been
connected is described.

50



Tin_,water

mﬂue gases,nominal

flue gases,nominal

L 4

Design model of the
Organic Rankine Cycle

Tin,turbine
p in turbine
ATapproach, condenser

L.

Maximum
power
obtained?

0]

Yes
¥

Optimum cycle
designed

Figure 4.2-2 General logic to optimize the design of the ORC

4.2.1. Turbine

Considering the temperature (~275 °C) and mass flow of the exhaust flue gases (~0.8
kg/s), it is possible to know the thermal input (approximatively 170 kW) to the
bottoming cycle. With that thermal input, the ORC module designed is a small-scale
one and the most suitable turbine is a radial inflow one [65].

Initially, the development of a complete model of the turbine was considered, by
following the procedure indicated in [66]. However, strong assumptions have to be
taken to evaluate the losses and to select the proper airfoil of the blades [67]-[70],
without assuring a proper behavior with the organic fluid if CFD analysis or
experimental studies are not performed [71], [72]. Finally, it has been selected a
theoretical work (experimentally verified), which considers the possibility of varying
the working fluid and predicts the maximum achievable efficiency of a single-stage
radial inflow turbine evaluating the losses [73]. This work predicts the optimum
specific speed (N;) and the efficiency of the turbine (n;) considering the size
parameter (SP) and the volume ratio (VR). This approach allowed the possibility of
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considering different fluids and obtaining the best design of the turbine while allowing
the external optimization of the cycle by varying the pressure ratio.

ns = f(VR,SP) Eq. 60

N, = f(VR,SP) Eq. 61

Where the volume ratio and size parameter are defined as indicated in Eq. 62 and
Eq. 63

Voo
VR = OL‘Lt,lSO — P11 Eq. 62
Vi P12,is0
Yoo 7o
Sp = oubise. N Praiso Eq. 63

ARO-25 ARO25

lso lso

Different values of volume ratio and size parameter combination deals to different
optimum designs by varying the optimum specific rotational speed. Figure 4.2-3 has
been implemented in the model, predicting the efficiency and the optimum specific
speed for each couple of VR and SP.

Efficiency for optimum specific speed Optimum specific speed
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Figure 4.2-3 Efficiency prediction (left) and optimum specific speed (right) for a single-stage
radial inflow turbine [73]

At the end, the optimum specific speed and the maximum efficiency are obtained with
the maps, thus, the optimum single-stage radial inflow turbine design.
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The rotational speed at nhominal conditions can be calculated by using Eq. 64.

0.75

Ahiso
N'= N - 60 e Eq. 64

.012,1'50

And with the value of efficiency obtained, it was possible to calculate the enthalpy at
the outlet of the turbine

hyy — hq
Newrp = 7—————— Eq. 65
furb h11 - hlziso
hiziso = h(P12,511) Eq. 66

In addition, the electric power produced by the turbine can be computed as indicated
in Eq. 67.

Peyrborc = More * (h11 — R12) * Mmecer Eq. 67

4.2.2. Pump

The selected pump is a variable speed centrifugal pump, giving flexibility to obtain
the required mass flow rate of fluid for the indicated pressure difference.

The fluid entering the pump is saturated liquid (i.e. condenser outlet). The process of
increasing the pressure of the fluid is not isentropic, but there are some losses,
considered by the hydraulic efficiency, as seen in Eq. 68.

Npump = % Eq. 68
hioiso = h(P10,S9) Eq. 69

And the electrical consumption of the pump is
Ppump,ORc _ Moge * (h10 - h9) Eq. 70

nmec,el
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4.2.3. Primary heat exchanger

The exiting flue gases from the mGT heat up the ORC working fluid till the maximum
temperature of the cycle. The heat available for the cycle is expressed in Eq. 71.
rilORC '(hll - th)

Qevap = Mplye “(he —h;) = Eq. 71
Nevap

But as some thermal losses have been considered, the actual heat received by the
fluid is smaller.

The pressure drops have been modelled differently considering the status of the fluid,
for liquid streams, it has been considered an absolute pressure drop, while for vapor
streams, the pressure drop has been considered proportional to the inlet pressure.
Moreover, when the fluid evaporates, the pressure drop has been indirectly
considered with a temperature difference while evaporating [53], [74], [75]. This is the
most suitable way to evaluate the pressure drops, considering that the model has
been implemented to evaluate different configurations and different fluids.

As the optimization has been carried out, the type of cycle was not known
beforehand, so both, subcritical and supercritical cycles have been considered. When
the cycle is subcritical, the three main units (i.e. economizer, evaporator and
superheater) are considered.

If the cycle is subcritical, the different sections have different pressure drops due to
the fact that the conditions are different for the liquid (Eq. 74), for the two-phase zone
(Eqg. 73) and for the vapor (Eq. 72).

P11 = P1o-110 — BDsn Eqg. 72
T10—11,l = T10—11,1J + ATevap Eqg. 73
P10 = P1o-11,1 T APeco Eq. 74

If the cycle is supercritical, just one pressure drop is considered (Eq. 75).

P11 = P10 — Apexchanger Eq. 75

Table 4.2-1 collects the values of the pressure drop adopted for both types of cycle:
subcritical (divided on the three sections) and supercritical.
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Table 4.2-1 Assumptions of pressure drop adopted at the evaporator [53]

Apsh [bar] 0.02:p11
ATeva [°C] 1
Apeco [bar] 0.5

Apsupercritical [bar] 005 ) pll

To do the design, a fixed pinch point (AT, .vqp) has been adopted as a designing
parameter. As the position of the pinch point was not known at the beginning,
especially for the supercritical cycles, the heat exchanger has been analyzed by
dividing it into multiple sections. The way it has been divided considers the same
enthalpy difference and pressure variation for each section [53], [62], [76]. Therefore,
the temperature of both ORC fluid and flue gases can be determined and the
difference between them calculated. This would allow imposing the design pinch
point wherever it is positioned along the heat exchanger (Eq. 76).

ATypevap = min(Ti,evap,flue gas — i,evap,ORC) Eq. 76

To analyze the part load performance, it is mandatory to compute the heat exchanger
area. The exchanged heat can also be expressed in terms of the area, the global
heat transfer coefficient and the logarithm mean temperature difference (Eqg. 77). The
evaluation of the exchanged heat has been done considering the multiple sections in
which the heat exchanger has been divided. In addition, the global heat transfer
coefficient depends on the properties of the fluid. Anticipating that the optimal solution
is a subcritical cycle, here it is explained how it has been computed in the model.

Qi = UAiATlm,i Eq 77

The logarithm mean temperature difference can be computed considering each
calculation section with Eq. 78

_ ATy — ATy
ATy, = ]T Eq. 78
n (ATi_l)

Figure 4.2-4 shows how the subdivision of the heat exchanger has been implemented
and what temperature differences have been considered in Eq. 78.
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Figure 4.2-4 Subdivision of the heat exchanger expressed in the T-Q diagram

Once the heat has been computed, with the values of logarithm mean temperature
difference, the product of the area and the global heat transfer coefficient can be
determined. Thus, in order to evaluate the area of each section, the global heat
transfer can be evaluated with Eq. 79, Eq. 80 and Eq. 81. Three different values have
to be considered as the cold fluid enters as a liquid, evaporates and then it is heated
till the maximum temperature, so the convective heat transfer coefficient of the cold
fluid (i.e. working fluid) cannot be taken as constant. The values of the convective
heat transfer coefficients (y) and the ratio between the hot and cold surfaces have
been taken from the design performed with Aspen Exchanger Design & Rating®. The
assumption of neglecting the conductive resistance and the fouling has been taken
to calculate the global heat transfer coefficient, as they have less influence for the
cases under study.

1 Eq. 79
Ueco = 1 1
+
Y . Ahot,evap Vliq,cold
hot Acold,evap
1 Eq. 80
Uevap = 1 1
Ahot,euap Vevap,cold
Yhot "4 -

cold,evap
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1 Eq. 81

Ush = 1 1
A +
¥y hot,evap Vvap,cold
hot *
0 Acold,evap

After evaluating the global heat transfer coefficient, it was possible to calculate the
surface of each section and by adding them, the whole area of the primary heat
exchanger was determined.

2 _ UAgco Eq. 82
eco Usco
2 _ UAeyap Eq. 83
evap Uevap
A = UAgy, Eqg. 84
sh Ush
Appg = Aeco T Aevap + Agp Eq. 85

4.2.4. Regenerator

The regenerator is an option in the model. As the optimization has been performed,
the cycle could or not have the regenerator. Usually, the regenerator improves the
performance of the system, as the fluid is preheated before entering the evaporator,
and less heat is rejected to the cooling fluid. Therefore, as initial hypothesis, the
presence of it is always considered. However, the feasibility of it is studied, as it may
happen that the fluid starts evaporating in the regenerator, damaging it. In that case,
the regenerator would be deleted as component of the cycle.

The hot fluid leaving the turbine releases some heat to the pressurized cold fluid
exiting the pump. The heat taken by the cold fluid is expressed in Eq. 86.

Qreg = m(hlo - h9) Eqg. 86

However, the heat released with the hot fluid is higher due to the existing thermal
losses.

Qreg = m(hy; — h13)77reg Eq. 87
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Also the pressure drops have been considered for both sides:

P10 = Do — Apreg,cold Eq. 88

P13 = P12 — Apreg,hotf Eqg. 89

Table 4.2-2 collects the values of pressure drop taken for the regenerator.

Table 4.2-2 Assumptions of pressure drop adopted at the regenerator

Apreg,iiq [Dar] 0.5
Apregyvap [bar] 002p13

As in the evaporator, the pinch point is a design parameter, but the position of it is
not known since the beginning. Also in this case, the heat exchanger has been
divided in multiple sections considering the same pressure and enthalpy differences
for each section. This allows taking into account how the thermodynamic properties
change through the heat exchanger and computing the real pinch point wherever it
happens along the regenerator. The first attempt considers that the pinch point at the
inlet of the regenerator, but that assumption is checked while computing.

ATpp,reg = min(Ti,reg,vap - Ti,reg,liq) Eq. 90

As it has been done in the primary heat exchanger, the model should evaluate the
area of the regenerator (using Eq. 77 and Eq. 78). Therefore, after obtaining the
performance of the process at nominal conditions, the dimensioning of the heat
exchanger has been done considering a fin-plate heat exchanger with Aspen
Exchanger Design & Rating® and the convective heat transfer coefficients were
computed, allowing the calculation of the area with the Matlab® model.

U = 1 Eq. 91
reg — 1 1
. Ahot,reg Ycola
Vhot Acold,reg
UAyeg Eq. 92
Areg = U—

reg
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4.2.5.Condenser

A water-cooled condenser is chosen to avoid the impact of the ambient temperature
in the performance of ORC, this could have happened with the selection of an air fan.
The heat exchanged is indicated for both sides, the hot one (Eq. 93) and the cold one
(Eg. 94). In this case, the thermal losses have not been included, as the effect of
them would be improving the performance of the condenser.

Qcona = Mogg *(hy3 — hg) Eq. 93

(Tout,water - Tin,water) Eq. 94
In this case, as with the evaporator when the cycle is subcritical, two different
pressure drops have been considered, taking into account the desuperheating (Eg.
95) and the phase changing (Eq. 96):

Qcond = Myater * prater

Pg-13 = P13 — APdesn Eq. 95

T8—13 = T8 + ATCOTld Eq 96

Table 4.2-3 collects the values of pressure drop adopted at the condenser.

Table 4.2-3 Assumptions of pressure drop adopted at the condenser

Apgesn [bar] 0.01-ps 13
ATcond [OC] 0.3

In addition, a modified pinch point (ATp,.onq) has been considered as design

parameter, imposing the outlet temperature of the cooling fluid equal to the
temperature in which the condensation starts minus the modified pinch point (Eg. 97).

Toutwater = Tg—13 — ATg;kp,cond Eq. 97

One of the parameters modified with the patternsearch algorithm to maximize the
power output is the approach temperature. The outlet temperature of the ORC fluid
at the outlet of the condenser has been computed considering the temperature of the
cooling fluid and the approach temperature.

Ts = Tinwater + ATatpproatch Eqg. 98
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Following with the motivations indicated while explaining the primary heat exchanger
and the regenerator, also the area of the condenser has to be computed by the
model, especially to evaluate the part load performance. In this case, the condenser
has not been divided into multiple sections to evaluate the pinch point, but just in two:
the two-phase (Eq. 99) and the desuperheating zone (Eqg. 100).

Qbip,cond = mORC(h8—13 - h8) = UAbipATlm,bip Eqg. 99

Qdesh,cond = Mogrc (h13 - h8—13) = UAdeshATlm,desh Eq. 100

The logarithm mean temperature difference can be computed as indicated in Eq. 78
for both sections, considering the respective temperatures.

As in the primary heat exchanger, where the fluid is not at the same state, in the
condenser there is a desuperheating zone, in which the temperature of the vapor is
reduced till reaching the saturated vapor conditions, and the actual condensing zone,
in which the fluid changes phase. The convective heat transfer coefficients are
strongly dependent on the properties of the fluid. Hence, different global heat transfer
coefficients should be evaluated for each zone considering the design results of
Aspen Exchanger Design & Rating®.

1 Eq. 101
Ubip,cond = 1 1
) . Ahot,cond Ycola
Voip hot Acold,cond
1 Eg. 102
Udesh,cond = 1 1

Ahot,cond Ycola

Ydesh,cond ° Acold cond

After computing the global heat transfer coefficients, the areas of both sections can
be evaluated, obtaining the total area by adding both of them.

A _ UAbip Eq. 103
bip
_ UAdeSh Eq 104
Adesh - Ud i
es
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Acona = Abip + Agesn Eqg. 105

Finally, the consumption of the pump of the cooling fluid (i.e. water) is computed with
Eqg. 106

mwater ' prater Eg. 106

Pwater " Mh " Mmec—el

Ppump,water =

4.2.6. ORC overall system

Figure 4.2-5 represents the way the model has computed the nominal conditions of
the ORC module. The white boxes represent the equations shown in the sections
before (from 4.2.1 to 4.2.5); the dark blue boxes, the inputs of the system (which can
be both known inputs or inputs from the optimizer); the light blue trapezoids, the
thermodynamic states of the stream indicated or assumed initial values.

As stated before, three parameters have been modified by the patternsearch
algorithm to maximize the net power produced, namely the temperature and pressure
at the inlet of the turbine and the approach temperature of the condenser.

On one hand, with the inlet conditions of the turbine and with an initial value of mass
flow of working fluid, by using the equations shown in section 4.2.1, the radial-inflow
turbine can be dimensioned, and a value of efficiency is a result from that
dimensioning. After dimensioning the turbine, the thermodynamic properties at the
outlet of the turbine can be computed.

On the other hand, considering the temperature of approach of the condenser and
the inlet temperature of the cooling fluid, the temperature of the working fluid at the
outlet of the condenser is determined with Eq. 98. As it is saturated liquid, also the
condensation pressure is known. Therefore, with the equations shown in the pump
section (4.2.2) the conditions at the outlet of the pump (inlet of the cold side of the
regenerator) are known.

Once the thermodynamic conditions at the outlet of the turbine and at the outlet of
the pump are computed, the inlet conditions of both sides of the regenerator are
known. By adopting an initial value of temperature at the outlet of the hot side of the
regenerator, the whole conditions of the regenerator can be determined by using the
equations described in section 4.2.4. The pinch point value is checked and the initial
value considered at the outlet of the hot side is iteratively modified till the convergence
of the pinch point is reached.
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After the performance of the regenerator is computed, both sides outlets of the
regenerator are known. Therefore, the inlet conditions of the evaporator (cold side)
and the inlet conditions of the condenser (hot side) are determined.

When taking the inlet conditions of the condenser, with the equations described in
the section 4.2.5, the mass flow and outlet temperature of the cooling fluid are
completely determined.

Finally, the performance of the evaporator has to be evaluated. The mass flow and
temperature of the hot source are known, as the hot source is the flue gases exiting
the mGT at nominal conditions. As the inlet conditions of the evaporator are known
after evaluating the regenerator, with the equations described in section 4.2.3, the
performance of the evaporator can be established. Once they are determined, the
pinch point is calculated. If it is the one imposed at the design, the cycle is completely
determined, if not, the value of mass flow of working fluid adopted at the beginning
will be modified till the convergence is reached.

It has to be remarked that following the procedure here mentioned, the performance
of the cycle is computed. However, this performance changes when modifying the
three optimization parameters, allowing the maximization of the net power produced
(computed with Eq. 107).

Pnet,ORC = Pturb,ORC - Ppump,ORC - Ppump,water Eq. 107
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4.3. Off-design modeling

As the performance of the mGT changes with the ambient temperature and the
electric power requested, the temperature and mass flow of the flue gases exiting the
mGT change, thus, the thermal input to the ORC varies. Therefore, it is necessary
not only dimensioning the ORC, but also studying its part load operation, as during
the real operation the conditions change.

A tailored-made model has been developed in Matlab® taking into consideration the
nominal performance obtained after the optimization of the cycle and the set of non-
linear equations that characterizes the whole ORC system.

Table 4.3-1 collects the thermodynamic properties at initial conditions.

Table 4.3-1 Thermodynamic properties at initial conditions of the ORC

Fluid str:\elém Description '\]f:gjvs Temperature Pressure  Quality
8 in,pump/ out,cond v v
9 in,reg cold/out,pump X X
Organic 10 in,evaplout reg cold X X X
fluid 11  in,turb/out,evap v X
12 in,reg hot/out,turb X X
13  in,cond/out,reg hot X X
6 in,evap hot v v
Flue Vv
gases 7 out, evap hot X v
in,cond cold v v
Water X X x

out,cond cold

There are three different fluids also in this case: the organic fluid, the flue gases
exiting the mGT and the cooling fluid. Differently from the mGT model, the
composition of all of them is known beforehand. Regarding to other thermodynamic
properties, once the ambient temperature and rotational speed of the mGT are
imposed, with the model evaluating the part load performance of the micro gas
turbine, the flue gases conditions are determined, thus, the hot source of the ORC.
Moreover, the maximum temperature of the cycle is imposed as it is a variable that
will be controlled in the dynamic system. In order to maximize the efficiency of the
cycle, the maximum temperature has been fixed at the nominal value when feasible
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[69]. However, when the system is far away from nominal conditions and the
temperature and the mass flow of flue gases decrease, it may happen that keeping
the same maximum value of temperature is not feasible, therefore, it will be iteratively
reduced till reaching feasible conditions. In addition, another parameter is fixed,
which can be either the mass flow of cooling fluid or the condensing pressure. If the
mass flow of cooling fluid is fixed to the nominal value, then the condensing pressure
will vary. If the condensing pressure is fixed, then the mass flow of cooling fluid will
be varied to reach the imposed pressure (case shown in Table 4.3-1). Both cases
are implemented on the model, giving the possibility to analyze the differences
between both of them.

