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Chapter 1

Introduction

The project Combined Heat and Power - Application Studies of Options including Microturbines,
consist on the development of several models for some cogeneration technologies, as well for
trigeneration, whose purpose is the optimisation of the design and the operation of a plant. This
optimisation is carried out though the solving of a thermoeconomical model, using a software for
nonlinear programming.

For the realisation of the project, it was defined the concept of energy systems and all that is
related with it, like the components, inputs and outputs. A survey of cogeneration technologies
was made, describing the basis of thermodynamics, the range of size, applications, and some
others relevant characteristics. An analysis of the demand has been also included. The
determination of the user requirements and the aspects involved with it, are topics particularly
studied. Six different cases of demand have been defined, with different energy demand, climate
conditions and geographical position.

Thermodynamics of the technologies selected —gas turbine, backpressure steam turbine, micro
gas turbine, heat pumps, compression and absorption chillers— was described in detail. On the
other hand the economics of these technologies was presented, based on several studies done by
scientists and academics specialists in this field. It was also investigated the currently prices and
forecasts for fuels used by the technologies and electricity in one specified place; economical
engineering concepts were applied. Combining all this, optimisation models were built, known as
thermoeconomical models.

Finally, an analysis of the results of the modelling was made, and conclusions and
recommendations are presented. With this project it is tried to have an useful guide for the
selecting of a cogeneration technology for a specific case of demand. It is also tried to establish a
comparison between the energy supply for a specific user producing electricity and heat
separately, and with cogeneration technologies. This comparison is raised specially from the
economical viewpoint, although the environmental aspect is also taken into account. This work
pretends to show the convenience of implementing cogeneration plants in some cases, which has
an important impulse currently in many countries, not only because of the economical benefits,
but also because of the excellent efficient use of the energy got with these



Chapter 2

Energy Systems

Energy exists in a variety of forms. All human activities involve conversion of energy from one
form to another. In fact, life itself depends on energy conversion processes. Some of the
processes for transformation between important forms of energy and the names of some
associated energy converters are summarized in the Table 1.

From/To Thermal Energy Mechanical Energy| Electrical Energy
Chemical Energy Furnace Diesel engine Fuel cell
Thermal Energy Heat exchanger Steam turbine Thermocouple

Mechanical Refrigerator, Heat Gearbox Electrical Generator

Energy pump

. Nuclear steam
Nuclear Energy Fission reactor turbine Nuclear power plant

Table 1. Energy transformation matrix [3]

In this work energy system is defined as a schematic representation of the set of equipments,
installations and the respective interconnections, required to supply different energy forms
(power, heat and cooling) demanded by specific users, using primary energy sources (fuel and
other sources). The energy system has all the time the same set of equipments installations and
interconnections, that means bounded by a closed and ideal surface; all other matter that can
interact with the system is called the surroundings. Energy conversion is concerned with changes
in the energy system and in its interactions with the surroundings. All the forms of energy, such
as power, heat and cooling (extraction of heat) are transported across the energy system
boundaries to or from the environment. The Figure 1 shows the energy system defined
previously.

FUUEL
—— Supply of Pawer
FRIMARY Hequired
ENERGY
SOURCES
— ——* Supply of Heat
p— Required
ENERGY
SOURCES -~ Bupply of Cooling

HRequired
Figure 1. Energy System



2.1 Classification of Energy Systems

The energy systems can be classified in two categories in accord with several topics; the Figure 2
shows the topics that define the classification of energy systems.

CLASSIFICATION OF
ENERGY SYSTEMS

According to According to
the user the forms of energy
required
| | Residential / Commercial | | | Power
User
|| Industrial User || Heat
L Urban User || Cooling
Combinations

Figure 2. Classification of energy systems

2.1.1 According to the user

Residential / Commercial users are specifically houses, households, buildings, offices, schools,
hotels, shopping-centres, hospitals, universities, sport centres, etc. In these cases the heat demand
varies significantly within a year, being high in winter and low in summer; the power demand
varies in an interval of £15% of a base load. Industrial users require different forms of energy for
technological purposes (production of chemicals, food, paper, etc). These users are characterized
by a constant head demand and a variation of the power demand less of £15% of the base load.
Urban users are industrialized community areas consisting of private settlements, buildings for
administration and related services as well as production locations. The power and heat demands
are the addition of the respective demand of each component.

2.1.2 According to the forms of energy required

An energy system can be designed for only a form of energy, as such power, heat or cooling or as
combinations of those. Heat and power is the combination most used worldwide, the most
commonly applications are district heating, space heating and hot water for domestic, commercial
or industrial use. Heat, power and cooling is a combination used in the industrial sector, when
both heat and cooling are required for special processes, as such food industry and meat industry.



2.2 Efficient Energy Systems

In this work, efficient energy systems are based on a synthesis of cogeneration plants,
refrigeration systems and auxiliary equipments. The Figure 3 shows the schematic representation
of an efficient energy system.

POWER UTILITY

Power sold Pawer bought

Aunxiliary Equipment
(to buy and sell power)

Power
Fuel Cogeneration
Bystem
—+ Heat
Refrigeration Cooling

System

Anxiliary
Equipment
R (to supply Heat)

Fuel or

EFFICIENT ENERGY SYSTEM

Figure 3. Efficient energy system

The cogeneration system produces two different forms of energy from a primary energy source;
normally these two forms of energy are heat and power. Is the principal component of the
efficient energy system, it produces the energy demanded for the user and for other equipments,
as the refrigeration systems. The refrigeration systems produce cooling and can be classified in
two main groups, the electrical refrigeration systems and the absorption refrigeration system;
both are explained with details in this chapter.

CLASSIFICATION OF
REFRIGERATION
SYSTEMS

ELECTRICAL COMPRESSION ABSORPTION
REFRIGERATION SYSTEMS REFRIGERATION SYSTEMS

Figure 4. Classification of refrigeration systems
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When the refrigeration systems are directly provided by the cogeneration system, the whole
cogeneration-refrigeration arrangement is called trigeneration, that means, the generation of three
different forms of energy from the primary energy source, namely, heating, cooling and power
generation.

The auxiliary equipment of an energy system is basically used to supply an excess of any kind of
energy to the user and also to give the option to buy energy when is needed.The principal
auxiliary equipments employed in energy systems are defined by the Figure 5.

AUXILIARY
EQUIPMENT

Auxiliary equipment to supply Auxiliary equipment to buy
excess of heat and/or sell electricity

Auxiliary Boilers

Heat Pumps

Figure 5. Auxiliary equipment

2.3 Cogeneration

Cogeneration or Combined Heat and Power (CHP) is defined as the thermodynamically
sequential production of two or more useful forms of energy from a single primary energy source

[1].

The most usual forms of energy are mechanical and thermal energy. Mechanical energy is usually
used to drive an electric generator to produce electricity, and the thermal energy produced can be
used for heating or for cooling.

2.3.1 Comparison between cogeneration energy systems and conventional
energy systems

The conventional power plant, shown in the Figure 6 , receives fuel energy, producing work and
rejecting heat to a sink at low temperature. The efficiency of a conventional power plant, that is,
the work produced divided by the supplied fuel energy, is commonly between 25%-35%.

During the operation of the conventional power plant, large quantities of heat are rejected in the

atmosphere either through the cooling units (steam condensers, cooling towers, water coolers in
Diesel or Otto engines, etc) or with the exhaust gases.
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Fuel Energy

Conventional Work
Power Plant

Non useful
Heat

Figure 6. Conventional Power Plant [2]

The conventional energy systems produce power with a conventional power plant and produces
useful heat with auxiliary equipments as boilers, that is, separate production of heat and power.
Conventional boilers receive also fuel energy and produce heat at the required temperature. The
efficiency of a conventional boiler, that is, the heat produced divided by the supplied fuel energy,
is commonly between 75%-85%.

A separate production of power and heat by a conventional energy system (conventional power
plant and a conventional boiler) is shown in the Figure 7.

Fuel i i Exhaust Gases [ =
Energy ! Conventional ; > [m g }
Ly Power Plant E PP
W 1o (Electric Efficiency = 1) : Power
Fop =—=— 1 ) . >»W=1
e  Me i
Fuel i i Exhaust Gases | *
Energy | Conventional ; » | Mg
L Boiler ! B
L Thermal Efficiency = | Useful Heat
- g A ! ( y =1B) , > Q= Ao
B — - ' |
Mg Mg |
Conventional Energy System
Figure 7. Separate production of power and heat by a conventional energy system
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In order to illustrate better the performance, the electrical load W is unity. The total fuel energy
required in the conventional energy system is therefore:

1 A_D:nB—i_ﬂ’Dne

Fuel Energy = Fc =Fpp + Fg = —+ (1)
77e 778 ne 778
The fuel mass flow required in the conventional energy system is:
. FPP
Fuel mass flow (Power Plant) = [mg | =— (2.)
pp Hy
. : Fg
Fuel mass flow (Boiler)= | mg | =—— (3)
B H U
: F F F
Total fuel mass flow = mec =-P2 & — ¢ (4.)

The total efficiency of the conventional energy system (usually named energy utilisation factor)
1s:

W+Q:1+/1D:(l+/1D)(77e775) (5.

Total Efficiency = nrc =
Fe Fe Mg + Ao,

The carbon dioxide emissions of the conventional energy system are:

. . _ . Heo, Fep

Carbon dioxide emissions (Power Plant) = s | M+ T (6.
PP u

. . o § Heo, Fg

Carbon dioxide emissions (Boiler) = yco | Mt | = T (7))
B U
* Fs +F F

Total carbon dioxide emissions = g, Mic = /ucoz( o+ Foo) _ Heo, e (8)

HU HU

In conventional energy systems (separate production of heat and power) more than 30% of the
fuel energy is being discharged as waste heat. Some of the waste heat is unrecoverable, such as
radiation and stack loss, but much of the waste heat can be used for industrial applications of for
district heating. [1] [2]

The principal objective of cogeneration is the determination and maximisation of thermal

efficiency, that is, the most efficient production of energy (power and thermal energy) from a
supply of fuel with chemical energy.

13



A common cogeneration system has an electric efficiency of 20%-40%, and a total efficiency of
75%-95%. The heat produced for the cogeneration system, depends on an important parameter,
the heat to power ratio that is special for each cogeneration technology, normally between 1.5 and
8 [1] [2]. The Figure 8 shows an Energy system based in cogeneration, producing heat and power
simultaneously.

:VH‘QH{'T i‘_':ﬁl:' - Ir * —!
Fuel : : R
— Cogeneration System I
Fepp é Heat to Power Ratio = Acyp) i
: 5 > Q= Ap = Acrp
Energy System
Figure 8. Simultaneous production of heat and power by a cogeneration energy system
The total fuel energy required in the cogeneration energy system is therefore:
W 1
Fuel Energy = Fcyp = = (9)
Tewp Tlewp
The fuel mass flow required in the cogeneration energy system is:
N Fere 1
Total fuel mass flow = mg_, = = (10.)
Hy  71ereHy

The total efficiency of the conventional energy system is determined by the next equation, where

Ap (ratio heat to electrical demands) is equal to Acyp (heat to power ratio in the cogeneration
system):

W+Q_1+/1D_(

Total Efficiency = nrcup = 1+ A, )UCHP (11.)