After the imposition of the maximum temperature of the ORC fluid and the
condensing pressure or mass flow rate of cooling fluid, there are 14 unknowns to
solve the part load of the ORC. Table 4.3-2 collects the 14 equations to solve the
system.

Table 4.3-2 Equations defining the part load model of the ORC

Components N° equations Description

Heat transfer equation
Energy balance

Condenser 4 .
Pressure drop (hot side)
Pressure drop (cold side)

Pump 1 Compression
Heat transfer equation
Energy balance

Regenerator 4 )
Pressure drop (hot side)
Pressure drop (cold side)
Heat transfer equation

Evaporator 3 Energy balance
Pressure drop (cold side)

) Turbine maps

Turbine 2 . .
Polytrophic expansion

Total components equations 14

Most of the equations described in the table, are described in the sections from 4.2.1
to 4.2.5. However, in this case, the pressure drops are not the nominal ones, but
taking the nominal pressure drop as reference, they depend on the variation of the
velocity of the fluid. Thus, for each component, the new pressure drop can be
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determined by Eq. 108 using the nominal values and the new ones of mass flow rate
and density [24]

. 2

m

Aoy = Apnom( oIS ) (—p ""m> Eq. 108
Mpom poff

Another characteristic equation of the part load behavior is the one describing how
the convective heat transfer varies with the process conditions with respect to the
nominal ones. Once the heat exchangers have been dimensioned with Aspen
Exchanger Design & Rating®, different simulations have been performed with that
software modifying the mass flows of the different fluids, so at part load conditions.
The off-design coefficients (a) are computed for each coefficient involved in the study,
so the new heat transfer coefficients can be computed using Eq. 109.

a

m
Yy = Vnom( : _) Eg. 109

Muom

After computing the new convective heat transfer coefficients, the global heat transfer
coefficients can be calculated at part load conditions with the same equations
described in 4.2.3, 4.2.4 and 4.2.5.

Regarding to the part load behavior of the turbine, it has not been considered a
constant efficiency. Some works describe the part load of the turbine considering the
geometry of it and evaluating the losses [70], [77]. However, the way the turbine has
been dimensioned does not consider the size of each component, but the way it
behaves. Therefore, performance maps have been considered [78]-[82] based on
similitude theory. The performance maps (Figure 4.3-1) represent two functions
which correlates the reduced flow coefficient (Eq. 110) with the reduced head
coefficient (Eg. 111) and the turbine efficiency with the reduced head coefficient for
different values of reduced rotational speed (Eg. 112). The reduced flow coefficient
depends on the mass flow () and density (p) and speed of sound (a) at chocked
conditions, the reduced head coefficient depends on the isentropic enthalpy
difference (Ah;s,) and the speed of sound of the fluid at chocked conditions and the
reduced rotational speed (N,..4) depends on the rotational speed and the speed of
sound of the fluid at chocked conditions. All the parameters can be computed at
nominal conditions; therefore, the dimensional performance maps can be obtained
for different designs and fluids.
"

*

Reduced flow coefficient = Eg. 110

*

p*a
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Figure 4.3-1 Dimensionless performance maps of the ORC turbine: reduced flow coefficient
(left) and efficiency (right) with respect to the reduced head coefficient at different values of
dimensionless reduced rotational speed with respect to the nominal one

The part load model is more complicated to solve than the sizing one. This is due to
the highly dependence of the partial behavior on the thermodynamic properties at
those conditions (i.e. pressure drop with mass flow and temperature, convective heat
transfer coefficients with the circulating mass flow and the behavior of the turbine with
the circulating mass flow too). Thus, the system is highly non-linear. The model
implemented solves the mass and energy balances with the solver algorithm of
Matlab® modifying the variables indicated in Figure 4.3-2 till reaching the
convergence. The part load simulations consider as inputs the mass flow and
temperature of the flue gases exiting the micro gas turbine resulted after studying the
part load of it when the ambient temperature and rotational speed is modified.

67



Tin_,water Control

Design
conditions

Miye gases strategy
Tﬂue gases

A A

Part load model of the
| Organic Rankine Cycle
ATregenerator

p in turbine
Mayiq

mcooling water

Apheat exchangers
F 3

Mass & energy
balances
respected?

- No

Yes

|

Part load simulation of
the Organic Rankine
Cycle completed

Figure 4.3-2 General algorithm for the off-design model of the ORC

4.4. Dimensioning of the heat exchangers

Plate fin heat exchangers are characterized by a large heat transfer surface in a
compact volume. The fins increment additionally the surface with respect to normal
plate heat exchangers, improving the heat transfer between both sides. The fluid
flows in the passages created by the two plates where the fins are inserted. There
are different types of fins available for this type of heat exchanger, namely plain fins,
offset strip fins and louvered films. Usually, the louvered fins are used for air flows,
but when single and two-phase applications are considered, the fins used are either
plain or offset strip ones [83].

Initially, these compact heat exchangers were developed for the aerospace industry
due to the large area of heat transfer with low weight and volume. However, plate fin
heat exchangers are getting more attention also in the industry thanks to their
compactness and high performance [84]. Moreover, they are suitable for small scale
ORC modules [44]. Their proper suitability for waste heat recovery from an engine
with an organic fluid changing phase as well as for the rest of the heat exchangers of
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the ORC cycle (i.e. condenser and regenerator) has been demonstrated
experimentally [85], [86].

Some works can be found in literature aiming to optimize the dimensioning and
performance of this type of heat exchangers [87]-[91]. However, for the sizing of all
the heat exchangers of the ORC module, it has been decided to use Aspen
Exchanger Design & Rating®. Once the nominal process conditions are known after
performing the design of the ORC system and the optimal fluid has been selected,
all the parameters needed to perform the sizing are determined.

In order to perform the sizing, the process conditions are taken as inputs for the
sizing. In addition, the maximum values of pressure drop are established and the
counter-current configuration has been selected. The optimal sizing is performed by
the software by modifying the different parameters defining the geometry (e.g. length,
type of fins, number of fins, distributors). The output is the proper sizing of the heat
exchanger with all the thermodynamic properties of both streams with the
specification of the convective heat transfer coefficients and fin efficiency. Therefore,
it can be evaluated how the convective heat transfer coefficient varies according to
the conditions of the fluid along the heat exchanger.

Moreover, after sizing the heat exchangers, the part load is studied keeping the
obtained geometry and modifying first the mass flow of the hot fluid and then, the
mass flow of the cold fluid. By performing these simulations, a correlation between
the effective heat transfer coefficient (thus the convective heat transfer coefficient
affected by the fin efficiency) and the mass flow is obtained (Eq. 109). The results of
the obtained geometries for the three heat exchangers are described in Chapter 6. ,
while the results correlating the part load effective heat transfer coefficients with the
mass flow rates are shown in section 6.3.1.
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Chapter 5. Dynamics

The life is dynamic, but sometimes, steady-state conditions are
needed to get perspective.

5.1. Introduction

This chapter describes the way the dynamics of the system has been studied, by
defining the power system and afterwards, by implementing the preliminary control
system.

First, a description of the language used for the modeling (i.e. Modelica) is done.
Second, the characteristic equations of each component and the relevant
assumptions to model them are presented. Third, the way each component is
connected to form the power system is described. And fourth, all the considerations
adopted to implement a simple control system are specified.

5.2.  Modelica language

The platform used to model and perform the dynamic simulations is Dymola, which
uses the Modelica language. The Modelica language is an object-oriented language
originated to model physical systems considering the algebraic and differential
equations describing the system. The main features which describe the
characteristics of the language are mentioned in this section [92], [93].

The Modelica language is a-casual. This means that the physical model is described
by the set of equations without specifying how they have to be solved. In addition,
the boundary conditions are not necessarily declared a-priori. Therefore, modules
can be created with the set of equations describing the system and the modules can
be connected if compatible connectors are implemented. It allows a great flexibility
and the possibility of communicating among different models.

Moreover, it is based on the concept of transparency, allowing the modeler to see all
the equations, even those implemented in other libraries by other people, giving the
possibility to analyze how other people have modeled the component and decide
whether to use it or modify it according to the specific requirements.

In addition, the models can be formed by different submodels, having a hierarchical
structure. It allows creating complex models starting from simple ones. Moreover,
different complex models can be defined using the same basis describing the
component (e.g. valves, pumps, cOmpressors).
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Furthermore, it can be connected to other software (i.e. CoolProp and Refprop) to
evaluate the properties of the fluids through the ExternalMedia library [94].

Finally, it has to be said that all these characteristics lead to the reusability of the
models. Different systems can be modeled and studied by connecting different
components.

5.3.  Components modeling

In this section, the way the components have been modeled is described, starting
from the equations characterizing the performance of a one-dimensional flow model,
continuing with the components themselves, and finally, explaining the modeling of
the overall system.

5.3.1. Conservation equations

The mass conservation principle states that the variation of the mass inside a control
volume is equal to the mass flux entering that volume minus the mass flux exiting
that volume. By calling V the control volume and S the surface of the control volume
exchanging mass with the exterior, the mass conservation equation for a
compressible fluid can be written as expressed in Eq. 113.

d
—f pdV+f p(-n)dS =0 Eqg. 113
dt ), s

The first integral represents the net variation of mass contained inside V during time.
According to the finite volume method, even if it is a compressible fluid, the density
is assumed to be constant along the control volume. Considering that the control
volume does not change with the time and the density evaluated in the cell centre,
the first term of Eq. 113 can be written as:

dp

d
d =~y 2P Eq. 114
dtfv pav =V, q

Considering that it is necessary to express the fluid property terms as a function of
the state variables variations to reduce the complexity of the problem and the number
of variables to be solved, the variation of density with time can be approximated to:

dp _odpdh dpdp

- _r - Eq. 115
dt ~ grndt T opdt q

p=p(hp) -

72



Therefore, the first term of the mass conservation equation can be written as:

d - 8ﬁdﬁ+6ﬁd§ Ea. 116
ac), P4 = \Grac T opar &

The second term of the Eqg. 113 represents the net mass flux through the boundaries
of the control volume exchanging mass. By separating the inlet and outlet mass
fluxes, it could be written as:

f p(@ 1) dS = 1ty — Toue Eq. 117
S

By substituting the terms of Eq. 113 with the expressions obtained in Eg. 115 and
Eq. 117, the mass conservation equation for a defined control volume V considering
one-dimensional flow can be expressed as shown in Eq. 118.
(Z—%% + Z—S%) = Mip — Moyr Eq. 118

The energy conservation equation states that the total energy of a system is
conserved, so the only way that the amount of energy could vary is by crossing the
boundaries of the system. For an open control volume, there are three terms involved
on exchanging energy: heat transfer through the boundaries, work done on or by the
system and mass fluxes entering or exiting the system carrying the associated
energy. Considering that in a pipe the work is equal to zero and the variations of

kinetic and potential energy are neglected because they are small compared to static
enthalpy variation, the energy balance can be expressed as stated in Eqg. 119.

d . . -
Ef pudV = miphin — Moyehoye + 0 Eg. 119
|4

The first integral represents the variation of energy inside the adopted control volume
during time. According to the finite volume method, average values can be adopted
for each control volume. Moreover, the volume does not change in time. Therefore,
the first term of the energy balance can be written as:

d dpu) (_du _dp
— | puav=v —v(p—+u—2
dtfv i dt (p AT

Eqg. 120
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As the variation of density is less influent in comparison to the variation of the internal
energy, it can be neglected. So by substituting the result of Eq. 120 in Eqg. 119, the
energy balance equation can be written as:

du
dt

pV = Miphip — Moyt hour + Q‘{_ Eq. 121

For resolution purposes, the variation of internal energy (u) should be expressed in
terms of the state variables of the system (i.e. enthalpy and pressure):

p
u=h-—- Eq. 122
p

The energy balance can be finally expressed as:

dh _ .. dp
E = Miphip — Moythoye + Q7 + VE

oV Eqg. 123

Where the heat transfer through the boundaries can be written considering the
Newton’s law as:

Q” =vA(Tyau —T) Eqg. 124

In order to be coherent with the steady-state off-design model, the convective heat
transfer coefficient is computed considering the nominal one and the variation of the
mass flow rate with respect to the nominal conditions considering an exponential
coefficient:

a

m
Y = Ynom " ( - ) Eq. 125

mnom

Both the mass and energy balances constitute the behaviour of the fluid flowing. In
the next sections, the models of each component are described.

5.3.2. Sink and sources

In order to impose the boundary conditions for the flow streams, the models sink and
source of the ThermoPower library are used [95]. There are two types of sink and
source models implemented: pressure boundaries and mass flow rate boundaries.
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The source models impose either the pressure or the mass flow rate (depending on
the selected model) and the temperature (or enthalpy) of the upstream fluid of a
component as inlet boundary conditions.

The sink models just set either the pressure or the mass flow rate (according to the
selected model). In this case, the temperature (or enthalpy) is an output of the
simulations.

5.3.3. Pressure drops

The dynamic momentum equation has been neglected in all the components, but the
variations of the pressure along the pipe and components of the cycle have been
computed with a specific component representing the pressure drop.

The pressure drops can be classified in two categories: distributed (as a
consequence of friction with the walls) and concentrated (as a consequence of
discontinuities in the pipes) pressure drops, depending both of them on the velocity
of the fluid and the density (see Eq. 126).
(,L v? o
f=p—= (distributed)
Ap = i D" 2

; Eq. 126

v
K.p > (concentrated)

In the calculation of the distributed pressure drops appears the dependence on the
friction factor (f), the hydraulic diameter (D) and the pipe length (L); while the
concentrated pressure drop depends on the concentrated coefficient (K.)

In both cases, there is a dependence of the pressure drop on the velocity that could
be expressed as a dependence of the pressure drop with the mass flow rate:

2 2
Ap~pv2~m7 Eq. 127

Considering that the nominal conditions are known, the pressure drops of the
components are computed with respect to the nominal values.

p
Knom = APnom .gom Eq. 128
nom
mZ
Ap = Knom7 Eq. 129
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Across the component, an isenthalpic process has been considered, as the purpose
of this model is just to represent the pressure drops. This model was taken completely
from the library ThermoPower [96].

5.3.4. Turbomachinery

The dynamics of the turbomachinery is much faster than the thermal dynamics of the
heat exchangers. As the main objective of this work is to study the dynamics of the
overall system, the influence of the transients of the turbomachinery can be neglected
in comparison to the rest of the components. Therefore, the behavior of the
turbomachinery (i.e. turbine, compressor, pump) is described by steady-state
equations [92], [97], [98].

The equations defining each component are described considering the mass and
energy balances and the characteristic maps of the turbomachinery. The reader
should refer to section 3.2.5 for the equations characterizing the turbine of the mGT,;
3.2.2, for the characterization of the mGT compressor; 4.2.1, for the description of
the ORC radial-inflow turbine. As the dynamics of the pump is also very fast, the way
it has been modeled is considering that it can be designed as a variable speed pump,
giving the required mass flow rate of ORC working fluid. Therefore, a further step has
been considered in the modeling by imposing directly the mass flow rate; as the
design of the pump is out of the scope of this thesis, it does not affect the dynamic of
the system. In order to compute the consumption of the pump, the enthalpy difference
has been computed and constant efficiencies have been assumed.

5.3.5. Combustion chamber

The combustion chamber model is based on the base model available in the library
ThermoPower describing the combustion chamber [95], [96].

It is assumed that the metal wall temperature and the heat transfer coefficient
between the wall and the fluid are uniform. The wall is thermally insulated from the
outside. It has been assumed that inlet gases are premixed before entering in the
volume. The original model considers that the fuel is composed just by methane,
carbon dioxide and nitrogen. An extension of this model has been made considering
the actual compaosition of the fuel entering the combustion chamber (CHa4, CO2, C2Hs,
CsHs, C4H10, N2). The reactions that take place are:

CH,+20, > CO, + 2 H,0 Eq. 130

7
CoH +5 03~ 20, +3 Hy0 Eq. 131
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C3Hg+50, > 3C0, +4Hy0 Bq. 132

13
C4H10+7 0, »4C0, +5H,0 Eq. 133

The variation of mass of each component (M;) during time considers the amount of
that component entering the combustion chamber both with the air and the fuel, the
amount which is exiting and the production of consumption [99].

am; . . My el
= MairYiair T MeuelYifuel — MrweYiflue 1 Vi MM; Eqg. 134
dt MMfuel

The coefficient v; represents either the production or consumption coefficient, which
is computed in the model according to the stoichiometric coefficients of the reactions
(Eqg. 25 - Eq. 133) considering the molar fraction of each component entering with the
fuel.

The overall mass variation in the system could be expressed either by the sum of the
variation of all the components, or considering the combustion chamber as a black
box and analyzing the overall inputs and outputs to the system:

am . . ,
ar Mair + Mpyer — Mriye Eg. 135

Considering the combustion chamber as a well-mixed reactor with uniform conditions
equal to the ones exiting the combustor, the mass contained can be calculated by

knowing the density of the flue gases exiting and the volume of the combustion
chamber (Eqg. 150).

M = prryeVeomn Eq. 136

The energy accumulated in the combustion chamber (E) is equal to the total internal
energy that the mass inside the combustion chamber has (Eq. 137).

E = Mugp, Eqg. 137

The variation of the energy accumulated in the combustion chamber considers the
energy entering and exiting the combustion chamber. The thermal losses have been
considered by introducing the thermal efficiency (n.,mp = 0.99): in fact, the possibility
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of directly calculating the losses is not possible, as there is no information about the
geometry and materials.

dE _ , :
E = mairhairncomb + mfuelLHVfuelncomb - mfluehflue Eq. 138

5.3.6. Heat exchanger

All the heat exchangers have been modeled in the same way, considering the method
of finite volume discretization, with the exception of the condenser of the ORC. The
heat exchangers have been modeled considering basic models taken from the
ThermoPower library [100].

The schematic representation with the submodels which form the evaporator is
shown in Figure 5.3-1. The scheme here described of the evaporator is
representative of all the heat exchangers.

FlueGasFlowhot
]

. tube'|Valls ‘ o

Ext

Int

ORCFlowcold

Figure 5.3-1 Model of the evaporator in Dymola

Before explaining the submodels themselves, a first description is given here. The
gray icons represent the flue gases, while the blue ones, the ORC working fluid and
the orange icons represent the heat ports. The lines represent the connection
between the submodels, with the same colors as the description; therefore, the blue
lines represent the ORC working fluid flux; the gray ones, the flue gases flux; and the
orange ones, the heat flux connections. The circle shapes represent the input and
output mass flux connections with the rest of the cycle. The box with the inclined lines
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is the “CounterCurrentFV” model, the gray box is the “MetalTubeFV” model and the
blue and grey boxes are the “Flow1DFV” model; all from the ThermoPower library. A
deep explanation should be given to understand how the combination of all of these
submodels can model the whole heat exchanger.

The main model describing the dynamics of the fluid inside the heat exchanger is the
FlowlDFV model. It describes the flow using a finite volume discretization method
(FVM). This approach considers that the flow path is divided into different control
volumes with uniform state properties along the control volume. Each of these
volumes is governed by fundamental equations and influenced by upstream,
downstream, and lateral elements (in terms of heat exchange through lateral
boundaries). Results are improved as the number of discretisation is increased, at
cost of more computation expenditure.

For each control volume of the discretization, the thermodynamic conditions are
computed and the mass and energy balances described in Eg. 118 and Eq. 123 in
the section 5.3.1 are implemented in the model. Even if the momentum equation is
implemented in the model FlowlDFV, it has been neglected for the simulations.
However, the pressure drops have been considered in the whole system (with the
model described in the section 5.3.3 and the implementation is shown in Figure 5.3-2
and Figure 5.3-4). This assumption helps the numerical stability of the system while
simulating, without decreasing significantly the dynamic performance of the whole
power plant.

After explaining how the dynamics of the fluid are modelled with the submodel
FlowlDFV, the way the energy is transferred and accumulated in the solid walls is
considered with the MetalTubeFV model. This component models the behavior of a
metal tube wall in terms of energy accumulation and thermal resistance to heat
transfer processes through the wall itself.

The MetalTubeFV model also uses the FVM; therefore, it is discretized in the same
number of discretization elements as the FlowlDFV. For each control volume, the
wall average temperature T, is evaluated with Eq. 139.

Twall

d - -
pwallcwallvT = Qint + Qext Eq. 139

The energy balance considers the density (p,,4;;) and specific heat capacity (c,q11)
of the wall. As well as the thermal power exchanged through the internal (Q;,,,)and
external (Q%,.) ports (assuming positive if it enters the component).

Finally, the last and easiest submodel is the CounterCurrentFV model. It is just a
mathematical component that has the task of connecting in the right way the control
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volumes of the two physical models. When connecting two thermal ports, Modelica
automatically connects components having the same index in a co-current
configuration. Hence, to model a counter-current configuration, it is necessary to
insert an additional mathematical component that writes down the equations arising
from a thermal connection switching the indexes of one of the components.

As stated at the beginning of this section, all the heat exchangers are modeled with
the approach here indicated with the exception of the condenser of the ORC. The
approach considered to model the condenser assumes that it works at constant
pressure, the model “PrescribedPressureCondenser” from the ThermoPower library
has been used. This model acts as a sink of constant pressure. This approach is a
typical one to model the condenser as the low values of pressure in a condenser,
modeled in the same way as explained with the evaporator, may deal to numerical
instabilities [98]. In addition, with the off-design simulations, in the studied range of
operability in this work, the performance of the ORC increases by keeping the
pressure constant (varying the mass flow of the cooling fluid), rather than by following
a sliding pressure strategy in which the condensation pressure varies (keeping
constant the mass flow of the cooling fluid) [98].

5.3.7. Technologies scheme

In this section, the way the components have been connected together to form both
power systems (i.e. mGT and ORC) is depicted.

In Figure 5.3-2 is shown the scheme of the mGT while in Figure 5.3-4 is shown the
scheme of the ORC.

The components which constitute the mGT are shown in Figure 5.3-3. The overall
scheme of the mGT has three inputs (namely the fuel mass flow rate, the ambient
temperature and the rotational speed of the turbomachinery) which are given from
outside of the model; and two outputs (namely the electric power produced by the
system and the TOT).

While the components which constitute the ORC are shown in Figure 5.3-5. The
overall scheme of the ORC has two inputs (i.e. the mass flow rate of the ORC working
fluid and the hot flue gases coming from the mGT) coming from the outside of the
system and two outputs (namely the net electric power produced by ORC module
and the TIT).
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Figure 5.3-2 mGT layout in Dymola
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Figure 5.3-3 Representation of the mGT components in Dymola

An explanation of Figure 5.3-2 is given here. The pressure source represents the
environment, in which the pressure is fixed (ambient pressure is considered as a
constant along the whole day) and the temperature is given from an external input as
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it varies continuously, the air mass flow entering the system is determined according
to the characteristic maps of the turbomachinery. Then the air enters the filter and
afterwards, the compressor. The pressure drops of the cold side of the regenerator
and combustion chamber are concentrated in the module pressure drop between the
compressor and the regenerator to simplify the convergence of the simulations. After
being preheated in the regenerator, the air reacts with the fuel entering through the
mass flow source in the combustion chamber. The flue gases are expanded and then,
they preheat the air exiting the compressor in the regenerator. Also in this case, the
pressure drops of the regenerator are concentrated and evaluated before entering
the regenerator. The exit of the regenerator ends on a flux output which will be
connected to the flux input in the ORC module. The rotational speed of the
turbomachinery is always imposed through the rotational speed source module.

After seeing the components forming the mGT, the ORC module is shown in Figure
5.3-4.

Pel ORC

>
—1>

<KT)

Figure 5.3-4 ORC layout in Dymola
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Figure 5.3-5 Representation of the ORC components in Dymola

As it has been done with the mGT, here, an explanation of the ORC module is done.
The heat input to the system comes with the flux input (which is connected to the flux
output of the mGT). The pressure drops of the evaporator are concentrated before it,
and then the flue gases enter the evaporator to heat up the ORC working fluid till the
maximum temperature. The ambient in which the flue gases are discharged is
modeled with the pressure sink, by fixing the ambient pressure. If the focus stands
on the ORC working fluid, it is heated up in the primary heat exchanger till the
maximum temperature and then it is expanded in the turbine which rotates at the
nominal rotational speed imposed with the module “Rotational speed source”. The
pressure drops of the working fluid across the regenerator and the condenser are
concentrated in the module “Pressure drop”. The hot fluid exiting the turbine enters
the regenerator to preheat the fluid before entering the evaporator. Afterwards, the
fluid is condensed in a condenser working at constant pressure. Then the module
mass flow source imposes the ORC working fluid mass flow rate flowing in the
system.

5.4. Control system design

After explaining the way the system mGT+ORC has been modeled, in this section of
the chapter, the control system design and the considerations taken into account for
its modeling are described. The main focus of this part is to design a control system
which allows the system formed by the mGT+ORC to follow the electricity demand
while keeping the mGT turbine outlet temperature and the ORC turbine inlet
temperature at the values guaranteeing the performance dictated in the steady-state
part (i.,e. mGT TOT equal to 645°C and ORC TIT equal to the design one or to a lower
one if the thermal load to the ORC is really low).
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5.4.1. Basis of the control system

A control system has an input, a process and an output. Two types of control system
can be found: open-loop and closed-loop. Open-loop systems modify the input
entering the system without monitoring the output response; while closed-loop
systems modify the input monitoring the response of the output and analyzing
whether the output is the desired or not, correcting the differences. Therefore, the
closed-loop systems correct possible disturbances of the system and guarantee the
output response.

The main objectives of a control system are three: reducing the steady-state errors
from the desired response of the output, producing the desired transient response
and achieving stability [101].

5.4.2. Linearization of the system

In order to proceed with the design of the control system, it is more convenient to
work in the frequency domain rather than the time domain as working in the frequency
domain provides stability and transient response information. Therefore, from the
time variant equations, the transfer functions using the Laplace transformations have
to be obtained. As drawback of working in the frequency domain, it can only be
applied to linear, time-invariant systems [101]-[104].

The dynamic model which has been performed in this work is characterized by non-
linear equations. A generic time-invariant dynamic system can be described by non-
linear differential equations derived from first-principle laws as seen in the sections
before (i.e. mass, energy and momentum balances). Generally, it can be expressed
in the state-space® as:

{J'c = f(x (), u(®)) Eq. 140

y = g(x(t),u(t))

Where x € R" is the state variables vector, u € R™ is the inputs vector and y € RP is
the outputs vector. Considering that linear multivariable control has been selected to
design the control system, the time-dependent non-linear system should be
linearized around a certain equilibrium point. For control purposes, it is needed to
move from the time domain towards the frequency domain; thus, a linear system is
needed. A linear system possesses two important properties for the control:
superposition and homogeneity. The property of superposition means that the output

3 The state-space approach is a unified method for modeling, analyzing and designing the
systems. It consists of the first-order differential equations from which the state variables can
be solved and the algebraic output equation from which all other system variables can be
found.
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response of a system to the different inputs is the sum of the effects that each input
independently has on the output. While the property of homogeneity means that if an
input is multiplied by a factor, the output will be multiplied by the same factor. To
linearize the system, the nominal point and different points of off-design have been
considered as equilibrium points. By using a first order Taylor's approximation, the
linearized state equation and the linearized output equation can be as:

of of

Ax:f(X,u)+an+%Au+h.o.t e ta
_ __. O0g ag g
y+ Ay =g(x,u) +an +aAu+ h.o.t
Taking into account that at the equilibrium point:
fGu)=0
_ _ Eq. 142
{y = g(x, ) a

If higher order terms are neglected, with Eq. 141 substituting the considerations taken
at the equilibrium point shown in Eq. 142, it is obtained the linear system.

. _0f of
Ax—an+aA”_){Ax=AAx+BAu co 143
ag ag Ay = CAx + DAu 4
Ay =—Ax+—Au
ox ou

Where A € R™ is the system matrix, B € R™™ is the input matrix C € RP*" is the output
matrix and D € RP*™ js the feedforward matrix. All of them are the Jacobian matrices
evaluated at the equilibrium point.

Applying the Laplace transformation to the system shown in Eqg. 143 to change from
the time to the frequency domain, it is obtained:

sX(s) = AX(s) + BU(s)
{ Y(s) = CX(s) + DU(s) Eq. 144
Solving for X:
(s —A)X(s) = BU(s) Eg. 145
X(s) = (sl — A)~IBU(s) Eq. 146

By substituting the result of X:
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Y(s) = C(sI —A)"*BU(s) + DU(s) = [C(s] — A)"1B + D]U(s) Eq. 147
Considering that the process transfer function relates the output transfer function with
the input one as shown in Eq. 148.

Y(s) = G(s)U(s) Eg. 148

Figure 5.4-1 represents in a schematic way the process.

u

— G(s) Y,

Figure 5.4-1 Graphic representation of a process

The process transfer function can be then identified in Eq. 147 as:

G(s) =[C(sI —A)™B + D] Eq. 149

The matrices A,B, C and D are obtained through the “Linearize” command in Dymola.
(see Appendix C to see how this command is used). Therefore, the process transfer
function can be known. As the combined cycle mGT+ORC is a multiple input and
multiple output (MIMO) system, particularly, it has three inputs (i.e. fuel mass flow,
rotational speed of the mGT turbomachinery and ORC fluid mass flow) and three
outputs (i.e. the total produced electric power, the mGT turbine outlet temperature
and the ORC turbine inlet temperature), the transfer function of the process is a 3x3
matrix. In order to reduce the non-linearities of the plant when controlling it, virtual
control variables have been used, instead of the values of the inputs themselves.
These variables are dimensionless and they are a deviation from the variable which
they are substituting with respect to their equilibrium value. Each element of the
matrix is a transfer function which indicates how one of the output changes with a
variation of one of the inputs. Eqg. 150 shows each correlation among the inputs and
outputs of the analyzed system.

[AP,; total (s) APy total (s) APel,total(s)_
81itpyer () SN(s) 81ippc(S)
G(s) = OO AT5() Eq. 150
81itpyer () SN(s) 8morc(S)
ATi1(s) AT11(s) ATy (s)
| 81ipyer(S) SN(s) Smorc(s) |
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In order to simplify the notation, Eq. 151 substitutes each of the elements of Eq. 150.

G11(s)  Gy2(s)  Gi3(s)
G(s) = |Ga1(s) Ga2(s) Ga3(s) Eqg. 151
G31(s) G3a(s) Gs3(s)

The model linearized is shown in Figure 5.4-2.
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Figure 5.4-2 System for linearization in Dymola

The block T100 represents the whole scheme of the mGT (see Figure 5.3-2) and the
block ORC represents the whole scheme of the ORC (see Figure 5.3-4). The vertical
gray line connecting both systems is the connection of the flue gases leaving the
regenerator of the mGT and entering the evaporator of the ORC. The three inputs of
the manipulated variables (i.e. fuel mass flow rate, rotational speed and mass flow
rate of the ORC working fluid) are shown as triangles on the left and the three outputs
that should be controlled (i.e. total electric power, mGT TOT and ORC TIT) as
triangles on the right. The total electric power produced is the sum of the electric
power produced by the mGT and by the ORC. The power consumed by the cooling
system of the ORC is computed with the module water pump consumption and it is
subtracted from the total production.
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As mentioned before, to reduce the non-linearities of the plant while controlling it, the
outputs of the controller (i.e. inputs of the system) represent variations from a
selected equilibrium point to the variable itself. The blocks on the left with the
horizontal line are constant values obtained from the off-design case. The outputs of
the controller modify that constant value.

Different linearizations have been performed considering different off-design
conditions obtained from the steady-state model. The adopted off-design conditions
are representative of the process conditions. They are 70000, 65000, 60000 and
55000 rpm at two different temperatures: 0 and 15 °C.

5.4.3. Analysis of mutual interaction

Once the system has been linearized at different equilibrium conditions, before
proceeding with the design of the controllers, an analysis of the mutual interactions
should be done. The control architecture mainly depends on the mutual interaction
between the manipulated and the controlled variables. The ideal process transfer
function is a diagonal one, which means that the variation of one of the inputs just
affects the response of one of the outputs and not the others. That would mean that
the system is decoupled, and there are no mutual interactions between the
manipulated and controlled variables. The analysis of the coupling among the
different variables can be made through the evaluation of the Relative Gain Array
(RGA) matrix [105]. This matrix also gives information about the optimal pairing
between the inputs and outputs. It is defined as shown in Eqg. 152.

A(G) = G(0) x (G(O)™H)T Eq. 152

The RGA is a normalized form of the gain matrix which describes the impact of each
manipulated variable on each controlled variable. Therefore, the diagonal matrix of
ones is the ideal one. Each element of the matrix can be evaluated by using the gain
values of the process transfer function as shown in Eqg. 153 [103].

gij detGij

Eqg. 153
detG

Aj = (=D

The analysis of the RGA matrix has been performed for the different equilibrium
points considered to do the linearization [106]. The results are shown in section
6.4.3.1. By analyzing these results, it can be seen that the system is not decoupled.
The modification of the mGT rotational speed of the turbomachinery or the fuel mass
flow rate have a high influence on both the total electric power and the mGT turbine
outlet temperature. Therefore, it is mandatory to design a decoupled control scheme
to make it effective. The main function of a decoupler is to decompose the
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multivariable process into a series of independent single-loop subsystem. If this
objective can be achieved and the system can be decoupled, independent control
loops can be designed and implemented [103].

Figure 5.4-3 shows the way a decoupler is introduced in the system.

Figure 5.4-3 Reference scheme for the decoupling procedure

As it has been said before, the ideal process transfer function is a diagonal one,
therefore, after adding the decoupler a diagonal matrix should be found. The process

transfer function matrix is replaced by a pseudo-process matrix diagonal by
construction G(s)K(s)=G’(s) [107]

Ki1(s) =1
Ky(s) =1
G11(8)K12(5) 4 G12(8)Kpp(s) = 0 Eq. 154

G21($)K11(8) + G22(s)Kz1(s) =0

Since the number of diagonal conditions is just two, and there are four unknown
elements in the matrix K, it has been imposed that the trace of K(s) is equal to 1 [107].

Ki1(s) =1
Kyp(s) =1
G
1 Ki2(s) = — ng Eq. 155
G
) =225
The pseudo-process matrix is:
, 611(5)(1 - Klz(s)K21(s)) 0
G = Eqg. 156
(s) 0 Gzz(s)(l - Klz(S)Km(S)) |

Considering that the dynamic decoupler may not be physically feasible, a static one
has been chosen (calculated with s=0). Therefore, the transient response may vary,
but the final result will deal to an uncoupled system.
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G’(O) — 611(0)(1 - k12k21) 0

Eq. 157
0 G22(0)(1 — kyzkzy) a

where the values of the static matrix consider the gain values of the original process
transfer function.
For each linearization, the values of the static decoupler have been calculated. Figure

5.4-4 shows the decoupler scheme implemented in Dymola. The name of the block
of the decoupler in Dymola is Ks.

nu1
> M ~
k12 ( + F
> /A\_/f

k=k12_gain
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k21 sumz2
nuz2

)
o T
> i > L~/

Figure 5.4-4 Decoupler scheme in Dymola

Average values have been considered taking into account the different linearizations.
The final values implemented are shown in section 6.4.3.1. The final scheme of the
overall system that should be controlled is shown in Figure 5.4-5. The Figure 5.4-5 is
the same as Figure 5.4-2 but in this case, it can be seen the presence of the
decoupler separating the effects of the two inputs of the mGT.
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Figure 5.4-5 System for linearization and control in Dymola

5.4.4. PID controller

PID controllers are the simplest but most commonly used control architecture in
industry. Therefore, they have been selected to control the three variables of interest
(i.e. total electric power, mGT TOT and ORC TIT).