Fene Fene

The carbon dioxide emissions of the conventional energy system are:

. - : Heo, F H
Total carbon dioxide emissions = i, MicHp = 0 TP % (12)

Hy Newe Hu

The summary of the comparison between conventional energy system and cogeneration energy
system is presented in the Appendix B, Table 37.
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2.3.2 Classification of CHP (combined heat and power) Systems

Cogeneration systems are normally classified according to the sequence of energy use, and
according to the technology. Below is shown the Figure 9, which shows the classification of

cogeneration systems:

CLASSIFICATION OF
COGENERATION

SYSTEMS
[
[ |
According to the sequence According the
of energy use technology
Topping Cycle || Steam Turbine
Bottoming Cycle || Gas Turbine
| | Reciprocating Internal
Combustion Engine
Stirling Engines
Combined Cycle
Fuel Cells
Figure 9. Classification of Cogeneration Systems

2.3.2.1 Classification according to the sequence of energy use

In the topping cycle, the prime mover is used to generate electric power and the waste heat or the
by-product steam from it is used for thermal processes or space heating (or cooling). Topping
cycles are significantly more fuel-efficient than conventional systems that generate electric and
thermal energy separately. [5]

.":l.tl

T and from
elecineal network

Tw-a -. . .
C}T'Ie "
I Heal Elecinacal energy
¥

Raw Madenals Elannfactured Products
Thermal process — *

Wb bt

Figure 10. Topping cycle [5]
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In bottoming systems, high temperature heat is first produced for a process (e.g. in a furnace of a
steel mill or of glass-works, in a cement kiln) and after the process hot gases are used either
directly to drive a gas-turbine generator, if their pressure is adequate, or indirectly to produce
steam in a heat recovery boiler, which drives a steam-turbine generator. Bottoming cycles also
save fuel when compared with conventional systems. [5]

Elsctnity

.

&
§i
E;

2

C.yt:h
Figure 11. Bottoming cycle [5]

2.3.2.2 Classification in accord with the technology

CLASSIFICATION OF
COGENERATION SYSTEMS
IN ACCORD WITH THE TECHNOLOGIES
I
STEAM TURBINE ]| GAS TURBINE RECIPROCATING INTERNAL | | STIRLING ENGINES
COMBUSTION ENGINE
| | Back-Pressure Steam Open Cycle Gas Turbine Otto Cycle
Turbine System
| | Condensing Steam Closed Cycle Gas Turbine Diesel Cycle
Turbine System
| | Bottoming Cycle Steam
Turbine System
|| Bottoming Rarkine Cycle
with Organic Fluids
COMBINEDCYCLE | || MICRO GAS TURBINE FUEL CELLS ]
Combined Joule-Rankine || Akaline
Cycle System
Combined Diesel-Rankine | | Polymer Electiolyte
Cycle System
Another Configurations | | Phosphoric Acid
Molten Carbonate
Solid Oxide

Figure 12.  Classification of the cogeneration systems in accord with the technologies [1]
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2.3.2.2.1 Steam turbines cogeneration systems

A system based on steam turbine consists of three major components: a heat source, a steam
turbine and a heat sink. The system operates on the Rankine cycle, either in its basic form or in its
improved versions with steam reheating and regenerative water preheating.

The most common heat source is a boiler, which can burn any type of fuel or certain
combinations of fuels, and produces superheated steam. In place of a boiler, nuclear reactors can
be used. On the other hand, the system can use renewable energy such as biomass or concentrated
solar radiation. The operating conditions can vary in a wide range. For cogeneration applications,
steam pressure can range from a few bars to about 100 bars; in the utility sector, higher pressures
can also be used. Steam temperature can range from a few degrees of superheat to about 450°C,
and, in the utility sector, to about 540°C. The power output is usually in the range of 0.2-100
MW, even though higher power is also possible. [1] [2]

Configurations of Steam Turbine Cogeneration Systems:

Back pressure steam turbine systems

Condensing steam turbine systems

Bottoming cycle steam turbine systems

Bottoming Rankine cycle systems with organic fluids

Backpressure steam turbine systems

It is the simplest configuration. Steam exits the turbine at a pressure higher or at least equal to the
atmospheric pressure, which depends on the needs of the thermal load. This is why the thermal
backpressure is used. It is also possible to extract steam from intermediate stages of the steam
turbine, at a pressure and temperature appropriate for the thermal load. After the exit from the
turbine, the steam is fed to the load, where it releases heat and is condensed. The condensate
returns to the system with a flow rate which can be lower than the steam flow rate, if steam mass
is used in the process or if there are losses along the piping.

Generator

Fuel Boiler

Steam turbine
Steam to process

-
-

Q
Condensate from process
-—

Figure 13.  Back pressure steam turbine system [1]
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Condensing steam turbine systems

In such a system, steam for the thermal load is obtained by extraction from one or more
intermediate stages at the appropriate pressure and temperature. The remaining steam is
exhausted to the pressure of the condenser, which can be as low as 0.05 bar with corresponding
condensing temperature of about 33°C. It is rather improbable for such a low temperature heat to
find a useful application and consequently it is rejected to the environment.

Generator
Fuel Boiler

Steam turbine
Steam to process

Q
Condenser L_ Cooling water
Condensate
@_ from process
Pump Condensate tank

Figure 14.  Condensing steam turbine system [1]
Bottoming cycle steam turbine systems

Many industrial processes (steel mills, glass-works, ceramic factories, cement mills, oil
refineries) operate with high temperature exhaust gases (1000-1200°C). After the process, the
gases are still at high temperature (500-600°C). Instead of releasing them directly into the
atmosphere, they can pass through a Heat Recovery Steam Generator (HRSG) producing steam,
which then drives a steam turbine.

Generator

Steam turbine

Thermal
process

Condenser ( > ) _ Cooling water _

Fuel

Pump

Figure 15. Bottoming cycle steam turbine systems [1]
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Bottoming Rankine cycle with organic fluids

These systems are usually referred to as organic Rankine cycles (ORC). In the bottoming cycle,
water is the working fluid, which evaporates by heat recovery at high temperature (500°C or
higher). However, when heat is available at relatively low temperatures (80-300°C), organic
fluids with low evaporation temperatures can be used, such as toluene, improving the heat
recovery and the performance of the system. ORC’s can be effective also in geothermal
applications, where only low temperature heat is available. In certain cases, the working fluid can
be a mixture of two different fluids such as water and ammonia, which increases the cycle

efficiency.
TUREINE
e
L

CEMERATOR
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@ EVAPORATOR

CECTHERM AL g y T COOLING
WATER ) WATER
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L g
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Figure 16. Bottoming Rankine cycle with organic fluids [1]

2.3.2.2.2 GQGas turbines cogeneration systems

The thermodynamic cycle associated with gas turbine systems is the Brayton cycle; the
thermodynamic steps include compression of atmospheric air, introduction and ignition of fuel,
and expansion of the heated combustion gases through the gas producing and power turbines. The
developed power is used to drive the compressor and the electric generator. There are two kinds
of gas turbines (accord with the design) Aero derivative gas turbines and Industrial gas turbines.

Aero derivative gas turbines for stationary power are adapted from their jet engine counterpart.
These turbines are lightweight and thermally efficient, however, are limited in capacity. The
largest aero derivatives are approximately 40 MW, with compression ratios up to 30:1 and simple
cycle efficiencies of 45% (approx). Industrial gas turbines are more rugged (1 MW to 250 MW).
They can operate longer between overhauls, and are more suited for continuous base load
operation. However, they are less efficient and much heavier than the aero derivative. The
compression ratios are up to 16:1 and often not require an external compressor. The efficiency is
40% (approx.). [1][2]

Configurations of Gas Turbine Cogeneration Systems:

e Open Cycle Gas Turbine Cogeneration Systems
e Closed Cycle Gas Turbine Cogeneration Systems
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Open cycle gas turbine cogeneration systems

A compressor takes in air from the atmosphere and derives it at increased pressure to the
combustor. The air temperature is also increased due to compression. The compressed air is
delivered through a diffuser to a constant-pressure combustion chamber, where fuel is injected
and burned. The diffuser reduces the air velocity to values acceptable in the combustor.
Combustion takes place with high excess air. The highest temperature of the cycle appears at this
point; the higher this temperature is, the higher the cycle efficiency is. The high pressure and
temperature exhaust gases enter the gas turbine producing mechanical work to drive the
compressor and the load.

The exhaust gases leave the turbine at a considerable temperature (450-600°C), which makes
high-temperature heat recovery ideal. This is effectuated by a heat recovery boiler of single-
pressure or double-pressure, for more efficient recovery of heat. The steam produced can have
high quality, which makes it appropriate not only for thermal processes but also for driving a
steam turbine thus producing additional power.

Exhaust
gases
Condensate
from process
Fuel HRSG 3
Steam .
to Process o

Compressor Gas turbine Generator

Air

Figure 17.  Open cycle gas turbine cogeneration system [1]
Closed cycle gas turbine cogeneration systems

In the closed-cycle system, the working fluid (usually helium or air) circulates in a closed circuit.
It is heated in a heat exchanger before entering the turbine, and it is cooled down after the exit of
the turbine releasing useful heat. Thus, the working fluid remains clean and it does not cause
corrosion or erosion. Source of heat can be the external combustion of any fuel, even city or
industrial wastes. Also, nuclear energy or solar energy can be used.

After accumulation of experience, the reliability of close-cycle systems is expected to be at least
equal to that of open-cycle systems, while the availability is expected to be higher thanks to the
clean working fluid.
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Figure 18.  Closed cycle gas turbine cogeneration system [1]

Micro gas turbines cogeneration systems

Micro Gas Turbines are being successfully used in industry for on-site power generation and as
mechanical drivers. Turbine sizes are typically between 0.025-0.5 MW for these applications.
Small gas turbines drive compressors along natural gas pipelines for cross-country transport. In
the petroleum industry they drive gas compressors to maintain well pressures. In the steel
industry they drive air compressors used for blast furnaces. [1]

The operating theory of the micro turbine is similar to the gas turbine, except that most designs
incorporate a recuperator to recover part of the exhaust heat for preheating the combustion air.
Air is drawn through a compressor section, mixed with fuel and ignited to power the turbine
section and the generator. The high frequency power that is generated is converted to grid
compatible 60HZ through power conditioning electronics. For single shaft machines, a standard
induction or synchronous generator can be used without any power conditioning electronics.

2.3.2.2.3 Reciprocating internal combustion engines cogeneration systems

Reciprocating internal combustion engines have high efficiencies, even in small sizes. They are
the first choice, up to now, for cogeneration applications in the institutional, commercial and
residential sector, as well as in the industrial sector when low to medium voltage is required.