The PID controller, in the time domain, is given by:

de(t)

_ Eq. 159
dt .

k t
u(t) = kye(t) + F”f e(r)dt + k,T,
iJo

Where u is the control signal and e is the control error (i.e. the difference between
the set point and the actual value of the controlled variable). The control signal is the
sum of three terms: a proportional term, and integral term and a derivative term. The
proportional action produces an output value that is proportional to the current error
value. Generally, the higher the proportional gain, the faster is the controller
dynamics. However, the closed-loop system may suffer of oscillating response or
even of instability issues if the proportional gain is too high. The integral action
depends on both the actual and the previous values of the error. The introduction of
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an integral action guarantees zero-error conditions in steady-state. The derivative
action improves the settling time of the system, but it is rarely used in practice
because of variable impact on system stability. In this work, the derivative action was
not implemented as it created an instable system, decreasing the controllability of the
energy system.

As PI controllers have been adopted, the proportional gain (k,) and the integral time
constant (T;) have to be determined for each PI controller. In order to do that, the PID
tuner tool from Matlab® has been used. It allows tuning the parameters while
analyzing the step response of the system. The process transfer functions obtained
from Dymola are introduced in the PID tuner of Matlab®. By modifying the response
time and the transient behavior, different controller configurations may be obtained.
The response time can be slower or faster, depending on the requirements of the
process. A faster controller allows reaching faster the value of the set point indicated,
but it has the consequence of bigger overshoots. The transient behavior can be set
to be more aggressive or more robust. An aggressive controller would increase the
disturbances rejection; however, it has the consequence of higher overshoots. A
balance should be found in both response time and transient behavior to obtain the
desired behavior: fast enough but also with not so high value of overshoot.

Figure 5.4-6 represents the generic way in which the system is controlled. SP is the
set point indicating the desired value of the controlled variable (y) and the error is the
difference between the SP and the actual value of the controlled variable. C(s)
represents the PI controller, K(s), the decoupler and G(s), the process.

SO cs) K (s) G(s)

y

A 4

Figure 5.4-6 Reference scheme of the control system with decoupler

5.4.5. Control system layout

Once the controllers have been tuned, the whole system has been modeled as shown
in Figure 5.4-7.

The overall scheme consists in three feedback loops with one controller for each one
of the loops. The mGT+ORC block aggregates all the elements in Figure 5.4-5.

The magenta loop represents the loop controlling the electric power by modifying the
fuel mass flow rate. In the figure, the electric requirement block represents the actual
electric demand. However, the mGT+ORC system has not been designed to fulfill all
the electric demand, but most of it. Therefore, taking into account the results from the
steady-state model at different temperatures, there is a maximum power output that
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the mGT+ORC system can give at the nominal rotational speed (i.e. 70000 rpm) at
the actual ambient temperature. Moreover, it has been set that the system cannot
give less than the 30% of the maximum power, in order to respect the limitation of
the minimum mGT power. Therefore, the block SP_filter shown in the figure limits the
set point of the electric demand considering the physical limitations of the system.

The cyan loop represents the one controlling the mGT TOT, manipulating the number
of revolutions of the mGT turbomachinery. The set point is kept constant at the value
of 645 °C in every condition.

The orange loop represents the one controlling the ORC TIT by manipulating the
mass flow of the ORC working fluid. In this case, the set point of the ORC TIT is not
constant, but it varies with the partial load degree of the system. As stated in the
Chapter 4. , while performing the off-design simulations, the value of the temperature
could not be fixed to the nominal one when the conditions were far away from the
nominal ones. Therefore, the steady-state results have been introduced to fix the
right set point in the dynamic model considering the actual ambient temperature and
rotational speed.

Electric_requirement

%ﬁ: SP_filter : p’/ —

Tamb,

=

sp_TOT

N_rotation

T100_ORC.GT_...

Optimal —Pp B
SPTIT i' /

Figure 5.4-7 Overall system with the control architecture
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Chapter 6. Results

Sometimes, you don’t have to work harder, you just have to
expect less.

6.1. Introduction

Along this chapter, all the results obtained from the work of this thesis will be
presented and discussed.

The three main sections will be here presented:

- Section 6.2 collects the results from the design, having the system working at
nominal conditions.

- Section 6.3 collects the results from the part load simulations considering
steady-state conditions and making a deep analysis on them.

- Section 6.4 collects the results with the dynamic modeling, including the
tuning of the controllers and the dynamic response of the system while trying
to satisfy the electricity demand of a set of 150 houses.

6.2. Design

In this section, the design of the system is reported. First, the nominal values adopted
and obtained from the mGT working in stand-alone conditions, matching the values
declared by the manufacturer, are reported. After obtaining the values of the mGT
working at nominal conditions, the bottoming ORC is designed. Different fluids have
been selected for this study and the best fluid within the selected ones is taken as
working fluid of the ORC. Once the thermodynamic conditions characterizing the
cycles are known, the geometries of the heat exchangers (i.e. regenerator of the
mGT, primary heat exchanger, regenerator and condenser of the ORC) are
determined.

6.2.1. Nominal conditions of the mGT

As stated in Chapter 3. , the nominal performance of the existing mGT AE-T100 in
stand-alone conditions should be completely characterized for two different
purposes:

- Study the effect of the addition of the bottoming heat exchanger to recover
heat from the flue gases with the bottoming ORC
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- Analyze the part load performance when the conditions differ from the
nominal ones.

In order to obtain the nominal conditions, the model described in 3.2 is implemented,
considering the nominal parameters collected in Table 6.2-1 [17]-{19] and the
characteristic maps describing the performance of the compressor (Figure 3.2-3) and
turbine (Figure 3.2-4).

Table 6.2-1 Assumptions taken at nominal conditions of the mGT

Eregenerator [%6] 88.9
Mair [KQ/S] 0.8
N [rpm] 70000
TOT [°C] 645
Pamb [bar] 1.01
Tamb [°C] 15
Apcomb/P3 [%0] 5.9
Ncomb [%6] 99

The pressure drops of the components are modified iteratively (as shown in Figure
3.2-2) to get a proper match with the performance declared by the manufacturer. The
best match obtained with the different iterations is depicted in Table 6.2-2.

Table 6.2-2 Performance of the mGT at nominal conditions

Neomp [%6] 78.58
Nt [%] 85.09
Qin [KW] 339.06
Pmech [KW] 116.95
Ploss[KW] 16.93
Pei [KW] 100.03
et [%] 29.50

The electric power obtained is 100 kW, working in stand-alone conditions, with an
electric efficiency of 29.50%. The values of these two parameters correspond with
the ones specified by the manufacturer (the declared electric power is 100+3 kW and
the declared electric efficiency 30+£2%) [17]. The thermodynamic properties
characterizing the thermodynamic cycle states are collected in Table 6.2-3.
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Table 6.2-3 Thermodynamic properties of the mGT at nominal conditions

p [bar] TC]  h[kJkg] s[kdkgK] p [kg/m?]

0 1.01 15.00 -10.05 6.82 1.24
1 1.01 15.00 -10.05 6.83 1.22
2 4.58 210.93 188.44 6.92 3.29
3 4.49 597.19 601.68 7.55 1.80
4 4.22 935.58 549.66 8.05 1.21
5 1.10 645.45 208.13 8.12 0.41
6 1.01 274.70 -201.32 7.57 0.64

After analyzing the thermodynamic properties, it can be said that the values of
pressure drops obtained in the components are reasonable as they have the same
order of magnitude as the ones declared in other works [18], [28], [108], as well as
the temperatures across the components. The only value which differs from the ones
declared is the TIT, which is slightly lower (936 °C vs 945°C). However, this value is
always declared as an approximative one as the only one which can be measured is
the TOT, fixed at 645 °C. Therefore, these conditions are the ones taken to
characterize the AE-T100 and the ones taken to implement the bottoming ORC.

6.2.2. Optimization of the ORC

After obtaining the performance of the mGT working in stand-alone conditions, the
bottoming ORC cycle has been designed to produce the maximum power output.

6.2.2.1. Performance of the selected fluids

Different candidates as working fluid have been selected in order to have a
representative sample. Among them, some refrigerants and some hydrocarbons
have been considered. On one hand, the main criteria for pre-selecting the
refrigerants was to have a condensation pressure above 0.8 bar at a temperature of
15°C. This criterion aims to avoid infiltrations in the condenser. On the other hand,
the main criteria for selecting the hydrocarbons were to explore different fluids with
low environmental impact, previously studied as working fluids in an ORC module
and with different critical temperature among them, giving the possibility of exploring
a higher variability of working conditions. The main reason of selecting two different
criteria stands on increasing the number of possible suitable fluids.

The properties of the candidates as working fluid are shown in Table 6.2-4 [109],
[110] and the T-s diagrams for each fluid is depicted in Figure 6.2-1.
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Table 6.2-4 Properties of the working fluid candidates of the ORC module

. Teritic Peritic Teond Peond
Fluid o atlbar at15°C ODP GWP Flammable
ecl bal T
R245fa 154.01 36.51 14.81 1.01 0 950 No
R1233zd 165.60 35.73  17.97 0.89 0 1 No
R21 178.33 51.81 8.52 1.28 0.01 210 Yes
Pentane 196.55 33.70 35.68 0.46 0 0 Yes
Cyclohexane 280.45 40.81  80.28 0.08 0 0 Yes
Butane 151.98  37.96 -0.84 1.76 0 20 Yes

The selected refrigerants were: R245fa [49], [68], [79], [111]-[114], R1233zd [115]-
[117] and R21[118]. While the selected hydrocarbons were: pentane [49], [111],
[119]{122], cyclohexane [123], [124] and butane [49], [122], [125]. Among them, the
R245fa and the R1233zd are refrigerants with similar properties (i.e. critical
temperature and pressure and almost isentropic fluids); however, in terms of GWP,
the R1233zd has a lower environmental impact in terms of GWP (1 vs 950), that is
the reason why the R1233zd is getting more relevance as a substitute of the R245fa
[115], [116]. In addition, the R1233zd is competitive with respect to R245fa in terms
of prize (20-25€/kg for the R1233zd vs 30-35€/kg for the R245fa) [116]. The R21 is
a refrigerant which satisfies the requirement of a higher condensation pressure at
15°C (1.28 bar), but it is a wet fluid (as it can be seen in Figure 6.2-1), which may
have the problem of a wet expansion in the turbine. All the hydrocarbons are dry
fluids (as it can be seen in Figure 6.2-1).
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Figure 6.2-1 T-s diagram of the studied working fluids for the ORC
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Once different fluids have been selected for the study, the optimization of the cycle
has been implemented considering the model described in 4.2, adopting the pinch-
point temperature difference at nominal conditions indicated in Table 6.2-5.

Table 6.2-5 Assumptions of pinch-point temperature difference at nominal conditions

ATpp,PHE [OC] 25
ATppreg [°C] 5
ATpp,cond [OC] 3

After optimizing the cycle with the different selected fluids, the maximum power that
can be obtained is shown in Figure 6.2-2. The fluids which have the maximum power
output are R21 (26.90 kWe), R1233zd (25.77 kWe) and butane (25.52 kWe). As the
differences on the maximum power output are small, R1233zd has been selected as
working fluid for the designed ORC module. The motivations driving this decision are
the consideration of the environmental impact of it (i.e. ODP equal to 0, GWP equal

to 1) and its non-flammability, with almost the same performance as the best fluid in
terms of power output.

30 Selection of fluid

- [p] [
w o (%]

Maximum power [k\]
=)

R245fa R1233zd R21 pentane cyclohex butane

Figure 6.2-2 Optimization of the nominal ORC performance for the different working fluids

6.2.2.2. Nominal cycle

The main focus of this section is to present the characteristics of the designed ORC.
The optimized ORC module is a regenerative superheated subcritical one, as it can

be seen in Figure 6.2-4-a. Table 6.2-6 collects the performance of the ORC at design
conditions.
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Table 6.2-6 Performance of the ORC at nominal conditions

Morc [Ka/s] 0.70
Pturb,orc [KW] 28.05
Ppump,orc [KW] 1.05
Ppump water [KW] 1.22
Peiore [KW] 25.77
Mcooling water [KQ/S] 8.16
Nturb,orc [%0] 83.19
Nel,orc [%0] 15.55
Nturb [%0] 84.99

Table 6.2-7 shows the thermodynamic properties of each stream in the ORC
(following the same numeration as shown in Figure 4.2-1), Figure 6.2-3 shows the
optimal design for the single-stage radial-inflow turbine and Figure 6.2-4 shows the
T-s diagram of the whole cycle (a), the T-Q diagram of the primary heat exchanger
(b), the T-Q diagram of the condenser (c) and the T-Q diagram of the regenerator

(d).

The mass flow of working fluid is equal to 0.70 kg/s, producing a nominal electric
power output equal to 25.77 kW with a cycle efficiency equal to 15.55%. By looking
at Table 6.2-7, the minimum temperature of the cycle is 26.75°C, condensing at a
pressure of 1.38 bar, higher than the atmospheric pressure; therefore, there is no risk
of fluid infiltration from the outside. The condensation temperature is guaranteed with
a mass flow rate of 8.16 kg/s of water in design conditions. The maximum
temperature of the working fluid is equal to 139.82 °C, which is an acceptable value
to avoid thermal decomposition [126], [127].

Table 6.2-7 Thermodynamic properties of the ORC at nominal conditions

p [bar] TPC]  h[kJkg] s[kJkgK] p [kg/m?]

8 1.38 26.75 233.05 1.12 1258.56
9 15.97 27.52 234.49 1.12 1261.14
10 15.47 56.78 271.28 1.23 1186.85
11 14.38 139.82 506.88 1.85 68.82
12 1.44 75.72 465.79 1.88 6.68
13 1.41 32.52 428.63 1.77 7.62

The design of the single-stage radial-inflow turbine is pushed to the maximum volume
ratio affordable by the turbine, equal to 9.98, with a size parameter equal to 0.0214
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m, with an efficiency equal to 83.19% and rotating at a nominal speed equal to 52278
rpm. The fact that the optimal design has the volume ratio at the maximum value that
the turbine can give may indicate that a multi-stage radial-inflow turbine could be
used to increase the maximum volume ratio and thus, giving the possibility of a higher
enthalpy difference in the turbine. However, as the increment of stages in the turbine
increases the complexity of the turbine and the contribution for this particular case is
limited, it has been considered to keep the design as a single-stage radial-inflow
turbine.
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10 101 -
0. 78
o / / 12332"/ o P08 R1233zd
gl o 084/ 8l 0.09 0.095——
7 7
6 s = 0'87 6f =0.1

VR
o

\Y
(6]

— 0.105

4 0.88

N

w
w

PR

N

2t —
0.89

0.115

, LA VA L | 1 L/ — r 012 -

001 002 003 005 0.1 0.2 001 002 003 005 01 0.2
SP SP

Figure 6.2-3 Efficiency prediction (left) and optimum specific speed (right) at nominal
conditions for a single-stage radial inflow turbine using R1233zd as working fluid.

In Figure 6.2-4-a, the T-s diagram of the organic cycle is reported, including also the
variation of temperature of the flue gases of the mGT and the cooling water. Figure
6.2-4-b represents the T-Q diagram of the primary heat exchanger (i.e. how the
temperature varies with the exchanged heat). In this graphic, the three sections of
heating up the working fluid can be clearly identified: the liquid heats up till it starts
evaporating, when it evaporates, the temperature remains almost constant (not
completely constant due to the pressure drops) and after the evaporation, the
saturated vapor heats up till superheated vapor. Figure 6.2-4-c shows the T-Q
diagram of the condenser. The working fluid cools down from superheated vapor till
saturated vapor and it starts condensing at almost constant temperature till reaching
the condition of saturated liquid, this process happens by releasing the heat to the
cooling fluid, namely water. Finally, in Figure 6.2-4, the T-Q diagram of the
regenerator is shown. The hot fluid exiting the turbine preheats the cold fluid before
entering the primary heat exchanger.
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6.2.3. Overall system

Both technologies have been presented in the sections mentioned before. However,
the performance of the mGT indicated in the section 6.2.1 is related to stand-alone
conditions, which is not the case under study. The addition of the bottoming heat
exchanger to recover the remaining heat from the flue gases adds a pressure drop
(in this case equal to the 3% of the inlet pressure) to the mGT system, worsening its
performance.

After introducing the bottoming heat exchanger, the thermodynamic properties of the
mMGT are the ones reported in Table 6.2-8. It can be seen that the pressure ratio in
the turbine has been decreased, as well as the TIT, with the consequence of a lower
electric power output in comparison with the mGT without the bottoming cycle, from
100 kWe to 93.89 kWe (as it can be seen in Table 6.2-9). Table 6.2-9 collects the
main information about the performance of the mGT working at nominal conditions
but with the effect of the bottoming heat exchanger. The efficiency of the mGT by
itself is decreased from 29.5 % to 28.26 %.

Table 6.2-8 Thermodynamic properties of the mGT at nominal conditions with the bottoming
ORC

p [bar] TC]  h[kJkg] s[kIkgK] p [kg/m?]

0 1.01 15.00 -10.05 6.77 1.30
1 1.01 15.00 -10.05 6.83 1.22
2 4.58 210.85 188.36 6.92 3.29
3 4.48 596.67 601.09 7.55 1.80
4 4.22 928.26 550.04 8.04 1.22
5 1.12 645.00 216.94 8.11 0.42
6 1.04 274.45 -192.09 7.56 0.64
7 1.01 81.04 -393.14 7.12 0.99

Table 6.2-9 Performance of the mGT at nominal conditions with the bottoming ORC

Neorp [%6] 78.57
N [%] 84.99
Qin [KW] 332.28
Prech [KW] 110.28
Pioss[KW] 16.39
Per [kW] 93.89
Nel [%] 28.26
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Even if the electric power output is reduced, with the bottoming cycle the overall
electric power output is increased from 100 kWe to 119.66 kWe, with an increment
of the electric efficiency from 29.5% to 36% because of the additional power output
of the ORC. In Table 6.2-10, the performance of the overall system is shown,
indicating the contributions of each engine.

Table 6.2-10 Performance of the overall system at nominal conditions

Qin [kW] 332.28
Pelmet [KW] 93.89
Pel,orc [KW] 25.77
Protal [KW] 119.66
Neltotal [%0] 36.01

6.2.4. Heat exchangers

After presenting the thermodynamic properties at nominal conditions, the design of
the heat exchangers is done. In order to study the dynamic behavior of the system,
it is mandatory to know the geometries of the heat exchangers. For this purpose, in
this section, the results of the designed heat exchangers are presented.

6.2.4.1. Regenerator of the mGT

The regenerator of the mGT is an existing one, as it has been mentioned before,
therefore, the values needed for the dynamic model (i.e. the surface exchanging heat,
the volume of the channel of the fluid and the mass of the heat exchanger) should be
calculated as described in section 3.4. The results are shown in Table 6.2-11, where
Apae IS the surface exchanging heat of each plate, Aww is the sum of all the
exchanging surfaces, Vchannel fiuid iS the volume of passage of the fluid between two
plates, Vioal chamnel iS the volume of passage of the fluid between two plates but
considering all the channels in the heat exchanger for both hot and cold sides and
Motal is the total mass of the heat exchanger.

Table 6.2-11 Physical values of the mGT regenerator

Apiate [M?] 0.12
Avotal [M?] 93.31
Vehannel fluid [M°] 6.37-10°
Viotal channel [M*] 2.45.102
Miotar [KQ] 295.86
UAnom [KW/K] 5940
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Figure 6.2-5 shows a zoom of three plates of the 3-D heat exchanger designed in
Matlab®. It can be clearly seen the disposition of the plates as well as the space of
the channels through which the fluid flows.

Figure 6.2-5 3-D zoom of three plates of the mGT regenerator

6.2.4.2. ORC heat exchangers

The heat exchangers of the ORC module have to be designed completely by using
specialized software for that, as explained in section 4.4. For that purpose, Aspen
Exchanger Design & Rating has been used. The type of heat exchanger (plate fin
heat exchanger) and the nominal thermodynamic properties have been specified.
Table 6.2-12 collects the relevant information from the design of each heat exchanger
obtained with the software after performing the dimensioning of them.

Table 6.2-12 Physical parameters of the ORC heat exchangers

V [m?] A[m?  MIkg]
exchanger  cold side 0.0152 24.5 '
Hot side 0.0301 40.6
Condenser _ 70.7
Cold side 0.016 24.7
Hot side 0.0994 66.9
Regenerator ) 38.2
Cold side 0.0152 24.5
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6.3. Steady-state part load performance

In this section, the part load performance of the designed system is depicted. Before
starting with the analysis of the part load performance of the system itself, simulations
of the part load conditions of the heat exchangers of the ORC have been performed
in order to establish the off-design parameters characterizing how the heat transfer
coefficients change with the variation of the mass flow of working fluids. After
analyzing the heat transfer coefficients variation, the variation of the main
characteristics of both technologies is shown. First, the performance of the mGT,;
second, the performance of the ORC and third, the performance of the overall system
itself are shown.

6.3.1. ORC heat exchangers part load

To study the part load of the ORC module, it is mandatory to know how the heat
transfer coefficients change when the mass flow of the working fluid changes. In order
to establish a correlation which relates the heat transfer coefficient (y) in part load
conditions with the mass flow rate of fluid (see Eq. 160) with an exponent coefficient
(a), different simulations have been performed. The software Aspen Exchanger
Design & Rating allows simulating the performance of an already designed heat
exchanger by varying the working conditions.

a

m
Y = Vnom (m ) Eg. 160

nom

Simulations have been performed for each heat exchanger of the ORC (i.e.
regenerator, primary heat exchanger and condenser). For each side of the heat
exchanger (namely hot and cold side), the evaluation of the effective heat transfer
coefficient has been performed by varying the mass flow rate of the working fluid of
the side under study by keeping constant the working fluid mass flow rate of the other
side. For example, to evaluate how the heat transfer coefficient of the flue gases
varies in the primary heat exchanger, the mass flow of the flue gases has been
reduced but the mass flow rate of the R1233zd has been kept constant. Oppositely,
staying with the same example of the primary heat exchanger, to evaluate the
variation of the heat transfer coefficient of the R1233zd, its mass flow rate has been
varied but the mass flow rate of the flue gases has been kept constant at the nominal
value. The only exception is made in the ORC regenerator because the mass flow
rate of working fluid is the same on both sides; in particular, to analyze the part load
performance, the mass flow rate of both sides has been changed.

For simplification purposes, even if the effective heat transfer coefficient varies along
the heat exchanger due to the different thermodynamic conditions, which influence
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the fluid thermophysical properties, average values have been considered. The only
distinction that has been done is splitting the values of the heat transfer coefficient if
there is a phase change of the fluid.

Figure 6.3-1 shows the variation of the effective heat transfer coefficient (i.e. the
actual heat transfer coefficient considering that the efficiency of the fins (nrin) varies)
of the vapor flowing along the hot side of the ORC regenerator while Figure 6.3-2
shows the variation of the effective heat transfer coefficient of the liquid flowing along
the cold side of the heat exchanger. The x-axes represent the heat exchanged. There
is a temperature profile along the heat exchanger, thus, there is a variation of the
properties of the fluid, including the effective heat transfer coefficient. That is the
reason why the effective heat transfer coefficient does not remain constant. However,
the approximation of an averaged value has been taken. The variation of this value
is relatively low when there is ho phase change.

Table 6.3-1 collects the average results of the simulations shown in Figure 6.3-1,
while Table 6.3-2 collects the average results of the simulations shown in Figure
6.3-2. The first row indicates the nominal conditions, while the rest, the part load
ones. With each performed simulation, an exponent coefficient has been computed
through Eg. 109. An average of that exponent coefficient has been computed. For
each case, the values that should be introduced in Eq. 109 to evaluate the effective
heat transfer coefficient in the off-design ORC heat exchangers’ model is shown in
light yellow. The values introduced in the model are the nominal value of the effective
heat transfer coefficient and the average exponent coefficient.
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Figure 6.3-1 Effective heat transfer coefficient variation in the hot side of the regenerator at
different reductions of the mass flow rate with respect to the nominal one

107



Table 6.3-1 Heat transfer coefficient analysis of the hot fluid in the regenerator by varying
the mass flow of working fluid

Hot side - Vapor

Mhotside Mcold side Yhot side NFin Yeffective.hot side a
[kg/s] [ka/s] [W/m%K] [-] [W/m?3K]
100% 0.70 0.70  233.29 0.74 173.41

90% 0.63 0.63  214.49 0.76 162.73 0.60

80% 0.56 0.56 198.61 0.77 153.28 0.55

70% 0.49 0.49 182.10 0.78 142.91 0.54

60% 0.42 0.42 164.79 0.80 132.08 0.53
Average 0.56
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Figure 6.3-2 Effective heat transfer coefficient variation in the cold side of the regenerator at
different reductions of the mass flow rate with respect to the nominal one

Table 6.3-2 Heat transfer coefficient analysis of the cold fluid in the regenerator by varying
the mass flow of working fluid

Cold side - Liquid
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Mhotside Mecoldside  Ycold side NFin Yeftective.cold side o
[kg/s]  [kgls] [WimK] [ [W/m?K]
100% 0.70 0.70 602.31 0.90 542.08
90% 0.63 0.63 564.02 0.90 510.07 0.58
80% 0.56 0.56 526.37 0.91 479.00 0.55
70% 0.49 0.49 487.59 0.92 448.59 0.53
60% 0.42 0.42 452.80 0.92 416.57 0.52
Average 0.54




The same study performed with the regenerator has been done with the condenser.
However, in this case, the hot side of the condenser is split into two zones, namely
the de-superheating section and the condensing section. Figure 6.3-3 and Figure
6.3-4 show the variation of the effective heat transfer coefficient with the exchanged
heat in vapor and two-phase conditions, respectively. Figure 6.3-5 shows the
variation of the effective heat transfer coefficient of the cooling water in part load
conditions. As it can be seen in Figure 6.3-4, the variation of the effective heat transfer
coefficient is abrupt. This happens because the fluid is changing phase, thus, the
heat transfer improves. This also happens in the primary heat exchanger (Figure
6.3-8). In this case, the average differs more from the actual value along the heat
exchanger in comparison with the cases in which there is no phase change. However,
as the heat transfer coefficient is so high, the heat exchange is limiting by the other
fluid. Thus, the impact of taking the average in the overall heat transfer coefficient is
negligible.

Table 6.3-3 collects the average results from the simulations shown in Figure 6.3-3
and Figure 6.3-4, while Table 6.3-4, the ones from the simulations shown in Figure
6.3-5.

NE 215 Condenserhotside vapor

£ | ' - .

£ 210 |
0]

S

% 205 - |
O S

o - T

£ 200 1 |
w

G

5195 |
g Nominal
5 190 950

2 ~90%

°

L 185 L . , .

w05 L 15 2 25 3

Transferred heat [kW]
Figure 6.3-3 Effective heat transfer coefficient variation in vapor conditions along the hot

side in the condenser at different reductions of the mass flow rate with respect to the
nominal one
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Figure 6.3-4 Effective heat transfer coefficient variation in condensing section in the hot side
of the condenser at different reductions of the mass flow rate with respect to the nominal

one

As it can be seen in Figure 6.3-4, the variation of the effective heat transfer coefficient
is abrupt. This happens because the fluid is changing phase, thus, the heat transfer
improves. This also happens in the primary heat exchanger (Figure 6.3-8). In this
case, the average differs more from the actual value along the heat exchanger in
comparison with the cases in which there is no phase change. However, as the heat
transfer coefficient is so high, the heat exchange is limiting by the other fluid. Thus,
the impact of taking the average in the overall heat transfer coefficient is negligible.

Table 6.3-3 Heat transfer coefficient analysis of the hot fluid in the condenser by varying the
mass flow of working fluid and keeping constant the mass flow of the cooling fluid
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Hot fluid - Vapor

Mhotside Mcoldside  Yhot side NEin Yeffective.hot side o
[ka/s]  [kgls]  [W/m3K] [-] [W/m3K]
100% 0.70 8.09 228.08 0.90 205.27
95% 0.67 8.09 220.80 0.91 200.93 0.42
90% 0.63 8.09 213.20 0.91 194.01 0.54
Average 0.48
Hot fluid - 2-phase
100% 0.70 8.09 2325.89 0.57 1329.12
95% 0.67 8.09 2337.47 0.57 1335.28 -0.09
90% 0.63 8.09 2231.42 0.58 1294.22 0.25
Average 0.08
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Figure 6.3-5 Effective heat transfer coefficient along the cold side in the condenser at
different reductions of the mass flow rate with respect to the nominal one

Table 6.3-4 Heat transfer coefficient analysis of the hot fluid in the condenser by varying the
mass flow of cooling fluid while keeping constant the mass flow of the working fluid

Cold fluid - Liquid

Mhotside Mcoldside  Ycold side Nrin Yeffective.cold side o
[ka/s] [kgls] [W/m3K] [] [W/m?K]
100% 0.70 8.09 8401.53 0.44 3728.98
90% 0.70 7.28 7908.38 0.46 3610.17 0.31
80% 0.70 6.47 7380.78 0.47 3468.96 0.32
70% 0.70 5.66 6827.92 0.49 3318.37 0.33
Average 0.32

The last component to be evaluated is the primary heat exchanger. This case is more
similar to the condenser, as the cold fluid changes phase. In this case, the flue gases
exiting the mGT flow through the hot side; while the R1233zd flows through the cold
side. First, the ORC working fluid enters as liquid and it heats up till saturated
conditions. Second, it starts evaporating being in two-phase conditions. Third, it
reaches superheated vapor conditions. Therefore, three sections need to be
identified.

Figure 6.3-6 shows the variation of the flue gases effective heat transfer coefficient
with the exchanged heat; while Figure 6.3-7, Figure 6.3-8 and Figure 6.3-9 show the
ones of the ORC working fluid along the different sections divided according to the
state of the fluid: vapor, two-phase and liquid, respectively. Table 6.3-5 collects the
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information of the performed simulations shown in Figure 6.3-6, and Table 6.3-6
collects the information of the performed simulations shown in Figure 6.3-7, Figure
6.3-8 and Figure 6.3-9.
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Figure 6.3-6 Effective heat transfer coefficient variation along the hot side in the PHE at

different reductions of the mass flow rate with respect to the nominal one

Table 6.3-5 Heat transfer coefficient analysis of the hot fluid in the PHE by varying the mass
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flow of the flue gases while keeping constant the mass flow of the working fluid

Hot fluid - Vapor

Mhotside Mecoldside  Yhot side NFin Yefective.hot side o
[kals]  [kals] [WimK] [ [W/m?K]
100% 0.81 0.70 203.57 0.77 157.59
90% 0.73 0.70 189.78 0.79 149.00 0.53
80% 0.65 0.70 176.20 0.80 140.32 0.52
70% 0.57 0.70 161.53 0.81 130.72 0.52
Average 0.53
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Figure 6.3-7 Effective heat transfer coefficient variation in vapor conditions in the cold side
of the PHE at different reductions of the mass flow rate with respect to the nominal one
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Figure 6.3-9 Effective heat transfer coefficient variation in liquid conditions in the cold side of
the PHE at different reductions of the mass flow rate with respect to the nominal one

Table 6.3-6 Heat transfer coefficient analysis of the cold fluid in the PHE by varying the
mass flow of the working fluid while keeping constant the mass flow of the flue gases

Cold fluid - Liquid

Mhotside Mcoldside  Ycold side NFin Yeffective.cold side o
kg/s]  [kg/s] [WimK] [ [W/m?K]
100% 0.81 0.70 176.74 0.97 171.33
90% 0.81 0.63 174.31 0.97 169.08 0.13
80% 0.81 0.56 171.46 0.97 166.31 0.13
70% 0.81 0.49 167.62 0.97 162.59 0.15
Average 0.14
Cold fluid - 2-phase
100% 0.81 0.70 2177.98 0.72 1558.50
90% 0.81 0.63 2107.68 0.72 1527.94 0.19
80% 0.81 056 188306  0.72 1352.1 ||
70% 0.81 0.49 2051.90 0.73 1504.41 0.10
Average 0.14
Cold fluid - Vapor
100% 0.81 0.70 118.85 0.98 116.47
90% 0.81 0.63 110.63 0.98 108.41 0.68
80% 0.81 0.56 103.13 0.98 101.06 0.64
70% 0.81 0.49 95.90 0.98 93.98 0.60
Average 0.64
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It needs to be highlighted that in Table 6.3-6 there is one exponent (indicated in dark
red) that clearly differs from the rest as the average of the effective heat transfer
coefficient for that simulation is much lower than the rest. That result has not been
considered as it is clearly wrong.

After the deep analysis on how the effective heat transfer coefficients vary, the off-
design simulations can be performed including the results here obtained.

6.3.2. mGT

The part load performance of the system has been evaluated by simulating the
system at different values of ambient temperature (from 0 °C to 30 °C) and the mGT
rotating at different rotational speed (from 52000 rpm to 71000 rpm). All these
simulations cover the whole range of interest under study and they are useful to know
how the system behaves and to predict its steady-state result before proceeding with
the dynamic simulations.

In this section, the main focus is to analyze how the performance of the mGT changes
with respect to the nominal conditions.

On one hand, Figure 6.3-10 shows all the part load results (in light green) and the
nominal point (in red) of all the performed simulations plotted in the compressor
maps. On the left, it is shown how the pressure ratio changes with respect to the
reduced mass flow at different values of reduced rotational speed. All the operating
conditions are far from the surge line, guaranteeing good stability in the working
conditions in the compressor. On the right, the variation of the efficiency of the
compressor is shown with respect to the reduced mass flow.

On the other hand, Figure 6.3-11 shows all the part load results (in light green) and
the nominal point (in red) of all the performed simulations plotted in the turbine maps.
On the left, it is shown how the reduced mass flow changes with respect to the
pressure ratio at different values of reduced rotational speed. For high values of
pressure ratio, the turbine almost works in chocked conditions, with small variations
of the reduced mass flow. On the right, how the efficiency changes with the pressure
ratio at different values of reduced rotational speed is depicted. It can be highlighted
that all the efficiency values are quite high, without entering a zone of high reduction
of efficiency for both turbomachinery: turbine and compressor.
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Showing the operating points represented in the characteristics maps gives an overall
view of all the simulations, but it cannot be appreciated the influence of both of the
parameters modified to study the part load analysis, namely the ambient temperature
and the rotational speed. However, showing the characteristics maps is fundamental
to the deep understanding of the results.

Figure 6.3-12 represents the variation of the pressure ratio with respect to the
ambient temperature and the rotational speed for both turbine (black lines) and
compressor (red lines) and Figure 6.3-13 represents the variation of the reduced
mass flow rate with respect to the ambient temperature and rotational speed for both
turbine (black lines) and compressor (red lines).