The classification of these systems is based on the internal combustion engine cycle: Otto cycle
and Diesel cycle. In an Otto engine, a mixture of air and fuel is compressed in each cylinder and
an externally supplied spark causes the ignition. In a Diesel engine, only air is compressed in the
cylinder and the fuel, which is injected in the cylinder towards the end of the compression stroke,
ignites spontaneously due to the high temperature of the compressed air. Otto engines can
operate on a broad range of fuels such as gasoline, natural gas, propane and landfill methane
(They are often called gas engines if they use gaseous fuel). Diesel engines operate on higher
pressure and temperature levels, and for this reason heavier fuels are used: Diesel oil, fuel oil and,
in large two-stroke engines, residual fuel oil.
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The principal characteristics of the both engine types in cogeneration, Diesel systems and gas
engines are shown in the Table 38 (Appendix B). [1]
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LOC: lubricating oil cooler SC  :supplementary cooler
JWC: jacket water cooler FWT : feedwater tank
CAC: charge air cooler GC  :grid connection

Figure 19.  Reciprocating internal combustion engines cogeneration systems [1]

2.3.2.2.4 Stirling engines cogeneration systems

This technology is not fully developed yet and there is no wide-spread application, but there is an
increasing interest because of certain advantages: prospect of high efficiency, good performance
at partial load, fuel flexibility, low emission level, low vibration and noise level.

In the ideal Stirling cycle (which is reversible) the positions of the pistons are shown at the four
extreme state points of the cycle as seen in the pressure-volume and temperature-entropy
diagrams. Process 1-2 is an isothermal compression process; during which the heat is removed
from the engine at the cold sink temperature. Process 3-4 is an isothermal expansion process,
during which heat is added to the engine at the hot source temperature. Processes 2-3 and 4-1 are
constant-volume displacement processes, in which the working gas (usually air, helium or air) is
passed through the regenerator. During the process 4-1 the gas gives its heat up to the regenerator
matrix, to be recovered subsequently during the process 2-3. The regenerator substantially
improves the efficiency of the cycle. It comprises a matrix of fine wires, porous metal, or
sometimes simply the metal wall surfaces enclosing an annular gap.
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Figure 20.  Stirling engine cycle [1]

2.3.2.2.5 Combined cycle cogeneration systems

The term ‘combined cycle’ is used for systems consisting of two thermodynamic cycles, which
are connected with a working fluid and operate at different temperature levels. The high
temperature cycle (topping cycle) rejects heat, which is recovered and used by the low
temperature cycle (bottoming cycle) to produce additional electrical (or mechanical) energy, thus
increasing the electrical efficiency. The most used configurations of combined cycle cogeneration
systems are presented next.

Combined Joule—Rankine cycle systems

The most widely used combined cycle systems are those of gas turbine-steam turbine (combined
Joule-Rankine cycle) as is shown in Figure 21. The steam turbine is a backpressure one but
condensing turbine is also possible, while extraction can also be used with either the backpressure
or the condensing turbine. The power concentration (i.e. power per unit volume) of the combined
cycle systems is higher than the one of the simple gas turbine (Joule) or steam turbine (Rankine)
cycle. The maximum possible steam temperature with no supplementary firing is by 25-40°C
lower than the exhaust gas temperature at the exit of the gas turbine, while the steam pressure can
reach 80 bar. If higher temperature and pressure is required, then an exhaust gas boiler with
burner(s) is used for firing supplementary fuel.

Usually there is no need of supplementary air, because the exhaust gases contain oxygen at a
concentration of 15-16%. With supplementary firing, steam temperature can approach 540°C and
pressure can exceed 100 bar. Supplementary firing not only increases the capacity of the system
but also improves its partial load efficiency. Initially combined cycle systems were constructed
with medium and high power output (20-400 MW). During the last years, also smaller systems
(4-15 MW) have started being constructed, while there is a tendency to further decrease the
power limit.
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Figure 21. Combined Joule-Rankine cycle cogeneration system [1]

Combined Diesel-Rankine cycle systems

It is also possible to combine Diesel cycle with Rankine cycle. In this configuration is close to the
Combined Diesel-Rankine Cycle Systems, but the gas turbine unit (compressor-combustor-gas
turbine) is replaced by a Diesel engine. Medium to high power engines may make the addition of
the Rankine cycle economically feasible. Supplementary firing in the exhaust gas boiler is also
possible. Since the oxygen content in the exhaust gases of a Diesel engine is low, supply of
additional air for the combustor in the boiler is necessary.

2.3.2.2.6 Fuel cells cogeneration systems

A fuel cell is an electrochemical device, which converts the chemical energy of fuel into
electricity directly, without intermediate stages of combustion and production of mechanical
work. Certain types of fuel cells are available, although at high cost. Fuel cells are still
considered as an emerging technology and very promising both for electricity generation and for
cogeneration. In its basic form a fuel cell operates as follows: hydrogen reacts with oxygen in the
presence of an electrolyte and produces water, while at the same time an electrochemical
potential is developed, which causes the flow of an electric current in the external circuit (load).
At the anode, ions and free electrons are produced. Ions move towards the cathode through the
electrolyte. Electrons move towards the cathode through the external circuit, which includes the
load (external resistance). The reaction is exothermic. The released heat can be used in thermal
processes.
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2.4 Trigeneration

Trigeneration is the concept of deriving three different forms of energy from the primary energy
source, namely, heating, cooling and power generation. Also referred to as CHCP (combined
heating, cooling and power generation), this option allows having greater operational flexibility
at sites with demand for energy in the form of heating as well as cooling.

This is particularly relevant in tropical countries where buildings need to be air-conditioned and
many industries require process cooling. A typical trigeneration facility consists of a cogeneration
plant, and a vapour absorption chiller, which produces cooling by making use of some of the heat
recovered from the cogeneration system.

In food industry cogeneration plants are widely introduced. Many industries use cogeneration
plants with either gas engines or turbines to cover their steam, hot water and electrical demands.
The combination of absorption refrigeration with a cogeneration plant allows using all generated
heat for the production of cooling. In the field of air condition and ventilation, the production of
cooling out of heat is getting more and more important since the beginning of the 1990’s. The
reason for this is the boom of block-type thermal power stations and the connection to district
heating systems.

The most important advantages of trigeneration are:

e Reduction of primary energy requirements for cooling

e Use of ecologic refrigerants like water and ammonia instead of chlorofluorocarbons (CFC)

e Trigeneration units operate with much less noise and vibration than the conventional
alternatives, this has definite benefits in some types of building and other sensitive areas
(hospitals, universities, colleges, etc)

e Applications of trigeneration with absorption chillers can be very attractive, because the
absorption cooling represents an additional consumer of heat, which improves the global
efficiency of an existing cogeneration plant or can improve the viability of a proposed

cogeneration plant

¢ Low maintenance costs and high availability due to very few moving components
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2.4.1 Classification of Trigeneration Energy Systems

The Figure 22 shows the components of a trigeneration system, that is, a basic cogeneration

system, which supply the heat and the power demand, and a refrigeration system.

HRefrigeratian

System

Trigeneration

Energy System

Figure 22.

The trigeneration systems can be classified in accord with the kind of technology used to
refrigerate. Principally trigeneration systems are based in a cogeneration system, which use

Cooling Demand

Components of a trigeneration energy system

refrigeration equipments to reach the cooling demand.

Classification of
Trigeneration Energy Systems
in accord with the
technology of refrigeration

Trigeneration with
Electrical Refrigeration
(Compressor Chillers)

Trigeneration with
Absorption Refrigeration
(Absorption Chillers)

Trigeneration with both
Compression and Absorption
Refrigeration

Figure 23.

2.4.1.1 Trigeneration with elect

These trigeneration systems use typical machines for refrigeration using electric energy, that is,
equipments with conventional mechanical vapour compression cycle. In a compression cycle
refrigeration system, the refrigerant evaporates at low pressure, producing cooling. It is
compressed in a mechanical compressor to a higher pressure, where it condenses. The

Classification of trigeneration energy systems

rical refrigeration

compressors are either positive displacement or centrifugal.

26




A positive displacement compressor increases the vapours pressure reducing the refrigerant
volume; these compressors can be reciprocating, screw or scroll machines. The centrifugal
compressors increase the vapours pressure by conversion of kinetic energy into static energy. The
refrigerants used are  chlorofluorocarbons  (CFC),  bromoflourocarbons (BFC),
hydrochloroflourocarbons (HCFC), hydroflourocarbons (HFC), but all these chemicals are
undesirable for the environment. Other refrigerants as ammonia and azeotropes, like R-500 and
R-400 present better environmentally performance.

The electrical refrigeration system can be described with the Coefficient of performance (COP),
defined by the equation:

(COP) — QREFRIGERATION — QRefri ( 13)

Elec.
SUPPLIED WRefri

The COP for an electrical refrigeration system is normally between 2.5 and 7, which depends on
the size of the equipment.

2.4.1.2 Trigeneration with absorption refrigeration

The absorption refrigeration systems use heat to produce coldness. This heat can be supplied as
steam, hot water of by direct firing. An absorption refrigeration cycle works with a binary
mixture of two components. The liquid with the lower boiling point operates as refrigerant, the
one with the higher boiling point as absorbent solvent. In absorption refrigeration systems occurs
a thermal compression. This is possible because the boiling point of the solution is higher than
the boiling point of the refrigerant.

The increase of pressure between evaporator and condenser is realized with two heat exchangers,
the absorber and the generator. The vaporized refrigerant is desorbed in a liquid or solid
absorbent in the absorber, than is pumped into the generator, and finally is rectified from the
solution, at a higher temperature level with aid of hot water of steam. The vaporized refrigerant is
condensed and passed back to the evaporator through a throttle valve. The separated absorbent
returns from the generator into the absorber. The absorption cycle is presented in more detail in
the chapter of thermodynamics of energy systems.

The most used fluids in trigeneration with absorption rerigeration are:

. Water (as refrigerant) and lithium bromide (as absorbent)
. Ammonia (as refrigerant) and water (as absorbent)
. Water (as refrigerant) and silica-gel (as absorbent)

Commonly the COP for absorption refrigeration is between 0.68 and 0.74 (Single Effect) and 1
and 1.3 (Double Effect) [12]. The Table 39 shows a summary with the principal characteristics of
each absorption system.
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2.4.2 Comparison between trigeneration energy systems (with electrical
refrigeration) and conventional energy systems

A conventional energy system with refrigeration, shown in the Figure 24, consists of a
conventional power plant, an auxiliary boiler and an electrical refrigeration system. The
conventional power plant generates electricity to satisfy the power demand and also supply
electricity to the electrical refrigeration system; the auxiliary boiler produces the useful heat.

As was mentioned before, the efficiency of a conventional power plant is between 25%-35%, the
efficiency of the conventional boiler is between 75%-85%.

Tyal ' Exhaust Gases Fe
'y Power Plant : L e
W. {Electric Het Power = Wi ' Power Demand
=K TES o s = : =-W=1
BE : ELFCIENCY =1 4) :
e .
: Fower to refrigeration !
E System = Whes + :
' Refrigeration ' Co eling Demand
E System : T A Refd
Fuel . ‘Exhaust Gases [ : ]
; Conventional : » |Hig
Ener i :
& ! Boiler ! &
: {Thermal Efficiency =ng) : Heat Demand
F = Q = j'-f-"' ; . =)=
F - = ]
Ta 2 I '

Conventional Emergy System
(With refrigeration)

Figure 24.  Separate production of power, heating and cooling by a conventional energy system

As for the comparison of cogeneration systems, the electrical demand W is unity. The total fuel
energy required in the conventional energy system with refrigeration is:

w /’L_D: Wy + Ap77e

Fuel Energy = Fc = Fpp + Fg = — + (14)
77e 778 779 778
The work required for the electrical refrigeration system is:
Qe
W efri — —n 15.
e (COP)EIec. ( )
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Where (COP)gy.. is the coefficient of performance for a electrical refrigeration system

The net power produced for the conventional power plant is:

Qe

WN=W + Wgegi= 14+ —5— 16.