If a horizontal line is taken to analyze the parameters on Figure 6.3-12 and Figure
6.3-13 (so just analyzing how the rotational speed affects to the parameters at a
constant value of temperature), it can be seen that a reduction of a rotational speed
yields to a reduction of both pressure ratio and reduced mass flow rate of both
turbomachinery. This occurs as a consequence of a reduction of the reduced
rotational speed. By looking at Figure 6.3-10 at the graphic on the left, if the reduced
rotational speed is decreased, the curve correlating pressure ratio and reduced mass
flow rate is displaced to a lower one, implying lower values of pressure ratio and
reduced mass flow rate. By taking a vertical line in Figure 6.3-12 and Figure 6.3-13,
it can be seen that the increment of the ambient temperature has qualitatively the
same effect as decreasing the reduced rotational speed. Thus, higher ambient
temperature implies lower values of pressure ration and mass flow rate. This fact is
justified as the temperature is on the denominator of the reduced rotational speed,
so an increment of the temperature yields to a decrease of the reduced rotational
speed, thus, a reduction of pressure ratio and reduced mass flow rate. The reduction
of the reduced mass flow rate has the consequence of the reduction of the intake air,
as depicted in Figure 6.3-14. It can be appreciated in Figure 6.3-12 that the pressure
ratio of the turbine follows the same tendency as the pressure ratio of the compressor.
The difference in values is justified by the pressure drops in the cycle.
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Figure 6.3-12 Variation of the pressure ratio in turbine and compressor with the ambient
temperature and rotational speed
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Figure 6.3-13 Variation of the reduced mass flow rate of the turbine and compressor with
the ambient temperature and rotational speed
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Figure 6.3-14 Variation of the air mass flow rate entering the mGT with the ambient
temperature and rotational speed

Figure 6.3-15 represents the variation of the effectiveness of the regenerator with the
ambient temperature and the rotational speed. The discussion about the
effectiveness follows the opposite tendency of the mass flow rate. As a consequence
of the reduction of the intake air mass flow rate, the regenerator is oversized,
therefore, its effectiveness increases.
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Figure 6.3-15 Variation of the effectiveness of the mGT regenerator with the ambient
temperature and rotational speed

Figure 6.3-16 shows the map in which the variations of electric power (black line),
electric efficiency (dashed red line) and the TIT (color map) are represented with
respect to the ambient temperature and the rotational speed.
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Figure 6.3-16 Variation of the mGT electric power and electric efficiency with the ambient
temperature and rotational speed

Figure 6.3-17 shows a different type of map in which, in this case, the study is made
not with the simulations done by varying the ambient temperature and the rotational
speed, but this latter one is substituted with the electric power, and the electric
efficiency (dashed red line), the rotational speed of the turbomachinery (dashed black
line), the heat input (dashed blue line) and the TIT (color map) are represented. In
this case, the maximum electric power can be obtained at higher values of rotational
speed and lower values of ambient temperature, thus, at the higher values of air mass
flow rate, the TIT and the pressure ratio. As the axes have been changed, there are
not enough simulated cases for the whole projected map, therefore, there are some
white zones in which the rotational speed would correspond to values out of the range
between 52 and 70krpm.

120



TIT [°C]
820 840 860 880 900 920 940

w
o

N
(¢)]

20

15

10

Ambient Temperature [°C]

[6)]

Figure 6.3-17 Variation of the mGT electric efficiency, the heat input and the rotational
speed with the ambient temperature and electric power produced

6.3.3.ORC

After analyzing how the performance of the mGT changes with a variation of the
ambient temperature and rotational speed, some analysis should be done to know
how the performance of the ORC changes.

The description of the performance of the ORC module differs from how the
performance of the mGT has been exposed. In this case, instead of studying the
overall maps, the main focus will be done considering the variation of the cycle in
terms of the T-s diagram and the T-Q diagrams of each heat exchanger of the ORC
module.

Three analyses are shown here. These three analyses will be explained in the next
lines. In all of them, the red line indicates the nominal case (i.e the conditions at which
the ORC module has been designed while the mGT works at 70000 rpm and the
ambient temperature is equal to 15 °C).

The first study case is shown in Figure 6.3-18 (see Table 6.3-7 for further numeric
details). It consists in analyzing the performance of the ORC when the
turbomachinery is rotating at 60000 rpm and at ambient temperature equal to 15°C,
considering two different types of control of the condensation pressure of the ORC
working fluid: keeping the condensation pressure fixed by varying the mass flow rate
of cooling water (dashed line) and letting the condensation pressure varies in sliding
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mode by fixing the mass flow rate of cooling fluid (dot-dashed line). As the only
parameter which is modified is the way of controlling the condensation pressure of
the ORC system, there is no variation of the performance of the mGT between the
two cases.

In this case, the T-s diagram of the ORC keeps almost the same, so the variations of
the cycle are minimal from one case to the other. The most important graphic for this
analysis is the T-Q diagram of the condenser. In this case, when keeping the mass
flow rate of cooling fluid as a constant value and working in sliding pressure mode,
as the ORC working fluid mass flow rate is reduced in part load, the tendency is to
lower down the condensation pressure, lowering the temperature difference. Varying
the condensation pressure would allow a higher pressure ratio in the turbine, yielding
to a higher power produced with it. In the case in which the condensation pressure is
kept as a constant value by modifying the mass flow rate of the cooling fluid, the
pressure ratio could be limited in comparison with the previous case. However, the
reduction of the cooling fluid has the consequence of a lower consumption of the
pump. Therefore, the net produced power should be computed numerically in order
to get a clear conclusion. In this particular case, by analyzing the numerical results
reported in Table 6.3-7, in the case in which the ORC is working in condensation
sliding pressure mode, the electric production of the ORC turbine is 13.61 kWe, which
is higher than the produced power if the constant pressure is kept constant (13.03
kWe). However, the mass flow rate of the cooling fluid decreases from 8.16 kg/s to
2.87 kg/s, yielding to a reduction of the electric consumption of the pump from 1.22
kWe to 0.05 kWe. As the reduction of the power consumed by the pump is much
higher than what is gained with the turbine, it is more convenient to keep the
condensation pressure constant, producing a net electric power of 12.67 kWe instead
of 12.08 kWe in condensation sliding pressure mode. This is an example case which
is representative of most of the simulated cases. Therefore, for the next analysis, the
condensation pressure has been kept constant. Moreover, this consideration allows
the simplification of the dynamic model, as the condenser can be modeled as a
constant pressure one (see section 5.3.6).

The second study case is shown in Figure 6.3-19 (see Table 6.3-8 for further numeric
details). It consists in analyzing how the performance of the ORC changes when the
ambient temperature is equal to 15°C but the mGT turbomachinery varies its
rotational speed from 55000 rpm (darkest blue) till 712000 rpm (lightest blue).

As the consequence of the partial load of the mGT, in which the temperature and
mass flow rate of the flue gases are reduced (it can be appreciated qualitatively in
the T-Q diagram of the primary heat exchanger with the slope of the curves and the
maximum temperature and quantitatively in Table 6.3-8), the heat entering the ORC
module is reduced. By decreasing the heat input, the evaporating pressure also
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decreases (considering the two limiting cases of 71000 rpm and 55000 rpm, from
15.35 bar to 7.05 bar). Moreover, the TIT of the ORC is kept at the nominal value (i.e.
139.82 °C) if the physical conditions allow it (i.e. the temperature and mass flow of
the flue gases is high enough); if not, it is reduced till reaching the convergence of
the system. This can be seen in the case in which the mGT turbomachinery rotates
at 55000 rpm, in which the TIT is reduced till a value of 115.82°C. By reducing the
load of the ORC, the electric efficiency varies, but it stays in the range of 15%,
however, if the heat load coming from the mGT is so low that the TIT has to be
reduced, the efficiency of the cycle drops to values lower than 12.5%. By analyzing
gualitatively the T-Q of the condenser, it can be seen how the mass flow rate of the
cooling fluid is decreased (the slope increases) with the part load conditions to keep
the same condensation pressure. Quantitatively, the mass flow rate of the cooling
fluid decreases from 9.91 kg/s to 2.11 kg/s in the two limit cases (i.e. 71000 rpm and
55000 rpm).

The third study case is shown in Figure 6.3-20 (see Table 6.3-7 and Table 6.3-9 for
further numeric details). In this case, the study consists in varying the ambient
temperature (two limit cases have been considered at 0 and 30°C) but keeping the
rotational speed constant at 60000 rpm. The differences between these two cases
are just small in comparison with the previous studied cases. When working at higher
temperature, the mass flow of the flue gases is clearly reduced (as seen in section
6.3.2) from 0.62 kg/s at 0°C to 0.55 kg/s at 30°C; however, the temperature of the
flue gases is increased from 210.96°C at 0°C to 232.74 °C at 30 °C (it can be seen
qualitatively in the T-Q diagram of the primary heat exchanger). This is a
consequence of the fact that the intake air enters in the mGT compressor at a higher
temperature, exiting also at a higher temperature. Therefore, as the mGT TOT is kept
constant at 645°C, if the lower temperature of the cold side is higher, the temperature
exiting the regenerator will be higher, so hotter flue gases exiting the mGT. The
increment of the flue gases temperature has the consequence of a higher ORC
working fluid mass flow rate: 0.37 kg/s at 0°C and 0.39 kg/s at 30°C and an increment
of the evaporation pressure: 8.56 bar at 0°C and 8.85 bar at 30°C. This has the overall
effect of a slightly higher electricity production of the ORC when the ambient
temperature is reduced. However, the increment of the electricity production with the
ORC (from 12.24 kWe at 0°C to 12.96 kWe at 30 °C) is really small in comparison
with the effect of the increment of the ambient temperature in the reduction of the
electric power produced by the mGT (from 66.78 kWe at 0°C to 44.58 kWe at 30 °C).
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Figure 6.3-18 T-s diagram (a), T-Q diagram of the primary heat exchanger (b), condenser (c) and regenerator (d) of the ORC varying the type of
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Table 6.3-7 Performance of the overall system changing the condensation pressure control

Constant Constant

Nominal . Puster
Nmet [rpm] 70000 60000 60000
Tamb [°C] 15 15 15
EregmaT [%0] 88.87 90.10 90.10
NcompmaT [%0] 78.57 78.80 78.80
Nturb,maT [%0] 84.99 86.02 86.02
Tt [°C] 274.45 221.95 221.95
Mg [KQ/S] 0.81 0.58 0.58
fore [Kg/s] 0.70 0.38 0.38
Prurb,ore [KW] 28.05 13.03 13.61
Ppump.orc [KW] 1.05 0.31 0.31
Ppump,water [KW] 1.22 0.05 1.22
Peiorc [KW] 25.77 12.67 12.08
Mwater [KQ/S] 8.16 2.87 8.16
ps [bar] 1.38 1.38 1.24
p11 [bar] 14.43 8.73 8.57
Teond [°C] 26.75 26.75 23.85
TITore [°C] 139.82 139.82 139.82
Nturb,orc [%0] 83.19 83.77 83.94
Nel,orc [%0] 15.55 14.46 13.67
Peimat [KW] 93.89 52.76 52.76
Net,maT [%0] 28.26 27.33 27.33
Protal [KW] 119.66 65.42 64.87
Nel,total [%0] 36.01 33.90 33.61
Pel, stand-alone maT [KW] 99.89 54.73 54.73
Nel, stand-alone mGT [%0] 29.48 28.02 28.02
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Table 6.3-8 Performance of the overall system changing the rotational speed of the mGT

Nimcr [rpm] 70000 71000 65000 60000 55000
Tamb [°C] 15 15 15 15 15
EreqmaT [%6] 88.87 8872 8952  90.10  90.69
NeompmeT [%6] 7857 7762 7887  78.80  78.41
Nerb.maT [%] 8499 8481  86.13  86.02  86.40
Tig [°C] 274.45 282.46 247.33 221.95 197.14
Mg [Kg/s] 0.81 0.84 0.69 0.58 0.49
More [Kg/s] 0.70 0.76 0.52 0.38 0.30
Purb,orc [KW] 28.05 3055 1951  13.03 8.25
Poump,orc [KW] 1.05 1.22 0.58 0.31 0.18
Poumpwater [KW] 1.22 2.19 0.21 0.05 0.02
Pei.orc [KW] 2577 2714 1873 1267 8.04
Mwater [KQ/S] 8.16 9.91 4.52 2.87 2.11
ps [bar] 1.38 1.38 1.38 1.38 1.38
p11 [bar] 14.43 1535  11.24 8.73 7.05
Teond [°C] 26.75 2675 2675 2675  26.75
TITorc [°C] 139.82 139.82 139.82 139.82 115.82
Nurb.orc [%] 83.19 8301 8366 8377  81.39
Netore [%6] 1555 1517 1542  14.46  12.21
Peimat [KW] 9389 9690 7382 5276  35.66
Netmor [%] 2826  27.64 2872 2733  25.28
Protal [KW] 119.66  124.04 9255 6542  43.71
Nelotal [%6] 3601 3539 3600 3390  30.98
Pe, sand-aionemat [KW]  99.89  103.63  77.21  54.73  36.82
Nel, stand-alone mGT [%6] 2048 2896 2959  28.02  25.84
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Table 6.3-9 Performance of the overall system changing the ambient temperature

Nimcr [rpm] 70000 60000 60000
Tamb [°C] 15 30 0
€reqmaT [%6)] 88.87  90.28  89.92
Neomp.maT [%6] 7857 7867  78.92
NeurbmeT [%6] 84.99 8620  85.97
Tig [°C] 27445  232.74  210.96
Mg [Kg/s] 0.81 0.55 0.62
More [Kg/s] 0.70 0.39 0.37
Purb,orc [KW] 28.05  13.34 1259
Poump,0rc [KW] 1.05 0.32 0.29
Poumpawater [KW] 1.22 0.06 0.06
Pei.orc [KW] 2577 1296  12.24
Mwater [KQ/S] 8.16 2.94 2.78
ps [bar] 1.38 1.38 1.38
p11 [bar] 14.43 8.85 8.56
Teond [°C] 26.75 2675  26.75
TITore [°C] 139.82 139.82  139.82
Nurb.ore [%6] 83.19 8378  83.75
Netore [%6] 1555 1452  14.35
Peimat [KW] 93.89 4299  64.46
Netma [%6] 2826 2492  29.81
Protal [KW] 119.66  55.95  76.70
Netotal [%] 36.01 3243 3547
Pel, stand-aone maT [KW] 99.89 4458  66.78
Nel, stand-alone mGT [%6] 2048 2556  30.50
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6.3.4. Overall system

The performance of the overall system is a conclusion of the analysis performed in
the sections described before (6.3.2 and 6.3.3), and to deepen into detail, the reader
should refer to them. In Table 6.2-10 of section 6.2.3 the main parameters of the
overall system at nominal conditions are reported.

Here, how the electric power produced by the mGT working in stand-alone conditions
changes with respect to a system in which the mGT is combined with a bottoming
cycle to recover the remaining heat is shown. Figure 6.3-21 represents the electric
power that the mGT can produce by working in stand-alone conditions for different
values of ambient temperature and rotational speed. Figure 6.3-22 shows how the
electric power produced by the mGT by its own is decreased if it is coupled with a
bottoming heat exchanger. Finally, Figure 6.3-23 represents the total power produced
by the overall system formed by the mGT and the ORC designed in this work, for
different values of ambient temperature and rotational speed.
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Figure 6.3-21 Variation of the mGT electric power with the ambient temperature and
rotational speed
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Figure 6.3-22 Variation of the mGT electric power with the ambient temperature and
rotational speed considering the effect of the primary heat exchanger of the bottoming ORC
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Figure 6.3-23 Variation of the power produced by the overall system mGT+ORC with the
ambient temperature and rotational speed.
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6.4. Dynamic performance

Along this section, the dynamic results will be presented.

First, a validation in steady-state conditions with both models is done. The
comparison is between the results at part load conditions from the steady-state model
implemented in Matlab® and the results from the dynamic model implemented in
Dymola.

Second, the results from open-loop simulations, in which the rotational speed is
reduced by a step of 5% without modifying any other parameter, are shown.

Third, the analysis of the couplings among manipulated variables (i.e. fuel mass flow
rate, rotational speed and mass flow rate of the ORC working fluid) is performed and
the tuning of the PI controllers to be implemented is done.

Fourth, in order to analyze the flexibility of the whole system and study the dynamic
response, the electricity-demand profile is applied to the system. The profile collects
the electricity demand of a set of 150 houses in Cologne, Germany. The relevance
of the study does not stand on studying the whole year demand, but on analyzing
how well the system composed by the mGT with ORC responds to the variations.
Therefore, it has been decided to perform the dynamic simulations of the two most
critical days of the year (i.e. maximum and minimum load).

6.4.1. Validation

As stated in the Chapter 5. , the dynamic simulations have been performed by using
a specific software by implementing dynamic models and using its libraries. As all the
steady-state simulations have been performed with an ad-hoc model implemented in
Matlab® which differs from the dynamic model, before performing the dynamic
analysis, a validation with the steady-state results has been completed. In order to
do this validation, different operating conditions have been taken into account
considering the range in which the final dynamic analysis will be performed. These
operating conditions are two different temperatures (i.e. 0 and 15 °C) and four
different values of rotational speed (i.e. 55, 60, 65 and 70 krpm). As the dynamic
model is been tested, the values of fuel mass flow rate and ORC working fluid mass
flow rate (which are manipulated variables in the dynamic system as indicated in
section 5.4) have been imposed to the ones obtained with the steady-state model.
After imposing those values, the reached steady-state conditions obtained with the
dynamic model in Dymola are compared to the ones obtained with the steady-state
model in Matlab®. Table 6.2-1 shows the results of the total electric power output,
which is the parameter selected for the validation. It can be highlighted that the
difference of the electric power produced with both models is less than 1%.
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Therefore, it can be said that both models are coherent, and the steady-state
conditions of the dynamic model are guaranteed.