A e (COP)EIec. ( )
The fuel mass flow required in this energy system is:

: Fep
Fuel mass flow (Power Plant) = | m+ = (17.)
pp H U
. i Fg
Fuel mass flow (Boiler)=|ms | =" (18))
B H U
: F F F
Total fuel mass flow = m = PP 8 — ' ¢ (19.)
H U H U
The Energy Utilisation Factor (EUF) of the conventional energy system is:
(EUF)C — W + Q + QRefri — 1+ ﬂ’D + QRefri ( 20)
FC FC
The carbon dioxide emissions of the conventional energy system are:
. . _ . Hco, Fep
Carbon dioxide emissions (Power Plant) = s, | Mr “—a_ (21.)
PP U
. . o § Heo, Fe
Carbon dioxide emissions (Boiler) = yco |Mr | = T (22)
B U
* Fe +F F

Total carbon dioxide emissions = fic, Mrc = /Ucoz( o + Fer) _ HeoTe (23.)

Hy Hy
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The next figure shows an energy system based in trigeneration, producing heating cooling and
power simultaneously. This system is basically a cogeneration system using an electric
refrigeration unit. As was mentioned, a common cogeneration system has an electric efficiency of
20%-40%, and a total efficiency of 75%-95%, the heat to power ratio is between 1.5 and 8. The
COP for an electrical refrigeration system is normally between 2.5 and 7, which depends on the
size of the equipment.
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Figure 25.  Simultaneous production of heating, cooling and power by a trigeneration energy system (with
electrical refrigeration)

The total fuel energy required in the trigeneration energy system with electrical refrigeration is:

1+ &
=)
Fuel Energy = [F; ]ER _ Wy _ (COP)ye. (24)
Mewe Tcwp

The work required for the electrical refrigeration system is:

(25.)
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The net power produced for the cogeneration system is:

Qe
Wn=W + Wgepi. = 1+ —— 26.
A o (COP)EIec. ( )

The heat demand to power demand ratio is defined as follows:

ho=2-Q (27)

Q 1
[A’CHP ]ER = m = ﬁ (28.)
The fuel mass flow required in this energy system is:
1 Bl w Moo
Total mass flow = {m f } =+ R N = Elec. (29.)
ER Hy Newe Hy Newe Hu

The Energy Utilisation Factor of the trigeneration energy system (with electric refrigeration) is:

1+ M
(EUF)ER — W+ Q + QRefri. — 1+ ﬂ’D + QRefri. — [1 + /1D + QReer LP)EM ( 30.)
[FT ]ER [FT ]ER Nerp

The carbon dioxide emissions of the trigeneration energy system are:

QRefri.
.. . y Heo [FT ]ER 1+ (COP)
Total carbon dioxide emissions = ficq, [m FT } =————— = lco, ———— B | (31)
ER Hy Newe Hy

2.4.3 Comparison between trigeneration energy systems (with absorption
refrigeration) and conventional energy systems

The conventional energy system with electrical refrigeration is shown in the Figure 24.
Trigeneration energy systems reach the cooling demand using absorption equipments, like
absorption chillers, which do not need electricity to produce cooling. A trigeneration energy
system with absorption refrigeration is shown in the Figure 26.
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This system consists of a cogeneration system, an auxiliary boiler and an absorption refrigeration
unit. The cogeneration unit produces all the power demand and generates useful heat to satisfy
the heat demand and also supply heat to the absorption refrigeration system. The absorption
refrigeration system is described with the Coefficient of performance (COP), defined by the
equation:

(COP)AC — QREFRIGERATION — QRefri (32)

SUPPLIED QAC

The COP for an absorption refrigeration system is normally between 0.68-0.74 (Single Effect) or
1-1.3 (Double Effect):
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Heat to refrigeration
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Refrigeration System H * Ofafs

(Coefficient of '
E performance = (COF)4p ) '

Energy System
Figure 26.  Simultaneous production of heating, cooling and power by a trigeneration energy system (with

absorption refrigeration)

The total fuel energy required in the trigeneration energy system with absorption refrigeration is:

FuelEnergyZ[FT]ARZ W _ ! (33)

Hewe Mewp

The heat required for the electrical refrigeration system is:

_ QRefri.
Qac = (COP),q (34)
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The net heat produced for the cogeneration system is:

— — QRefri.
Qv=Q+Qac.= 4; +—(COP)AR (35)

The ratio heat demand to power demand is defined so:
M= 2=Q (36)

The heat to power ratio of the cogeneration system is:

i + QReer
D
[/1 ] :QiN — Q+QAC. — (COP)AR (37)
CHP JAR W W W
The fuel mass flow required in this energy system is:
: F
Total mass flow = [me} = [Fr L S L (38.)
AR Hy NeweHu 7o Hy

The Energy Utilisation Factor of the trigeneration energy system (with absorption refrigeration)
is:

W +Q + Qe _ 1+ A5 + Qpegs.

(FUP= = 7 % T

= Nchp (l+ﬁ“D +QRefri.) (39)

The carbon dioxide emissions of the trigeneration energy system are:

* F
Total carbon dioxide emissions = ,ucoz[me} = H Coz[ T ]AR _ Hco, (40.)
AR

Hy Nene Hu

The Table 40 (Appendix B) summarizes the comparison of three different systems to produce
heating, cooling and power (conventional systems, trigeneration systems).

2.5 Auxiliary Equipment

The auxiliary equipment of an energy system is basically used for supplying excess of any kind
of energy to the user and also for giving the option to buy energy when it is required. The most
used auxiliary equipments in energy systems are defined by the Figure 27.
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AUXILIARY
EQUIPMENT

Aucxiliary equipment to supply | | Auxiliary equipment to buy
excess of heat and/or sell electricity

Auxiliary Boilers

Heat Pumps

Figure 27.  Auxiliary equipment used in energy systems

2.5.1 Electrical equipment

In this section is reviewed the electrical equipment required in an energy system to connect the
plant to the electric utility network. This equipment gives to the energy system the option of buy
or sells electricity from/to the electric utility network. The main planning factors of this electrical
equipment are:

Generator

Transformer connections
Protection systems
Regulation systems
Metering arrangements

2.5.1.1 Generator

Electric alternating current (AC) generating sets can be of two types, synchronous generators and
induction (asynchronous) generators. The use of any of the above machines poses advantages and
disadvantages depending on their operating conditions and attached load along with its
corresponding supply system.

There is great disparity between these two types of generators both during normal (steady state)
and during abnormal (transient) conditions. These should be carefully considered in choosing
either machine. [9]

2.5.1.2 Transformer connections
A transformer is a device that transfers energy from one AC system to another. A transformer can
accept energy at one voltage and deliver it at another voltage. This permits electrical energy to be

generated at relatively low voltages and transmitted at high voltages and low currents, thus
reducing line losses, and to be used at safe voltages.
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2.5.1.3 Protection systems

The design of electrical equipments for energy systems is influenced by knowledge of fault
conditions; the major use of fault analysis is in the specification of switchgear and protective
gear. There are many varieties of automatic protective systems, ranging from simple over-current
electromechanical relays to sophisticated electronic systems transmitting high-frequency signals
along the power lines. The simplest but extremely effective form of protection is the
electromechanical relay, which closes contacts and hence energizes the circuit-breaker opening
mechanisms when currents larger than specified pass through the equipment.

2.5.1.4 Regulation systems

Depending on the existing operating conditions the embedded generator may produce reactive
power (power factor lagging), absorb reactive (power factor leading) and neither of the above
(unity power factor)

The introduction of a energy system with production of power potentially has the capacity to
support voltage control. That is, absorb or produce reactive power when the network requires
voltage compensation. The above, will be dependent on the generating technology adopted.

In spite of this, the energy system also has the capacity to disrupt voltage control if not
adequately operated. For instance, because rural loads are usually scattered the networks are
design to make maximum use of voltage variations (long lines with small conductors). Voltage
must be maintained within fixed statutory limits, e.g. +10% and .5% for 11/0.45 kV in the UK.
This is normally done through tap-changing actions of transformers. However, tap changing at
low voltage level is usually carried out by off-load tap changing transformers. In which case,
given the situation when the energy system is connected at the remote end of a radial network,
depending on the plant size it may be needed to alter the tap position of one or more of the
transformers along the feeders. If the energy system trips or is shut down the voltage at the
remote end can fall below the statutory limits. [9] [10]

2.5.1.5 Metering arrangements

Two basic metering arrangements are used when excess in-plant power is sold to the utility.
These arrangements allow either the sale of excess power only or the sale of all generated power
to the utility with simultaneous purchase of all the plant’s power needs. The last one is generally
known as a buy all, sell-all arrangement, see Figure 28 [9]. An excess power sale requires only
one tie line connecting the costumer to the utility. Two watt-hour meters are installed in the line
by the utility, each ratcheted to operate in opposite directions of power flow (Figure 28).
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During normal operation, power generated in-house flows directly to plant processes and is
supplemented by utility power, which is recorded on the in-meter. When the plant is generating
more power than it needs, usually in the evening and on weekends, power flows into the utility
network and is recorded on the out-meter. Both meters are usually time-of-use devices.
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i g@id Lt L I"'C:_-:‘_:‘F‘!
OUT | (Generator
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Figure 28.  (a) Excess sale metering arrangement with cogeneration (b) Buy-all, sell-all metering arrangement
with cogeneration [9]

A buy-all, sell-all metering arrangement is designed to take advantage of state or federal
regulations that require the utility to pay at its avoided cost for purchased power. For many
utilities, the avoided cost is higher than the standard industrial rates at which they sell power.
Thus, it becomes advantageous to connect the in-plant generator directly to the utility network
through one meter and to sell all the generated power at the avoided cost. Than plant power is
purchased at standard industrial rates through another meter. [9]

2.5.2 Equipment to supply excess of heat

2.5.2.1 Auxiliary Boilers

The boiler is a steam generating system, which transfers the heat from the products of
combustion to water and produces hot water or steam. The combustion is accomplished in a
furnace. Heat is transferred in the furnace mainly by radiation to water-cooled walls, which
constitutes the evaporation section of the steam generation system. After leaving the furnace, the
gases pass through a superheater in which steam receives heat from the gases and has its
temperature raised above the saturation temperature. Since the temperature or the gases leaving
the superheater section is still high, modern steam generators often employ additional heat
transfer surfaces to utilize the thermal energy of the gases. These include the surfaces of
reheaters, economizers and air-preheaters.
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The boilers used in power plants can produce steam at the rate up to several million pounds per
hour. The steam pressure may be either supercritical or subcritical and the temperature is
frequently around 450° C. Boilers are operated by firing various fuels. These fuels include
bituminous coal, lignite, biomass, natural gas and oil. [5]

Boiler efficiency can be expressed in the next form:

3 Heat Produced . Q
Fuel Energy Required H,,

s (41.)

2.5.2.2 Heat Pumps

A heat pump is a device, which is able to force a heat flow from a cold reservoir, extracting an
amount of heat Qc, to a hot reservoir, delivering a heat amount Qy, applying a relatively small
external work. Since its ability to move heat from one space to another, this device is
denominated a “pump”. Heat pumps are able to transfer heat from a source -natural or as the
result of some domestic or industrial processes- at lower temperatures (called cold reservoir), to
enclosed areas, which would be heated, or to be used for processes that require heat for an
specific application. The following table summarizes some typical sources of heat and their range
of temperatures.

Range of
Heat source temperatures

(°C)
Ambient air -10/15
Extraction air 15/25
Underground water 4/10
Water from lakes and rivers 0/10
\Water from oceans 3/8
Ground 0/5
Subsail 0/10
Sewage or water from >10
industrial processes

Table 2. Heat sources (cold reservoir) for heat pumps and their range of temperatures [13]
The cycle of the work fluid in a heat pump is subjected to four processes (see Figure 29).
Compression, where the pressure and the temperature are increased; condensation, where the
fluid transfers its heat to the environment which is to be heated; expansion, where the pressure of

the work fluid (as a liquid) is reduced to the same value that it had before the compression stage;
and evaporation, where the heat exchange occurs between the fluid and the heat source.
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Heat pumps are characterized for by the coefficient of performance (COP), which is the ratio
between the amount of heat delivered to the ambient for heating (Qn), and the work (W) that is
necessary to apply for the process.

_Qu
Cop = (42)

Condensation

MV 9

—
i

Expansion X Qu CD Compression

L—{ oy —-

Figure 29.  Scheme of the operation of a heat pump

This coefficient has a maximum theoretical value, which correspond to the Carnot cycle. The
COP is then expressed as a function of the absolute temperatures of the cold and the hot
reservoir, T¢c and Ty respectively:

COP, T

theoretical —
T, - Te

(43)

The practical COP is equal to the theoretical COP increased by a factor a, since the real cycle is
not isentropic, that is, the processes are not reversible:

0(0) %

. =
practical
TH - Tc

(44.)
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Chapter 3

Economics of energy systems

Economics is a decisive factor —and many times the most important- on the designing of a power
plant. The system must not only be adequate from the technical, but also from the economical
viewpoint.

The objective is then that the plant be able to satisfy the energy demand, with an optimal
combination of investment and operational costs, which gives the lowest total cost. For this
reason, it is important to clear some aspects related to the economics, which will be taken into
account in next chapters.

3.1 Economic concepts

3.1.1 Costs

Defined in a general way, cost is the price paid or required for acquiring, producing, or
maintaining something, usually measured in money, time, or energy [9]. Nevertheless, the costs
can be classified by many different forms, for example, in fixed or variable relevant or irrelevant,
direct or indirect, historical or predefined, etc. But in this part, it will be specified some kind of
costs involved on the thermo-economical modelling of the cogeneration technologies.

3.1.1.1 Fixed costs

Fixed costs are those unaffected by changes in activity level over a feasible range of operations
for the capacity or capability available of the plant [1]. Examples of these costs are the insurance
costs, taxes, administrative salaries, etc. The fixed costs are also subjected to change because of
some external or internal factors, but they tend to remain constant or between a specific range of
operation.

3.1.1.2 Variable cost

Variable costs are those that vary with the value adopted by other measures of activity level. That
is the case of the fuel costs per period, which depend on the power output of the turbine, both gas
and steam. For the modelling of the cogeneration systems, these variable costs are represented by
the operational costs, because these are associated to the energy demand (heat, power and
cooling), which varies along the year.
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3.1.1.3 Capital cost

Capital costs are costs for acquiring, developing, or installing capital assets. A capital asset is a
tangible asset that has a useful life of greater than one year and that is intended for continuing use
over time [10]. For the power system, in these assets are included all the equipments, which make
it up: turbines, compressors, pumps, pipelines, etc.

For this reason, it will be adopted the convention, that all the investment costs for the energy
system, will be called as capital costs. Here are also included the construction costs (planning and
design, land and site preparation, building and machinery foundation, plant equipment, erection
and start-up, administrative work, etc). In order to make the modelling, the simulation and the
economical comparison of the technologies, it is necessary to annualise these capital costs, and it
will be explain next.

3.1.1.4 Unitcost

For the energy systems, unit cost has been defined as the factor that specifies the cost of a unit of
energy, expressed in dollars per kilowatt-hour ($/kWh). These costs are specified for the fuel and
for the electricity, purchased or sold, which vary according to the period of time of the year.

3.1.2 Inflation

Inflation is a general rise in prices across the economy. This is distinct from a rise in the price of
a particular good or service. Individual prices rise and fall all the time in a market economy,
reflecting consumer choices and preferences, and changing costs. The inflation is expressed in
percentage, and it means a measure of the average change in prices across the economy over a
specified period, most commonly 12 months, also called annual rate of inflation. [7].

3.1.3 Interest

Interest is a charge for borrowed money, generally a percentage of the amount borrowed. It can
be also the profit in goods or money that is made on invested capital [11]. The ratio between the
interest and the borrowed money is called interest rate, and it can be expressed as a percentage,
but for the equations, it is written as a decimal. When the interest is calculated, not only on the
principal, or the amount originally borrowed, but also on the interest that has accrued, or built up,
at the time of the calculation, it is called compound interest.

The interest rate (i) used commercially and designed henceforth simply as interest rate, has three
main components: the inflation (i), the risk (is), and the real interest rate (i;) [8]. This last one is
the money paid for the use of capital, without the adjustment for the inflation rate, that is, it
represents the time value change in future real money cash flows based only on the potential real
earning power or money [1]. The interest rate is then defined by the following equation:

= (140, ) (1+i,)*(1+i,)-1 (45.)
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Nevertheless, making the assumption that the interest rate is free of risk, the equation 45,
changes:

i= (140, ) (1+i,)-1 (46.)

3.1.4 Financial Math

The methodical expansion of the interest formulas or conversion factors is known in the literature
as financial math. The objective is to try to determinate one between five variables: the interest
rate (i), the number of analysed periods (n), Present Value (PV), Future Value (FV) and annuity

(A).

3.1.4.1 Conversion from Present to Future Value

The Future value of PV dollars at the year number n, with an interest rate i, is equal to:

FV =PV *(1+i)" (47.)

Graphically, it can be expressed as follows:

0
l 0 Comverting o FV>

FV

Figure 30.  Conversion from present to future value

3.1.4.2 Conversion from Present Value to Annuity

The annual equivalency of PV dollars distributed in n years, with an interest rate i, is,

A=PV *a, (48.)

Where a is the annualised factor:

as (ﬂ] (49.)

(1+i)" -1
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Graphically, it means:

i n 0
T T T T 1 |

L oesm> |11 ]

\
Figure 31.  Conversion from present value to annuity

3.1.5 Exchange rates

When a company make investment, it could be also foreign. Typically, these foreign investments
are characterised by two or more translation of currencies: (1) when the initial investment is made
and (2) when cash flows are returned to the company. Exchange rates between currencies
fluctuate, sometimes dramatically. These changes over time are analogous to changes in the
general inflation rate.

For the project the currency adopted is the dollar. Any other information obtained in a different
currency must be then converted to the dollars making use of the respective exchange rate.

3.2 Economical data for the energy systems analysed

For the modelling of the systems it is necessary to adequate all the economical data obtained.
Here are included the cost of equipments, of fuels and electricity.

3.2.1 Updating of the costs

Owing to the information for costs of equipments comes from different sources, published at
different years, it is necessary to update these values to a year of reference, which has been
defined as the year 2002. Additionally, it is necessary specify a place, a context for the
cogeneration projects. The United States has been selected, because the most information used
comes from this country.

The methodology used to update lies in increase the costs of the equipments based on the
inflation year to year, till the reference year 2002. For this, it will be used the inflation calculator
available in the web site of the Bureau of Labour Statistics of the U.S. Department of Labour
(BLS).
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In addition, some costs are not originally specified in dollars. For this reason it is necessary to
convert the currency using the respective exchange rate, and then update the value to the year
2002.

Example:

The installation cost per kilowatt hour for the absorption chillers was obtained from the Good
Practice Guide, prepared by the Best Practice Programme of the United Kingdom, and published
in the year 1999. All the data of prices are in pounds. To update these costs, it is necessary first of
all make the respective conversion from British pounds to dollars from 1999. The exchange rate
of'a pound at the end of that year was of 1.596 US Dollars.

So, if a kWh installed cost £ 70, the equivalent in dollars of the 1999 is:

KWh 11990= KWh pg41999 #1.596
=70%1.596 Dollars
=111.7 Dollars

Now the costs can be updated using the conversion factor from the BLS:

KWh Dollar 2002 — KWh Dollar1999 1.08
=111.7*1.08 Dollars
=120.6 Dollars

3.2.2 Prediction of the prices

Even though the evaluation of alternatives of configuration for the energy systems is made taken
one year as the reference, is must be taken into account the power plant will be operating during
several years, that is, during its life cycle, which will be of 25 years. Nevertheless during this
time the prices for fuels and electricity vary and in spite of the fact that is not possible to specify
the exact behaviour of these prices, it is possible to make use of predictions.

For this project, both the electricity and fuel costs are from the USA; predictions were extracted
from the Energy Information Administrator (EIA), which has the official energy statistics from

the U.S. Government. The prices are given in Dollars per kWh.

As an example, here is presented the forecast for the electricity price for the Residential sector in
the United States. The Prices are given in Dollars per Million Btu and the base year is the 2000.
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Year 20002001 /2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010|2011 2012

Electricity Price [24.49(25.35(23.96(23.10(22.96|22.83(22.43(22.2822.17|22.38(22.34(22.51{22.49

Year 2013]2014 2015|2016 |2017]2018|2019|2020|2021 | 2022 | 2023 | 2024 | 2025

Electricity Price |22.62|22.66|22.66|22.76|22.70(22.77(22.74|22.93|22.87|23.07|23.02(23.22|23.07

Table 3. Electricity prices prediction for the Residential sector in the United States [6].

3.2.3 Annualising of the costs

Because of the fact that the project involves, on the one hand investments that represent one-time
costs, and on the other hand operational costs, which are repetitive costs but that change every
year and even during the year. Therefore, in order to make possible the comparison of
alternatives taking as reference one year, it is necessary to annualise all the costs, during the life
cycle of the plant.

The values adopted by the variables included in the equations (48) and (49), for the specific cases
analysed are:

n: The cycle life of the power plant is equal to 25 years;

i: The interest rate used for the annualising of all the capital costs was assumed constant,
and its value is 4,5 %, and it includes an inflation of 2 % . The source used to get the
information for this interest was the Global Financial Data Inc. [4].

PV: The Present values of investment and operational costs were taken, as it was before
mentioned, from the year 2002.

The annualised factor a for the capital costs can be calculated very easily, as follows:

[ 0.045%(1+0.045)”
(1+0.045)” -1
=0.06743 (50.)