Table 6.4-1 Comparison of the produced electric power with the steady-state model in
Matlab® and the dynamic model in Dymola

N Tamb Pel [KW] Pel [KW] Difference
[krpm] [°C] (steady-state model) (dynamic model) [%0]
70 15 119.66 118.93 -0.617%
65 15 92.55 92.05 -0.549%
60 15 65.42 65.66 0.369%
55 15 43.71 43.84 0.295%
70 0 139.31 139.73 0.301%
65 0 108.79 107.86 -0.854%
60 0 76.70 76.62 -0.107%
55 0 51.86 51.89 0.046%

6.4.2. Open-loop simulations

After validating the dynamic model with the steady-state one, some simulations have
been performed by varying one of the manipulated variables in step, without
modifying the rest. In this section, a reduction of the 5% of the rotational speed is
done. This simulation aims to analyze what happens if one variable is modified in
open-loop conditions without any kind of control system.

At the very beginning of the case under study, the system is working at nominal
conditions, imposed with the results of the steady-state model. After 1000 s, the
rotational speed is reduced following a step of 5% of the nominal value. As no other
variables are modified to compensate that variation, the reduction of the rotational
speed yields to a reduction of the intake air mass flow rate (as explained in section
6.3.2). If there is a reduction of the intake air mass flow rate but the fuel mass flow
rate is not modified, the heat input is so high that the TIT increases considerably,
provoking structural damages to the heat exchanger and potentially to the turbine.
Therefore, a control system is needed to avoid this kind of situations in which the
controlled variables stay at the value imposed. Even if there are some perturbations
on the system, the control system should guarantee good conditions. The
implemented control system will be presented in the next sections.

Figure 6.4-1 shows the time response of the intake air mass flow rate (orange) with
a step reduction of the 5% of the mGT turbomachinery rotational speed (blue). Figure
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6.4-2 represents the time response of the mGT TIT (orange) with a step reduction of
the 5% of the mGT turbomachinery rotational speed (blue).
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Figure 6.4-1 Response of air mass flow rate with the reduction of 5% of the rotational speed
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Figure 6.4-2 Response of mGT TIT with the reduction of 5% of the rotational speed
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6.4.3. Control

After demonstrating that a control system is needed, it is mandatory to analyze the
mutual interactions between the manipulated variables and their effect in the
controlled variables. After performing the analysis of the mutual interactions, the
tuning of the controllers is made.

6.4.3.1. Analysis of the couplings

To evaluate the proper match of the manipulated variables (i.e. fuel mass flow rate,
mGT rotational speed and ORC working fluid mass flow rate) with the controlled
variables (i.e. total electric power, mGT TOT and ORC TIT) and the mutual
interactions among them, the RGA matrix should be evaluated. For this evaluation,
linearization nearby different equilibrium points should be made (see section 5.4.3
for more information).

As explained in the section 5.4.2, the linearization of the system has been done for 8
different cases which are representative of the operating conditions that will be
studied dynamically. These cases consider two different temperatures (0 and 15 °C)
and four different rotational speeds (55, 60, 65 and 70 krpm). The reader should refer
to the Section 5.4.2 and Appendix C to understand how the linearization was made.
After performing the linearization nearby the equilibrium points indicated by imposing
the conditions of the steady-state model, the transfer functions have been obtained
through specific commands in Matlab® indicated in the Appendix C. Once the transfer
functions have been obtained, the gain matrix can be computed for each performed
linearization. After computing the gain matrix, it is possible to evaluate the RGA
matrix, which describes the impact of each manipulated variable on each controlled
variable, as explained in section 5.4.3. For each linearization a 3x3 function transfer
matrix is obtained, leading to a 3x3 gain matrix and a 3x3 RGA matrix, which
correlates the three inputs (i.e. fuel mass flow rate, mGT rotational speed and ORC
working fluid mass flow rate) with the three outputs (i.e. total electric power, mGT
TOT and ORC TIT). Figure 6.4-3 shows the diagonal elements of the RGA matrix of
the different linearization points studied. As explained in section 5.4.3, the diagonal
elements of the RGA matrix should be as close as 1 as possible. This is an indicator
of a good coupling between input and output (i.e. each controlled variable reacts to
the effect of each manipulated variable separately).
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Figure 6.4-3 Diagonal elements of the RGA matrix of the system

In this case, by looking at Figure 6.4-3, the pair formed by the manipulated and
controlled variables defined by ORC working fluid mass flow rate and ORC TIT,
respectively, shows a perfect match, with no interactions (Ass is equal to 1). However,
the couples formed by fuel mass flow rate with total electric power and mGT rotational
speed with mGT TOT show a high interaction between them (A11 and A2z are much
higher than 1). This high interaction implies that manipulating one of the variables
(e.g. the fuel mass flow rate) has a high impact on both controlled variables (i.e. total
electric power, mGT TOT). This fact affects negatively the control, as for control
purposes, one manipulated variable should just modify one controlled variable.

Therefore, as anticipated in the section 5.4.3, a decoupler is needed. This decoupler
is a static one (i.e. it considers de gain part of the process transfer function and it
compensates the steady-state response), and in order to evaluate it, the results of
the gain matrix are needed. For each linearized case, the elements of the matrix
forming the decoupler have been computed. As just one decoupler can be
implemented, the average values of each element of the matrix have been taken. It
has to be highlighted that the decoupler is just needed for two variables, not all three;
thus, a decoupler is a 2x2 matrix. As overall result, the decoupler is:

1 1.6892
K= [0.2825 1 ]
After implementing the decoupler in the dynamic model in Dymola (see Figure 5.4-4
and Figure 5.4-5), new linearizations have been made nearby the same equilibrium
points as indicated before. Also in this case, the transfer functions matrix has been
obtained, the gain matrix computed and the RGA matrix evaluated to verify whether
there is still the presence of couplings or not. Figure 6.4-4 shows the diagonal
elements of the RGA matrix of the system including the decoupler.
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Figure 6.4-4 Diagonal elements of the RGA matrix of the system with the presence of the
decoupler

By looking at Figure 6.4-4, all the diagonal elements are closed to 1, indicating the
proper relation between manipulated and controlled variables.

As mentioned in the section 5.4.2, to reduce the non-linearities of the plant while
controlling it, the outputs of the controller (i.e. inputs to the system) represent
variations from a selected equilibrium point. The selected equilibrium point is the one
given at 65 krpm and 15°C.

In order to have a physical meaning of what has been shown with the RGA matrix
and justify physically the implementation of the decoupler, two studies have been
performed starting from the equilibrium point conditions selected (i.e. 65 krpm and
15°C). The first study consists in imposing a step of the 3% of the rotational speed
(which is one of the manipulated variables presenting the coupling) and studying its
influence on both controlled variables, namely total electric power (Figure 6.4-5) and
mGT TOT (Figure 6.4-6), for both cases, with (red line) and without (blue line)
decoupler implemented. The second study consists in imposing a step of the 3% of
the fuel mass flow rate (which is the other manipulated variable presenting the
coupling) and studying its influence on both controlled variables, namely total electric
power (Figure 6.4-7) and mGT TOT (Figure 6.4-8), for both cases, with (red line) and
without (blue line) decoupler implemented.

By analyzing Figure 6.4-5, with the decoupler, the variation of the response of the
electric power with a manipulation of the rotational speed is almost zero; which is not
the case without decoupler. Both controlled variables are modified when the
decoupler is not present (see Figure 6.4-5 and Figure 6.4-6), but with the decoupler,
the manipulation of the rotational speed only influences the variable which should
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control, namely the mGT TOT. As it is a static decoupler, the dynamic transition
still present.
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Figure 6.4-5 Effect of the decoupler in the total electric power produced by a 3% increase of
the rotational speed
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Figure 6.4-6 Effect of the decoupler in the mGT TOT by a 3% increase of the rotational
speed

By manipulating the fuel mass flow rate, it is expected that it only has an effect on the
total electric power produced. By analyzing Figure 6.4-8, it can be seen the effect of
the decoupler, with which the mGT TOT remains almost unaffected by the
manipulation of the fuel mass flow rate. This fact completely differs when the
decoupler is not present.
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Figure 6.4-7 Effect of the decoupler in the total electric power produced by a 3% increase of
the fuel mass flow rate
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Figure 6.4-8 Effect of the decoupler in the mGT TOT by a 3% increase of the fuel mass flow
rate

With both studied cases, it can be concluded that the fuel mass flow rate uniquely
affects the total electric power produced and the rotational speed only affects the
mGT TOT.

Therefore, the decoupler is well designed and its need is justified by the fact that it
allows the complete separation of the effects of the manipulated variables in the
controlled variables which are not supposed to control.

139



6.4.3.2. Tuning of the controllers

After performing the linearization of the system and study the mutual interactions, it
is possible to proceed with the tuning of the controllers. For that purpose, the PID
Tuning tool from Matlab® has been used. To use that tool, the transfer functions
obtained from the linearization are needed. With the tool, it is possible to study the
step response of the controlled variable by modifying the parameters of the controller
automatically, selecting the response time (slower or faster) and the transient
behavior (aggressive or robust) through a slide bar. A faster response decreases the
settling time (i.e. the time that takes to the output to reach and to stay within an error
band from the steady-state value after applying a step in the input) but increases the
overshoot (i.e. the maximum deviation of the output with respect to the steady-state
final value) and a robust behavior increases the rise and settling time but decreases
the overshoot. The optimal response would be the fastest and with less overshoot.
As that cannot be possible, a good compromise should be found. Different controllers
have been implemented and tested; however, the most suitable ones are the ones
reported in Table 6.4-2. At the beginning, PID controllers were tried to be
implemented, however, the derivative part creates so much instabilities, that the
author has decided to use PI controllers.

Table 6.4-2 Tuning of the PI controllers

Controller 1 | Controller 2 | Controller 3
Controlled variable i'g\fvtgrc mGTTOT | ORCTIT
Manipulated Fuel mass Rotational ORC mass
variable flow speed flow rate
Kp 5.17-10°% -2.242-10* | -5.0153:103
Ti 3.01-10 7.79-101 32.19
Rise time [s] 15.2 11.9 32.9
Settling time [s] 24.7 69.8 127.0
Overshoot 1.58% 8.55% 1.77%

By looking at Table 6.4-2, the controller which controls the electric power is the fastest
one with the lowest value of overshoot. Figure 6.4-9 shows the step response of the
tuning of the controller which controls the electric power. On that figure, it can be
appreciated the smooth response of the controlled variable.

The second controller, namely the one controlling the mGT TOT, has a bigger
overshoot, equal to 8.55%, but it is accepted to lower down the settling time. Figure
6.4-10 shows the step response of the tuning of the controller which controls the mGT
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TOT. Another controller has been tested with a lower settling time, but the overshoot
was so high that the TOT reached unaffordable values.

Finally, the third controller, namely the one which controls the ORC TIT, presents the
biggest settling time with not so high overshoot. This is expected as the inertia of the
ORC is higher due to the number of heat exchangers involved. Figure 6.4-11
represents the step response of the tuning of the controller of the ORC TIT. With the
action of the controller, the controlled variable has a steep inverse response at the
beginning. As the dynamic system under study changes fast (in less than a minute),
the settling time should be minimized, but that effect must be considered. The
controller indicated in Table 6.4-2, is the fastest one that can be implemented.
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Figure 6.4-9 Step response for tuning the PI controller of the produced electric power
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Figure 6.4-10 Step response for tuning the Pl controller of the mGT TOT
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Figure 6.4-11 Step response for tuning the PI controller of the ORC TIT

6.4.4. Overall analysis

The selected case study considers that the designed system aims following the
electric demand of a group of 150 houses placed in Cologne, Germany [128]. The
annual electric load profile is shown in Figure 6.4-12, representing the required peaks
of power for each second of the year.
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Figure 6.4-12 Power peaks along a whole year

It can be appreciated that the electric demand is higher in winter than in summer.
This fact is explained since the heating system consists in a group of heat pumps. In
order to stay as less intrusive as possible, it has been decided to integrate a system
in parallel with the grid which just feeds the electricity requirements and not the heat
ones, S0 no cogeneration is considered.
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The dynamic analysis here described aims to know whether the system composed
by the mGT and ORC can fulfill adequately the electric demand, when it is possible.
That last remark indicates that the system has some physical limits (i.e. maximum
and minimum power output) because the system has not been designed to satisfy
the whole request, but to work in high load conditions along the year. Therefore, even
if the electric demand is high, the system has a maximum of production at the ambient
temperature in which is working. Moreover, it has been established that the system
cannot work in conditions lower than the 30% in part-load conditions. Thus, taking
the steady-state results, limits on the set point of the required demand are imposed.
Those limits are the maximum, given by the mGT rotating at 70000 rpm at the
different ambient temperatures, and the minimum, which is the 30% of the maximum
value. Those values limit the operating range of the energy system at different
ambient temperature. The limits on the set point are shown in Figure 6.4-13. Those
limits indicate that if the request is higher than the maximum limit, the system will be
asked to give its maximum and not more. The rest demanded electricity should be
given by another system, which could be a battery or the grid itself. Oppositely, if the
request is lower than the established minimum, the system will give the minimum in
order not to stop the system. Hence, the overproduction should be transferred to
another system, which could be a battery or the grid.
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Figure 6.4-13 Limits of the produced electric power at different ambient temperature

As the dynamic analysis will be performed, the set points of the controllers have to
be set. As mentioned above, the set point imposed for the total produced electric
power, which is the first controlled variable and the most important one, is given by
the electric demand imposed by the set of houses (if that demand is within the limits
indicated in Figure 6.4-13; if not, the physical limits impose the set point). The set
point of the second controlled variable, which is the mGT TOT, is fixed to the value
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of 645 °C. Finally, the set point of the third controlled variable, namely the ORC TIT,
is fixed by the results obtained with the steady-state model. It is considered that the
TIT should be fixed at the nominal value when possible, but, as described in section
6.3.3, not always is possible to keep that temperature when the part load of the mGT
is too low and the temperature and mass flow of the flue gases drop. Figure 6.4-14
shows the results coming from the steady-state model, satisfying the mass and
energy balances trying to keep the maximum possible TIT. The discontinuities at the
end of the flat part in which the TIT is kept as its maximum value are due to numerical
issues. The variation with respect to the nominal value is 1°C.
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Figure 6.4-14 ORC TIT set point with respect to the rotational speed and ambient
temperature

Once the limits on the set points have been imposed, to analyze the dynamic
response, the two most critical days in terms of electricity demand have been
simulated: the one with the highest (winter day, January 9™") and the lowest (summer
day, July 1% electricity demand.

As the performance varies with the ambient temperature, the profiles of both days
have been taken from the database of Cologne in [129]. The ambient temperature
profile of a day in January is shown in Figure 6.4-15; while the ambient temperature
profile of a day in July is shown in Figure 6.4-16.

As stated before, two critical days have been studied, but they have been studied in
two different ways. The first way considers that the electricity demand is the real one
each second; hence, the simulation of the system aims to follow the actual electricity
demand. The second way considers that following the peaks is not feasible for this
system, thus a filtered demand is considered by taking an average value for each
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minute of the day. These last simulations are made after realizing that the peaks on
the actual value of the variable cannot follow the real demand.
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Figure 6.4-15 Ambient temperature of the day with the highest electricity demand (January)
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Figure 6.4-16 Ambient temperature of the day with the lowest electricity demand (July)

In the next pages, the controlled variables resulting for the simulations of each day
are presented. Figure 6.4-17 shows the three controlled variables (i.e. Total electric
power, mGT TOT and ORC TIT) of the day with the highest electricity demand; while
Figure 6.4-18 shows the results of the simulations of the same day but considering a
one-minute averaged electricity demand. Figure 6.4-19 shows how the three
controlled variables behave on the day with the lowest electricity demand and Figure
6.4-20 shows the same three controlled variables considering a one-minute averaged
electricity demand. Finally, after presenting the results of the whole day, an
ampliation of the most critical minutes detected are presented to properly see how
the controlled variable follows the imposed set point. Figure 6.4-21 shows the
ampliation considering the real demand while Figure 6.4-22 shows the ampliation of
the results of the filtered simulation. In all the figures mentioned in this paragraph, in
magenta the real electricity demand is shown; in red, the set point imposed to the
controller; and in blue, the actual value of the controlled variable. It can be seen that
the set point of the electric power differs from the real electricity demand when the
limits are overpassed, as explained before.
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Figure 6.4-17 Electric power request (top), mGT TOT (middle) and ORC TIT (bottom) for the
day with the highest electricity demand
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Figure 6.4-18 Electric power request (top), mGT TOT (middle) and ORC TIT (bottom) for the
day with the highest electricity demand (one-minute average filtered demand)

147



140 T T T T T T T T T T T T T T T T T T T T T T T
Real demand

Set Point
120 - —-—- Actual value N
< 100
5}
5
£ 80
0
3 60
w
40 -
20 1 1 | 1 1 | | 1 1 | | 1 I | | 1 I | 1 1 1 | 1
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [h]
T T T T T T T T T T T T T T I T T T T
Set Point
| —-—- Actual value

TOT [°C]

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

o
-
N -
w -
N

Time [h]
T T T T T T T T T T T T T T T T I I I T T
Set Point
— - — - Actual value
' E I ’
| |
o | 1' T ||| | 0] ' '|

18 b b R e | L Y L I l| l Ll

TIT [°C]

| | 1 | | | I | | 1 I | | Il I | | 1 | | |
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [h]

Figure 6.4-19 Electric power request (top), mGT TOT (middle) and ORC TIT (bottom) for the
day with the lowest electricity demand
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Figure 6.4-20 Electric power request (top), mGT TOT (middle) and ORC TIT (bottom) for the
day with the lowest electricity demand (one-minute average filtered demand)
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While comparing the performance of the system considering the filtered demand or
the non-filtered one, it can be seen that with the non-filtered one, the system is not
able to completely follow the request. This fact has been expected from the beginning
when analyzing the settling time of the controllers (Table 6.4-2). Even if the PI
controller which controls the electric power is the fastest one, it still needs 24.7 s to
reach the steady-state solution. This time, combined with the peaks on the request
(therefore peaks on the set point), causes that the system cannot follow completely
what it is demanded so the exchange of energy with the grid is needed. The average
differences with the demanded energy with respect to the set point are 1.92 % in the
case in which it is asked to the system the real electricity demand and 0.30 % in the
case in which that demand is filtered considering one-minute average, presenting the
maximum error peaks equal to 69.06 % and 7.95 %, respectively. This indicates that
the system cannot follow the real demand when it is needed, so a parallel system
(like a grid or a battery) should be introduced to satisfy the differences and to receive
and give energy when the system works on its limits.