And now, with this factor, it can be determined, for example, the annualised cost for the steam
turbines, which is given in Dollars per installed kW:

AST = PVST *a

= $4033 *0.06743

~ $271.9842

o (51.)
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Chapter 4

Theory of optimisation

Optimisation is the action of finds the best, or optimal, solution to a mathematical problem.
Optimisation problems are made up of three basic ingredients, [1][2]:

e An objective function, which we want to minimize or maximize. For instance, in a
manufacturing process, to maximize the profit or minimize the cost. The objective
function expresses the optimisation criterion as a function of the dependent and
independent variables.

e A set of unknowns or variables, which affect the value of the objective function. In the
manufacturing problem, the variables might include the amounts of different resources
used or the time spent on each activity. In selecting the variables for the energy system, it
is necessary: to include all the important variables that affect the performance and cost
effectiveness of the system; not to include fine details or variables of minor importance;
and distinguish among independent variables whose values are amenable to change, that
is, the decision variables and the parameters, respectively.

e One set of constraints that allow the unknowns to take on certain values but exclude
others. For the manufacturing problem, it doesn’t make sense to spend a negative amount
of time on any activity, so we constrain all the "time" variables to be non-negative. This is
an example of constraint that shows how some constraints are related to physical limits.

These elements compose a mathematical model, which is a description in terms of mathematical
relations, invariably involving some idealisation, of functions of a physical system. The
optimisation problem is then oriented to find the values of the variables that minimize or
maximize the objective function while satisfying the constraints. For the case of the energy
systems, the optimisation is oriented to minimise the total annual costs of the system. In a wide
meaning, this optimisation can involve aspects like materials, financial resources, protection of
the environment, and governmental regulation, together with safety, operability, reliability,
availability and maintainability of the system [2].

4.1 Linear programming

The term linear programming refers to the optimisation procedure applied to problems in which
both the objective function and the constraints are linear. A Linear Program (LP) is a problem
that can be expressed as follows (the so-called Standard Form):

Minimise c-X
subjectto A-x=b (52)
X=20
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Where x is a vector of variables to be solved for, A is a matrix of known coefficients, and ¢ and b
are vectors of known coefficients. The expression "c'x" is the objective function, and the
equations "A'x=b" are the constraints. All these entities must have consistent dimensions. The
matrix A is generally not square; it usually has more columns than rows, and Ax=b is therefore
quite likely to be under-determined, leaving great latitude in the choice of x with which to
minimize c'X.

The importance of linear programming derives in part from its many applications (see further
below) and in part from the existence of good general-purpose techniques for finding optimal
solutions. These techniques take as input only an LP in the above Standard Form, and determine
a solution without reference to any information concerning the LP's origins or special structure.
They are fast and reliable over a substantial range of problem sizes and applications.

Two families of solution techniques are in wide use today. Both visit a progressively improving
series of trial solutions, until a solution is reached that satisfies the conditions for an optimum.
Simplex methods, introduced by Dantzig about 50 years ago, and Barrier or interior-point
methods, derived from techniques for non-linear programming that were developed and
popularised in the 1960s by Fiacco and McCormick, even though their application to linear
programming dates back only to Karmarkar's innovative analysis in 1984 [1].

4.2 Nonlinear programming

Whenever the assumption of linearity is not warranted, the problem might be expressed as a non-
linear programming problem. Non-linear programming deals with those problems in which the
objective function and/or constraints are non-linear. A Non-linear Program (NLP) is a problem
that can be put into the form

Minimise  F(X)
subjectto g,(x)=0, fori=1,..ml whereml>0 (53.)
h;(x)=0, forj=ml+1,..m where m>mi

That is, there is one scalar-valued function F, of several variables (x here is a vector), that we
seek to minimize subject (perhaps) to one or more other such functions that serve to limit or
define the values of these variables. F is called the "objective function", while the various other
functions are called the "constraints". (If maximization is sought, it is trivial to do so, by
multiplying F by -1).

Because NLP is a difficult field, researchers have identified special cases for study. A
particularly well-studied case is the one where all the constraints g and h are linear. The name for
such a problem, unsurprisingly, is "linearly constrained optimisation". If, as well, the objective
function is quadratic at most, this problem is called Quadratic Programming (QP). A further
special case of great importance is where the objective function is entirely linear; this is called
Linear Programming (LP. Another important special case, called unconstrained optimisation, is
where there are no constraints at all.
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One of the greatest challenges in NLP is that some problems exhibit "local optimal", that is,
spurious solutions that merely satisfy the requirements on the derivatives of the functions. Think
of a near-sighted mountain climber in a terrain with multiple peaks, and you'll see the difficulty
posed for an algorithm that tries to move from point to point only by climbing uphill. Algorithms
that propose to overcome this difficulty are termed "Global Optimisation" [1].

4.3 Integer programming

Linear programming models assume divisibility. That is, all the variables are assumed to be
continuous, and hence they can be assigned any non-negative integer as well as fractional value.
However, in many problems the assumption of divisibility does not reflect the realities of life. For
example, it cannot be built 2.2 plants or 3.4 machines. In these problems, the decision variables
must assume only integer values. Thus there is the need to impose, on the general linear
programming model, an additional constraint that some or all of the variables can assume only
integer values. When this is done, the resulting model is termed the integer (linear) programming
model. It consists of four components: a linear objective function, a set of linear constraints, a set
of no negativity constraints, and integer value constraints for some or all the variables. When all
variables are restricted to integer values, the model is called all-integer. If only some of the
variables are restricted to integer values, it is a mixed-integer model [3].

Integer linear programming problems have the general form:

Minimise c-X
subjectto A-x=b
X>0

xeZ"

(54.)

Where Z" is the set of n-dimensional integer vectors. In mixed-integer programs, some
components of x are allowed to be real.

Integer programming problems, such as the fixed-charge network flow problem and the famous
travelling salesman problem are often expressed in terms of binary variables [4].

Integer programs (IPs) often have the advantage of being more realistic than LPs, but the
disadvantage of being much harder to solve. The most widely used general-purpose techniques
for solving IPs use the solutions to a series of LPs to manage the search for integer solutions and
to prove optimality. Thus most IP software is built upon LP software.
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4.4 Optimisation for the energy systems

The formulation of an optimisation model for an energy system arises for answering some typical
questions during the design of it, like:

e What processes or equipment items should be selected and should they be arranged?

e What is the preferred size of a component or group of components?

e Should some equipment items be used in parallel in specific processes to increase the
overall system availability?

o What is the best temperature, pressure, flow rate and chemical composition of each stream
in the system?

Appropriate problem formulation is usually the most important and sometimes the most difficult
step of a successful optimisation study [2]. Based on the theory described above, the
mathematical models for different configurations of the energy system were made. The relevant
information for the formulation and the solution of these models is described next.

4.4.1 Mixed Integer-Non-linear Model

The models used for the optimisation of the energy systems studied include integer and
continuous variables, and the objective function and some constraints are non-linear. Such a
formulation is called a Mixed Integer-Non-linear Model.

For example, in one of these model it can be found: integer variables, like the number of units of
an auxiliary equipment; continuous variables, like the power output of a turbine; non-linear terms
in the objective function, like the relation between the cost and the size of an equipment; and
non-linear terms in the constraints, like product between the number of units and the size of an
equipment.

Even though a the validity of the results obtained after solving the model, depends to a large
extent on how faithful to the reality the mathematical model is, it is necessary to take into account
that the more complex is the model the more difficult is to solve it. The models formulated for the
energy systems have a certain grade of complexity, but also some assumptions have been made in
order to make easer the solution of them.

4.4.2 Software used for solving the models
There are several software packets for solving mathematical models, linear, non-linear, integer or
mixed. Many of them are even freeware. For the solution of the models constructed for the

energy systems, it was used LINGO, a product of LINDO Systems.

LINDO Systems is a specialist in providing tools for mathematical optimisation of Linear,
Integer, Non-linear and Quadratic programming problems.
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LINGO is a comprehensive tool designed to make building and solving linear, non-linear and
integer optimisation models. It provides an integrated package that includes a language for
expressing optimisation models, a full featured environment for building and editing problems,
and a set of built-in solvers. LINGO's modelling language allows expressing models in an
intuitive manner using summations and subscripted variables. Models are easy o build and to
understand. The software has internally different options for configuration of the solver. The non-
linear solver has the following options [5]:

Crash initial solution: it invokes a heuristic for generating a “good” starting point when the
model is being solved. If this initial point is relatively good, subsequent solver iterations should
be reduced along with overall runtimes.

Global Solver: Many non-linear models are non-convex and/or non-smooth. In a convex
function, geometrically defined, for any two points on the function, a straight line connecting the
two points lies entirely on or above the function is a function; a smooth function have a unique
defined first derivative (slope or gradient) at every point.

Non-linear solvers that rely on local search procedures (as does LINGO’s default non-linear
solver) will tend to do poorly on these types of models. Typically, they will converge to a local,
sub-optimal point that may be quite distant from the true, global optimal point. Global solvers
overcome this weakness through methods of range bounding (e.g., interval analysis and convex
analysis) and range reduction techniques (e.g., linear programming and constraint propagation)
within a branch-and-bound framework to find the global solutions to non-convex models.

The only drawback to the global solver is that it runs considerably slower than the default local
solver. Therefore, the preferred option is to always try and write smooth, convex non-linear
models, so the faster, default local solver can successfully solve them.

Quadratic Recognition: with this option, LINGO will use algebraic pre-processing to determine
if an arbitrary non-linear model is actually a quadratic programming (QP) model. If a model is
found to be a QP model, then it can be passed to the faster quadratic solver.

Selective Constraint Evaluation: the software will only evaluate constraints on an as needed
basis. Thus, not every constraint will be evaluated during each iteration. This generally leads to
faster solution times, but can also lead to problems in models that have functions that are
undefined in certain regions.

SLP Directions: with this option, LINGO's non-lincar solver will use successive linear
programming (SLP) to compute new search directions. This technique uses a linear
approximation in search computations in order to speed iteration times. In general, however, the
number of total iterations will tend to rise when SLP Directions are used.

Steepest Edge: the solver will use the steepest-edge strategy when selecting variables to iterate
on. When LINGO is not in steepest-edge mode, the non-linear solver will tend to select variables
that offer the highest absolute rate of improvement to the objective, regardless of how far other
variables may have to move per unit of movement in the newly introduced variable. The problem
with this strategy is that other variables may quickly hit a bound, resulting in little gain to the
objective.
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With the steepest-edge option, the non-linear solver spends a little more time in selecting
variables by looking at the rate that the objective will improve relative to movements in the other
nonzero variables.

For the solution of the models, the default options of the non-linear module were used, that is,
using the Successive Linear Programming directions. Several trial were made with the global
solver option, and it was noticed that the optimal solution was the same that the obtained with the
default configuration. Moreover, the global solver runs very slowly.

The other parameters for the configuration of the LINGO’s solver were neither modified; these
options are mostly related to tolerances for the values adopted by the variables, and some of these
have no effect in the solution of non-linear models.

The SLP method is a constrained multivariable optimisation procedure, and it is considered one
of the most successful methods to solve constrained non-linear optimisation problems.

This procedure was called the method of approximate programming (MAP) by Griffith and
Stewart of Shell Oil Company who originally proposed and tested the procedure on petroleum
refinery optimisation.

As the name implies, the method uses linear programming as a search technique. A starting point
is selected, and the non-linear economic model and constraints are linearised about this point to
give a linear problem, which can be solved by the Simplex Method or its extensions. The point
from the linear programming solution can be used as a new point to linearise the non-linear
problem, and this can be continued until a stopping criterion is met. As shown by Reklaitis et al.,
this procedure works without safeguards for functions that are mildly non-linear.

However, it is necessary to bound the steps taken in the iterations to insure that the economic
model improves, the values of the independent variables remain in the feasible region and the
procedure converges to the optimum. These safeguards are bounds on the independent variables
specified in advance of solving the linear programming problem. The net result is that the bounds
are additional constraint equations. If the bounds are set too small, the procedure will move
slowly toward the optimum. If they are set too large, infeasible solutions will be generated.
Consequently, logic is incorporated into computer programs to expand the bounds when they
hamper rapid progress and shrink them so that the procedure may converge to a stationary point
solution [6]. More detailed information about the Successive Linear Programming method and
examples of the procedure to solve non-linear problems with this method, as well as additional
bibliography, is available in the reference number [6].
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Chapter 5

Energy demand data

The design and the operation of a cogeneration plant are defined on the basis of the size and the
behaviour of the energy demand, that is, the rate of heating and electrical power consumption by
the user per unit of time. The demand is typically measured in watts (W) or kilowatts (kW)

For the evaluation of the energy systems modelled, six cases of demand were defined, in order to
see how the kind of user conditions the definition of the optimal design and operation of the
plant. The estimation or the determination of the energy demand involve some factors that not
always is easy to determine. Even though the theory about energy demand management is
relatively extensive, some of these concepts are briefly explained below.

5.1 Fundamentals

Energy demand is typically presented through the load profiles, also called load curves or energy
demand profiles. A specified user can define a load profile as the estimated use of energy for
each period of time. This period is, for example, one hour, one day, one month or one year, so the
load profile can be hourly, daily, monthly, or annual.

A load profile should be characterised by [1]: it should represent a relatively homogenous group
of users; each profile should be distinctly different for the others; the identifying characteristics
for assigning user load to a profile should be readily determined; the accuracy of estimated load
profiles should be judged primarily on how well they perform over a trading period (typically one
year). Figure 32 illustrates an example of a load profile for heating and electricity demand.

The method used for determining the profile is very important, because depending on it, a
reasonable level of reliability can be ensured. The load profiling method should be considered in
terms of costs, accuracy and predictability [1]. The most common methods used by the
companies that supply energy for load profiling are:

* Dynamic metering or profiling. A dynamic profile is produced when hourly load levels are
assigned on a daily basis-using interval metering for a sample of costumers from each profile
group. These hourly profiles reflect actual load based on actual conditions. Dynamic metering is
the most accurate method, but it is also the most costly when you consider the financial impact of
installing interval meters (including the actual cost of each meter) and gathering data from these
meters (either manually or via phone lines). Additionally, interval meters create interval data that
now must be managed, creating the need for costly personnel and information technology
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resources. It is important to note that although dynamic profiling uses hourly load levels, the
profiling is not done in “real time.”

» Dynamic modelling. A dynamic model represents the correlation between load and an external
factor such as weather. This type of modelling generally uses historical regression analysis of
customer load as it relates to the weather that prevailed during the time of the load. The
regression could be either a daily regression or an hourly regression for any season and day type
of combination. In dynamic modelling, some part of the data is “derived” using formulas, instead
of being represented by the actual historical data.

* Proxy day (or “same day”) profiling. Proxy day profiling is accomplished by selecting a day in
history that most closely matches the day being estimated. The proxy day can be chosen based on
either system load or weather. Actual data from the sample for the selected proxy day is then
used to create the profile.

» Static profiling. Static profiles are typical-day representations for any season and day type of
combination.

* Calendar rotation. Calendar rotation is simply rotating a calendar of historical interval data to
reflect the calendar of the time being estimated.

» Deemed profiles. Deemed profiles are engineering estimates and are typically used for very
predictable loads such as streetlights or area lights. These will normally be based on type of light

and number of hours the light stays on.

Example: Site heat load profiles Example: Site electricity load profiles
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Figure 32.  Example of a load profile for energy demand (heat and power) [4].

The weather plays also an important role in affecting energy consumption, being the temperature
the most important climatic variable. For many years utility companies and the electric power
industry have been interested in the relation between energy consumption and climate, and have
developed empirical weather normalization algorithms aimed at improving load forecasting
subject to variations in regional climate, and several researchers have recently published
estimates of climatic influences on energy consumption. [2]. Computational help results very
useful in estimating the load energy demand of a specific user.

55



Commercially, the load curve allows the supplier to know his customers’ behaviour relative to his
product for a well-determined length of time. Knowledge of the loads in particular allows sizing
of the network, computation of energy, which is not distributed due to power outage, and
identification of the peak usage times. Calculation of the load curve requires control of the
parameters describing the energy demand [3], like the size, kind of user, location, and period of
the year.

5.2 Cases of demand

For this project six cases of demand are defined. Each one of the cases has its respective load
profile, which is necessary to get the information related to the energy demand, whether it is
electric, heating or cooling demand. The annual energy requirements of the user is divided in four
periods, that is, the year is divided in four trimesters as follows: the first from January to March;
the second from April to June; the third from July to August; and the fourth from September to
December. An average value for each period is calculated using the load profiles. In the same
way, an average for the climate conditions (temperature and relative humidity) is calculated.

The reason to divide the year in four periods is the limitations of the software used for the
simulation, since it is a limited demo version. Increasing the number of periods it is also
increased the number of variables for the model, making more difficult the solution of it.

It is important to mention that the different cases can be classified into three sectors: Residential,
commercial and industrial. The Residential sector is related to activities related to use as a
dwelling for one or more households; the commercial sector includes service businesses, such as
retail and wholesale stores, hotels and motels, restaurants, and hospitals, as well as a wide range
of facilities that would not be considered “commercial” in a traditional economic sense, such as
public schools, correctional institutions, and religious and fraternal organizations. Excluded from
the sector are the goods-producing industries: manufacturing, agriculture, mining, forestry and
fisheries, and construction [5], that is, the industrial sector.

The heating water supplies and return temperatures are assumed constant during the year and are
taken from a typical district heating system of a medium sized community in southern Sweden.

For all the cases studied in this work the heating water temperature supply is assumed as 100°C,
the heating water temperature return is assumed as 65°C, and the heating water pressure as 16

bar. [12]

The six cases defined for the project are described next.

5.2.1 Hospital

A hospital, which is a commercial building, belongs to the Health Care category, that is, to the
buildings used for diagnostic and treatment facilities for both inpatient (used for diagnosis and
treatment requiring overnight care) and outpatient (diagnosis and treatment in which services are
not required overnight) care.
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This is the case of demand used in the project for the simulation of the trigeneration energy
system. The information for heating, electricity and cooling corresponds to the demand of the
General Hospital of Vienna (AKH) of the year 1999 [6].

The information of this user is summarised next:

e Type of user: Commercial

e Information source [6]: Vienna General Hospital (AKH)
e Number of beds: 2000

[ ]

Energy demand per period:

Demand (kW)
Heating Electricity Cooling
1st Period | 32474.0783| 15000.9601 | 2521.76139
2nd Period | 15350.9558 | 14652.0311 | 9063.62007
3rd Period | 8781.36201| 14808.8411| 13784.3489
4th Period | 27147.5508 | 14674.4325| 3207.8853

Period

Table 4. Energy demand per period for the hospital
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Figure 33.  Load profile of the General Hospital of Vienna

5.2.2 Households

Household can be defined as a family, an individual, or a group of up to nine unrelated persons,
occupying the same housing unit. Household members include babies, lodgers, boarders,
employed persons who live in the housing unit, and persons who usually live in the household but
are away travelling or in a hospital. For this project, the number of households is the same as the
number of occupied housing units [7].
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A housing unit is a house, an apartment, a group of rooms, or a single room if it is either occupied
or intended for occupancy as separate living quarters by a family, an individual, or a group of one
to nine unrelated persons. Housing units do not include group quarters where 10 or more
unrelated persons live [7].

For this case, the same way as for the offices, the load profiles were acquired from the Regional
Economic Research (RER) homepage [8], a company specialized in the providing of solutions
and in the source of knowledge for collecting, analyzing and applying electric, gas and water
usage data. The load profiles correspond to the demand of a house in the USA, in the region
called Central Industrial. In order to apply one of the CHP technologies raised, it was necessary
to define the demand for a group of houses — like a neighbourhood -, based on the data for one
housing unit.

The information about the households is the following:

Type of user: Residential

Information source [8]: Regional Economic Research. Households situated in the Central
Industrial region, in the United States.

Number of housing units: 250

Energy demand per period:

Demand (kW/Household)
Heating Electricity
1st Period | 8.46181891 | 0.86793628
2nd Period | 2.59260027 | 0.82623507
3rd Period | 1.27601356 | 0.81047555
4th Period | 5.40831964 | 0.85455657

Period

Table 5. Energy demand per period for a household
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Figure 34.  Load Profile of a Household
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5.2.3 Hotel

The hotels can be included into the commercial buildings used for lodging, that is, buildings used
to offer multiple accommodations for short-term (Convention hotel, inn, motel, tourist home, etc)
or long-term (Boarding house, orphanage, Dormitory/sorority/fraternity, etc) residents, including
nursing homes.

The load profile used for this project belongs to a medium size hotel. The information was taken
from the report of the project Assessment of CHP Implementation Possibilities in the Tourist
Sector, from the National Technical University of Athens [9].

The information used for the hotel is listed next:

e Type of user: Commercial
e Information source [7]: National Technical University of Athens.
e Energy demand per period:

Demand (kW)
Heating Electricity
1st Period | 823.892729| 454.957117
2nd Period | 611.857826| 1117.98088
3rd Period 300.179211 | 1724.01434
4th Period | 744.623656 | 758.213859

Period

Table 6. Energy demand per period for a hotel

2000
1800
1600 -
1400 -
1200 1 @ Power Demand
1000 - —| W Heating Demand
800
600
400 -

200 | l
0 : : :

1 2 3 4

Periods of time

Energy Consumption (KW)

Figure 35.  Load Profile of a Hotel
5.2.4 Office building

An office building is a typical example of a commercial building. For these buildings, the size
plays a particular role, as depending on it; the energy use characteristics can be quite different. In
smaller buildings, heating and cooling systems are employed primarily to moderate outside air. In
large buildings, outside air conditions have less impact on heating and cooling systems than do
activities within the buildings—equipment used, lighting levels, number of people, and hours of
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operation. For example, one part of a building might need to be heated and ventilated to provide
comfortable conditions for employees, while a computer room might need to be cooled be cause
of excess heat given off by the computer equipment [5].

The load profile presented by RER is given as a function of the area of each office. For the
specification of the cases of demand, two different building load profiles were made, that is, for a
medium and a large office building. These profiles correspond also to building demand in the
Central industrial zone of the USA.