With the real demand, the electricity peaks are so high, that also the other controlled
variables suffer big peaks. By looking at the response of the controlled variables in
Figure 6.4-21 and Figure 6.4-22, it can be clearly appreciated these differences. The
peaks present in the electric demand disappear if it is considered a one-minute
average demand, giving as a result a smoother behavior. The controlled variables
follow better the set point with a filtered demand.

In addition, by analyzing the temperature peaks, a heat exchanger may not withstand
the peaks that appear with the real demand, because they can cause thermal
stresses to the component.

Summing up, as a parallel system is needed anyway because the system formed by
the mGT and ORC cannot satisfy the real demand, it is better to impose a filtered set
point on the electric demand rather than consider the real one, to make smoother
transitions and guaranteeing the proper performance, as well as reducing thermal
stresses in the components.
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Chapter 7. Conclusions and
recommendations

It’s better to feel the rain on your skin rather than to look at the
sun through the window

7.1. Conclusions

The PhD work deals with the study of the steady-state and transient response of a
system formed by a commercial mGT and an optimized bottoming ORC, which aims
to satisfy the electricity demand of a set of 150 houses in Cologne (Germany). The
research project aims to develop simulation models to evaluate the performance of
the overall system.

The first part of the research aims to study how the system behaves in nominal
conditions. For that part of the research, two main models are developed in Matlab®:
one to evaluate the performance of a commercial MGT and another one to optimize
the design of the bottoming ORC module in terms of electric power output. As regards
the ORC, different working fluids are investigated and the most promising one in term
of electric power output and environmental impact is the R1233zd. This fluid seems
the perfect alternative to R245fa in terms of environmental impact and cost (20-
25€/kg for the R1233zd vs 30-35€/kg for the R245fa) [116]. Introducing the bottoming
ORC results in an increment of the electricity production from 100 kWe to almost 120
kWe, increasing the efficiency of the overall system from 29.5% to 36%. In order to
complete the design, the geometries of the heat exchangers are determined. The
determination of the geometries is mandatory to evaluate the mass and volume of
each heat exchanger, which rule the dynamic behavior of them. Two different
procedures are used here according to the heat exchanger that has to be simulated.
For the regenerator of the mGT, a 3D model is developed in Matlab® to recreate the
existing heat exchanger with the dimensions available in the literature. The heat
exchangers of the ORC are designed by using the commercial software Aspen
Exchanger Design & Rating®. Plate-fin heat exchangers are the most optimal ones
in terms of compactness.

The second part of the research aims to study how the system behaves in steady-
state off-design conditions. This is a mandatory part for the transition in the study of
the system behavior from nominal conditions to dynamic conditions. This part is
exhaustively described in the section 6.3. It is needed to deeply analyze how the
system behaves when the ambient temperature changes and the demanded electric
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power is not the nominal one. The off-design conditions obtained from the steady-
state models in Matlab® are then used for the study of the dynamic behavior in
different ways. These results are the basis to validate the performance of the dynamic
model developed with Dymola by imposing different operating conditions and
checking the final steady-state results from the dynamic model. Moreover, for control
purposes, the off-design steady-state conditions are used in two different ways. The
first one consists in imposing a physical limit to the required electric power (i.e. the
controller cannot ask to the system more than what is physically possible) and
imposing the set point of the ORC TIT, aiming to maximize the ORC power output.
The second one consists in detecting different off-design equilibrium points in which
the system will be linearized to proceed with the design of the control system.

Once the steady-state models, simulations and results are concluded, the third part
of the research aims to move forward the steady-state conditions and analyze the
dynamic response. For this purpose, dynamic models are developed by using
Dymola. As mentioned before, the steady-state results obtained with the dynamic
models are validated with the off-design steady-state results. After that validation,
open loop (i.e. without a control system) simulations are performed. These
simulations bring to the conclusion that a control system is needed for studying the
dynamic response, aiming to guarantee good operational conditions, which do not
occur if the system works in open-loop conditions. Therefore, a simple control system
is designed using the most common controllers in the market, Pl controllers. The
controllers are designed using the PID Tuner tool of Matlab®, looking for a
compromise in the response in terms of fast response and overshoot. The dynamic
behavior is then analyzed by studying the electricity demand profiles of the two most
critical days of the year: the one with the highest and the lowest load profile. The
simulations are performed considering a time step of one second, however, two type
of profiles are imposed: real demand conditions and one-minute averaged demand
conditions. Those profiles are imposed as set points in the electric power controller.
After analyzing the transient response, it is concluded that the proposed system
formed by the mGT and ORC cannot work in stand-alone conditions to satisfy the
demand instantaneously, as there is a difference in the demanded electricity and the
given electricity. As the system is not able to fulfill the demand by its own, and a
parallel system should be needed, the results show that taking an averaged profile
helps to get considerably smoother results, therefore, the equipment would suffer
less as the temperature gradients are lower. Taking an averaged profile is unrealistic
if the proposed system formed by mGT and ORC has to work on its own, but it could
be very efficient when working with a parallel system consisting of a battery or the
electric grid itself, which allows peaks to be satisfied.
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7.2. Recommendations

After analyzing the dynamic behavior of the system, it is concluded that the proposed
system formed by the mGT and ORC cannot work in stand-alone conditions to fulfill
the demand instantaneously without being coupled with a parallel system (e.g. the
grid, battery). The author has identified some points that could be further studied.

Three recommendations are given here to deepen more into detail and to optimize
the performance of the cycle.

First, if the overall system aims to fulfill completely the demand, then, different
considerations should be taken into account to try to satisfy that requirement. The
number of houses should be reduced, in order to be able to satisfy all the peaks,
which is not the case under study here. Moreover, if the purpose is to follow the
demand without a parallel system, then the system power output cannot be reduced
till the 30%, but the study of stronger partial loads should be done. As it has been
shown through the dynamic analysis, following the demand instantaneously cannot
be made with the implemented controllers; therefore, more sophisticated controllers
should be considered (e.g. model predictive controllers). These suggestions need to
be further studied because there are no guarantees that with these
recommendations, the system would be able to satisfy the demand.

Second, as the dynamics of the mGT are much faster than the bottoming ORC, still
considering the suggestions given before, it could be studied a way to couple and
decouple the bottoming ORC. This could give another degree of freedom increasing
the flexibility. However, the author expects that this could give more flexibility to
reduce the load drastically, by avoiding the ORC; but it would be more critical
increasing the load, as the ORC should be warmed up. Nevertheless, this is an
interesting study that could be performed.

Third, taking for granted that the system formed by the mGT and ORC here studied
cannot satisfy the demand (as demonstrated with the dynamic analysis) and thus, a
parallel system is needed, an optimization of the performance of the system can be
done. The author considers this solution as the best one among those mentioned.
The proposed solution consists in optimizing the load of the system by imposing
optimized set points to the electric load instead of the real demand. As it has been
seen with the dynamic results considering one-minute averaged values, the behavior
is smoother, reducing the error between the set point and the actual value, as well
as the overshoots. The optimization here proposed aims to guarantee a smooth
transition as well as to optimize the energy exchange with the battery or with the grid.
In the case that the energy exchange is done with the grid, then an economic
optimization should be performed, aiming to satisfy the overall electricity demand of
the set of houses but considering the benefits and uncertainties of selling and buying
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electricity to and from the grid, respectively. This optimization could be implemented
with more sophisticated controllers as well.
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A. Turbomachinery
extrapolation method

The procedure used for the sub-idle extrapolation is based on the basic principles of
the similarity laws while taking into consideration the compressibility effects. This
method has been validated for both steady state and dynamic conditions [130], [131].

Usually, the characteristics of the turbine and compressor (i.e. mass flow rate, m,
pressure ratio, PR, and efficiency, n) are given by terms of a percentage of reduced
relative speed (%N) and a beta value®.

(‘ril, PR, 77) = f(%N, .Bline)

The extrapolation method considers the two speed lines which correlate the
efficiency, reduced mass flow and pressure ratio at the lowest values of percentage
of relative speed that is available. The speed lines taken as reference are at the
lowest values because the extrapolation is done for the sub-idle region. This method
uses a reference value of the variable which is going to be extrapolated, as start point
for the calculation of the variable, and another lower speed line in order to calculate
the similarity law exponents.

Figure A-1shows the relation between pressure ratio and reduced mass flow for the
centrifugal compressor of the AE-T100 at different percentages of reduced rotational
speed. Continuous lines represent the information given by the manufacturer, while
dashed lines represent the extrapolated curves for the sub-idle region, following the
procedure here described. On one hand, the curve in red represents the value of
60% of reduced rotational speed, and it is taken as the reference speed line in the
procedure (subscript ref in the equations). On the other hand, the curve in magenta
represents the value of 50% of reduced rotational speed (subscript aux in the
equations). Once the information given by the manufacturer is collected, the values
that are going to be extrapolated are the pressure ratio, the reduced mass flow and
the efficiency, for both turbine and compressor. Each of these values requires a
different expression and different similarity law exponents.

4 A beta value is an unique value of a beta line. A beta line is an auxiliary line with no physical
meaning which correlates the pressure ratio with the mass flow. The usefulness of these lines
stays in the fact that they provide unique intersections with speed lines.
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Compressor

The equations used to extrapolate the values for the compressor, following [130], are:

Pressure ratio (Bcomp x):

4
y-1 kg y-1
PO O P NI U £q. 161
comp x ref comp %Nref comp
Similarity law exponent coefficient for the pressure ratio (kg comp):
y-1
Y
-1

logyo y;a1ux

Y _ Eq. 162
ref comp 1 d

" comp = %Naux )

10g10 <%Nref comp
Reduced mass flow rate (mr.omp x):

%N, )Kmr o Eq. 163

MTecomp x = MTref comp * (
%Nref comp
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Similarity law exponent coefficient for the reduced mass flow rate (k- comp):

logyo (M)

mrref comp
Kmr comp = %N Eqg. 164
10g10 (ﬂ)
0lNref comp
Efficiency (ncomp x):
%Nx Kmr comp KB comp—Kn comp
Ncomp x = Mref comp * <m> Eg. 165
Similarity law exponent coefficient for the efficiency (i, comp):
Ky comp = KB comp + Kmr comp — %N x Eg. 166
lo (—)
E10 %Nref comp

Turbine

The equations used to extrapolate the values for the turbine slightly differ than the
ones of the compressor, so those differences have to be taken into account in order
to properly perform the extrapolation. By following [130], those equations are:

Pressure ratio (Bryrp x):

Bturbx =

[~

1-((1 ( 1 )y;—l ( %N, )"B“‘”’ £q. 167
ﬁref turb %Nref turb

Similarity law exponent coefficient for the pressure ratio (kg ¢yrp):

y-1
()7 )
10g10 aux =T
\1_< 1 )y/ Eq. 168
ﬁrefturb

% Nayx )
10g10 <%Nref turb

Kg turp =
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Reduced mass flow rate (mry,,p ):

%Nx )Kmr turb
_ N R Eq. 169
mr; mr, b
turb x ref tur <% Nref urb
Similarity law exponent coefficient for the reduced mass flow rate (k- rurp)
mr,
10 ( aux )
810 mrref turb Eq. 170
Kmr turb = %N qg.
o810 (5725
0810 %Nref turb
Efficiency (Meurp x):
%Nx Ky turb —Kmr turb~Kp turb
Nturb x = Mref turb (‘VN ) Eg. 171
0lNref turb
Similarity law exponent coefficient for the efficiency (ic;, tyrp):
logy, ( Naux )
Nref turb Eq. 172
Ky turb = Kg turb T Kmr twrb + | %N g0 ) qg.
0 ———————
810 <%Nref turb
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B. Calculation of properties
using the NASA coefficients

In order to speed up the simulations while still obtaining the real values of the
properties of the fluids, for the fluids working in the gas turbine (i.e. air, natural gas
and flue gas) the properties have been calculated using the NASA polynomials [132].
For this purpose, the equations used are:

Cp(T) = R(ay + a;T + azT? + a,T? + asT*) Eq. 173
a,T a3T? a,T® asT* b,
T) =RT — Eqg. 174
h(T) (al ottt q
as;T?  a,T® asT*
s(T) = R| ayInT + a,T + > 3 7 b, Eg. 175

The Table B- 1 collects the information of the enthalpy and entropy of formation at
25°C of each component participating in the reactions of combustion with the used
fuel. Moreover, the molecular masses of each component is also reported.

Table B- 1 Molecular mass, enthalpy and entropy of formation of the components.

h°f [J/mol] s°f [J/molK] MM [kg/kmol]

Ar 0 1.54-105 39.94
CHa -7.49-107 1.86-10° 16.043
CO, -3.94.108 2.14-10° 44.009
C2Hs -8.47-107 2.29-10° 30.07
CsHs -1.04-108 2.70-10° 44.09
(F\I/Z%) -2.42.10° 1.89.10° 18.01
N2 0 1.92-10° 28.013
O 0 2.05-105 31.999
CsH1o -1.26-10° -3.66-10° 58.124

Table B- 2 and Table B- 3 collect the coefficients that should be introduced in Eq.
173, Eqg. 174 and Eq. 175 to evaluate the different properties. Table B- 2 is used
when the temperature at which the properties are going to be evaluated is lower than
1000 K and Table B- 3 when the temperature is higher than 1000 K.
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Table B- 2 NASA coefficients to be applied when the temperature is lower than 1000K

ai az as as as by b2
Ar 2.50 0 0 0 0 -7.45-10? 4.37
CHa 293 257-10% 7.84.10° -4.91.10° 2.04-10* -1.01-10% 4.63
CO; 240 8.74-10% -6.61-10° 2.00-10° 6.33-10?% -4.84-10* 9.70
CzHe 1.46 1.55-10% 5.78:10°® -1.26-10® 4.59-10%? -1.12-10* 1.44-10%
CsHs 8.97-10' 2.67-10%2 5.43-10° -2.13-10® 9.24-10%* -1.40-10* 1.94-10!
H20 417 -1.81-10° 5.95.10°% -4.87-10° 1.53-10** -3.03-10* -7.31-10%
N2 3.70 -1.42.10° 2.87-10° -1.20-10° -1.40-10** -1.06-10° 2.23
02 3.78 -3.02:10°® 9.95-10° -9.82.10° 3.30-10* -1.06-10° 3.64
C4H1o 241 3.39:10% -1.58-10°% -1.14-10® 4.11-10** -1.89-10* -5.38-10!

Table B- 3 NASA coefficients to be applied when the temperature is higher than 1000K

ai az as as as b1 b2
Ar 2.50 0 0 0 0 -7.45.10? 4.37
CHa 236 8.73:10° -2.84.10° 4.05-10%° -2.05-10** -1.03-10% 6.03
CO; 446 3.10-10° -1.24.10% 2.27-10%° -155.10* -4.90-10* -9.86-10*
CzHe 483 1.38-10% -4.56-10% 6.72:10%° -3.60-10* -1.27-10* -5.24
CsHs 753 1.89-10%2 -6.28-10° 9.18-10%° -4.81-10%* -1.65-10* -1.78-10!
H20 261 3.16-10° -9.30-107 1.33-10%° -7.47-10% -2.99.-10% 7.21
N2 2.85 1.60-10° -6.29-107 1.14-10%° -7.81-10% -8.90-10? 6.40
0. 3.61 7.49-10* -1.98-107 3.37-10%* -2.39-10% -1.20-10° 3.67
CaH1o 241 3.39:10% -1.58-10° -1.14-10® 4.11-10* -1.89-10* -5.38-10!

162



C. Linearization using Dymola

One huge feature that Dymola has is the possibility to linearize the whole system
nearby a fixed steady-state point. This powerful tool is very useful for control
purposes, but a non-straight-line procedure has to be followed in order to do it
properly.

The Jacobian matrices can be obtained through the "Linearize" command of Dymola:
for a given set of variables values at equilibrium. Therefore, the first step is to reach
the convergence nearby the equilibrium point in which it is desired to do the
linearization. In order to do that, a similar schema of the one in the figure should be
implemented in Dymola. In that schema, the inputs and outputs are included in the
model without being connected to an external source/sink respectively. The
conditions of the equilibrium point at which the linearization is going to be performed
is imposed by the constant blocks.

dw_NaturalGas

>

w_Natural

yPel_total

dN_rotation k=oTfDesm...

>

N_rotation

k=offDesignCo

Tamb C Water pump =
b [ consumption I %
offDesignCondtion +>

yTIT

dw_ORC

>

k=offDesignCo...

w_ORC .
b

h 4

The procedure is here explained:

1. Impose the points at which the linearization at equilibrium conditions will be
performed.
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2. Run the simulation for a long time till steady-state conditions are reached. In
the folder of the simulation file, a file called “dsfinal” should have been
created.

3. Run steady-state conditions of the system by importing the final conditions of
the “dsfinal” file (Simulation —Continue—Import initial).

4. Proceed with the linearization (Modeling—Linear Analysis—Linearize)

5. Anew Matlab®file is created in the folder in which the results are being stored.

The Matlab® file storages 4 variables:

- ABCD

- Aclass

- XuyName
- nx

Through the command “Linearize”, Dymola evaluates numerically the Jacobian and
stores the results in a (n + p) x (n + m) matrix: matrix ABCD. The size of the matrix is
defined by. n, which is the system order (i.e. the number of state variables), p, which
is the number of outputs and m, which is the number of inputs.

In order to work with the process transfer function, it is mandatory to extract first the
data.The Matlab® code to extract the matrices is:

NameLin ='dslin’; % This is the name of the file with the linearization data
% generated with Dymola

load(strcat(NameLin)); % Load of the data

% Extraction of the different matrices of the system.

A = ABCD(1:nx,1:nx);

B = ABCD(1:nx,nx+1:end);

C = ABCD(nx+1:end,1:nx);

D = ABCD(nx+1:end,nx+1:end);

% Process transfer function in state space.

G =ss(A,B,C,D);
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