This information is presented in the tables 18 and 19, and in the Figure 53.

e Type of user: Commercial

e Information source [8]: Regional Economic Research. Office building situated in the
Central Industrial region, in the United States.

e Number of offices: 1000

e Office area (sqft): 300

e Energy demand per period:

Demand (KW)
Heating Electricity
1st Period | 1593.97096 | 385.367205
2nd Period | 257.532329| 499.42402
3rd Period | 157.939318| 552.735519
4th Period | 784.986562 | 405.817041

Period

Table 7. Energy demand per period for an office building
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400 -
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0 - \ \ \
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Figure 36.  Load Profile of an Office Building
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5.2.5 Cities Aand B

The load profiles for the cities were elaborated based on the load profiles mentioned above. It is
proposed to “build” a city, with a specific number of houses, medium and large office buildings,
hospitals and hotels, and the total demand is equal to the addition of the demand of each one of
these. In this way, it is possible to define different cases, according with the size of the city. It is
clear that the profile can't reproduce in detail the demand of a real city, but it can be considered as
a good approximation of an urban city. This method has also the advantage of making the load
profiling more flexible and not subject to a specific profile of a particular city.

Additionally this is suitable for the analysis of sensitivity of the optimization model. Nevertheless
a maximum size, in terms of number of inhabitants, was established, because of the size limits for
the capacity of the cogeneration plants defined for the project, that is; that means that for cities
with a size larger than the limit, it is not possible to supply the demand of the city with the largest
possible power plant established for the model. The limit established was of 200000 inhabitants.

Taking all this into account, two cities were “created”. Even though the number of inhabitants is
the same for they both, the climatic conditions defined for each one is different, and hence the
energy demand as well. The climatic data — temperature and relative humidity — were extracted
from the historical weather database available on the Washington Post homepage [10]. In
particular, two cities from two different regions of the United States were selected (See Map on
Figure 37). From the South Central Region, Oklahoma (designed as City A); and from the
Central Industrial, Detroit (designed as City B).

10. Mountain

9. West Central

6. Southwes

CY. Central Industrial  EEEEE B Southwest
C—17 . Lower Southeast — |. Sauth Certral
C—3, M Alartic B 0 Lhper Southeast
I 4 ey England C—1 8 Wiest Central
5 Morthimest 0. Mourtain

Figure 37.  Regional Map of the United States of America [8].
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The size of the city as well as the composition was taken from the data of the city of
Hoyerswerda, a city situated in the federal state of Saxony, in East Germany [11].

The data used for the city A is the following:

e Type of user: Industrial
e Information source for urban distribution [11]: SRC International CS. Data from the city of
Hoyerswerda (Ger)
e Inhabitants: 54000
e Housing units: 6700
e Buildings: 330 (Medium), 5 (Large)
e Hospital (Number of beds): 2000
e Hotels: 5
e (limate data per period:
e Year | Period | Period | Period | Period
CITY: Detroit, Michigan A 1 » 3 4
Relative Humidity (%) 60| 65 54 55.6667 | 64.3333
Temperature (°C) 9 -2 13.6667| 20 4

Table 8. climate data per period for the city of Detroit [10]

e Energy demand per period:

Period D.emand (MW). .
Heating Electricity
1st Period | 122.498334| 33.1270811
2nd Period | 37.4058518 | 39.538191
3rd Period | 20.6210292| 44.3509462
4th Period | 78.3580272| 34.9098502

Table 9. Energy demand per period for the city A

140000.00
A120000.00 1
S
\;100000.00 1
h=/
'g 80000.00 @ Power Demand
2 H Heating Demand
g 60000.00
o
>
© 40000.00 [ |
2
L
20000.00 -+
0.00 -~
1 2 3 4
Periods of time
Figure 38.  Load Profile of City A
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The data used for the city B is the following:

e Type of user: Industrial
e Information source for urban distribution [11]: SRC International CS. Data from the city of
Hoyerswerda (Ger)
e Inhabitants: 54000
e Housing units: 6700
¢ Buildings: 330 (Medium), 5 (Large)
e Hospital (Number of beds): 2000
e Hotels: 5
e Climate data per period:
CITY: Oklahoma City, Okla Year _ Period | Period | Period
Av. |Period 1| 2 3 4
Relative Humidity (%) 55| 57 [553333] 51.6667 | 55.3333
Temperature (°C) 15] 5333333 [ 19.6667 | 25.3333 | 9.66667

Table 10. climate data per period for the city of Oklahoma [10]

e Energy demand per period:

. Demand (MW)
Period - —
Heating Electricity
1st Period 64.9252514 | 33.31059053
2nd Period | 27.2244485|48.11116482
3rd Period | 17.9425654 | 55.60982375
4th Period | 49.0810188 | 37.56054456

Table 11. Energy demand per period for the city B

|

Periods of time

140000.00

120000.00 -

100000.00 -

O Power Demand
H Heating Demand

80000.00

60000.00
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Figure 39. Load Profile of City B
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Chapter 6

Thermodynamics of Energy systems

6.1 Selection of technologies

Taking into account that the technologies of cogeneration used in energy systems studies are
numerous and the respective thermodynamically and technical analysis of all those is laborious,
the present work makes a selection between all the cogeneration technologies.

The selection was based in three main reasons:

o At least two different cogeneration technologies must be determined, in order to compare
different possibilities for a given user

e The technologies determined must be available for different users and different energy
demands

e The technologies determined must be as simple as possible, in order to may successful
calculations in the normal software available
The criterions used for the selection of the technologies for the optimisation studies are

summarized in the Figure 40.

The selection of the technology is based mainly in the Table 38, which presents the comparison
between the principal characteristics of each cogeneration technology.
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COGENERATION

TECHNOLOGIES

Size > 5 MW

Size <5 MW

FIRST CRITERION:
RATED POWER

A 4

-Steam Turbines
-Gas Turbines
-Combined Cycle

-Diesel Engines
-Gas Engines
-Stirling Engines
-Fuel Cells

-Micro Gas Turbines
-Steam Turbines

SECOND
CRITERION:
COSTS

A 4

-Steam Turbines
-Gas Turbines

-Diesel Engines
-Micro Gas Turbines
-Steam Turbines

THIRD
CRITERION:
AVAILABILITY

A4

-Steam Turbines
-Gas Turbines

-Diesel Engines
-Micro Gas Turbines
-Steam Turbines

FOURTH
CRITERION:
EMISSIONS

-Steam Turbines
-Gas Turbines

-Micro Gas Turbines
-Steam Turbines

Figure 40.  Selection of cogeneration technologies
The cogeneration technologies selected in this work in order to compare different possibilities for
a given user, are divided in two groups depending on the size of the user.

For users with an electric capacity lower than 5 MW, the technologies used are micro gas
turbines and steam turbines.

For users with an electric capacity higher than 5 MW, the technologies used are gas turbines and
steam turbines.

Those selections, present the lowest costs (installation costs and maintenance costs), the highest
availability and lowest contaminant emissions.

66



6.2 Steam Turbine Cogeneration Systems

The selection of the different options of steam turbine cogeneration systems is effectuated
between the backpressure steam turbine cogeneration systems and the condensing steam turbine
cogeneration systems.

The steam turbines with bottoming systems are not included in this comparison, because they
need an industrial process.

The Table 12, present a comparison of the principal characteristics of both options.

Type of

Advantages Disadvantages
System g g

The steam turbine is larger for the same
power output, because it operates under
lower enthalpy difference of steam

The cost of expensive low | The control of the thermal load is
pressure stages of the turbine are | dependently of the electrical power
avoided control

Low capital cost

Reduced or even no need of
cooling water

High total efficiency, because
there 1s no heat rejection to the
environment through a condenser
It can control the electrical power
independently of the thermal
load, by a proper regulation of | Higher capital cost
the steam flow rate through the
turbine

Simple configuration with few
components

Back-pressure
steam turbine
systems

Condensing
steam turbine
systems

Lower total efficiency

Table 12. Comparison of steam turbine cogeneration systems [1] [2] [4]

The backpressure steam turbine cogeneration system is selected in this work, because it offers a
simple design, with lower capital cost and higher total efficiency than the condensing steam
turbine systems.

Although the control of the heat and the electricity generation is not independently, and therefore,

there is need of a two-way connection to the grid for purchasing supplemental electricity or
selling excess electricity generated.

67



6.2.1 Thermodynamics of backpressure steam turbine cogeneration systems
As was mentioned in Chapter 3, the backpressure steam turbine cogeneration systems are based
on a heat source (Boiler), a steam turbine, a heat exchanger (Feed water heater) and a feed pump.

The Figure 41 shows the configuration used in this work for a backpressure steam turbine
cogeneration systems.

Main Cycle (Rankine Cycle)

Backpressure ( : )
Fuel turbine
BOILER

Heating

__® Feedwater
Heater @ Process
O . I
Feed pump

___________________________________________________________

— Steam-water of
main cycle

——> Steam-water of
heating process

—» Electricity

Figure 41. Backpressure steam turbine cogeneration system
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It can distinguish two different work fluids, a work fluid for the main Rankine cycle (steam-water
of main process), and a work fluid for the heating process (steam-water of heating process). The
main cycle (Rankine cycle) is composed by four steps:

Constant pressure heat addition process in the boiler (1-2)
Expansion process in the turbine (2-3)
Constant pressure heat rejection process in the feed water heater (3-4)

Compression process in the pump (4-1)

AW N —

TEMPERATURE {al%
'\-\.‘-\.‘M
|

EXNTROPY (KLEz*K)

Figure 42.  Temperature-entropy diagram for a Rankine cycle (Backpressure steam turbine)

6.2.1.1 Constant pressure heat addition process in the boiler (1-2)

The boiler is a steam generating system that transfers the heat from the products of combustion to
water and produces hot water or steam. The combustion is accomplished in a furnace. Using the
first law of thermodynamics, the Boiler efficiency can be expressed in the next form:

Heat Produced
Mo = & Roau: dz*QB (55.)
uel Energy Require M, Hy
mst(h, —h
LIS (56.)
m+ HU

In this work the efficiency of the boiler is assumed as 80% [1] [3]. From the previous equation, is
possible obtain the fuel mass flow,

r:\f :M (57)
nsHy
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The pressure and the temperature determine the enthalpies of the steam-water in the states 1 and
2, like is expressed in the next equations (In this cycle p; = p,)

h, = f(Pl 5 Tl)
hy, =1f(p>, T»)

~ ~

6.2.1.2 Expansion process in the turbine (2-3)

A backpressure steam turbine requires process steam at an appreciable pressure and temperature;
its distinguishing characteristic is that its “back pressure” or outlet pressure is above atmospheric.
In this strictest interpretation the term applies to any turbine not equipped with a condenser for
condensing the exhaust, but common usage has given it the connotation of higher than
atmospheric exhaust pressure.

The isentropic efficiency of the backpressure steam turbine can be expressed by the next equation
(The isentropic efficiency is taken as 86% as a practical value [2] [3]).

(60.)
The backpressure and the steam qualities determine the enthalpies of the steam in the states 3 and
3’,

hs = 1f(ps3 , x3) (61.)
hs: = 1(ps , %3°) (62.)

The steam qualities in the different states can be represented by the equations,

h, —h S, —S
Z}: 3 4 = 3 4 (63.)
hss_h4 S35 =S4

h, —h Sy —S S, —S
/,{3': 3 4 — 3 4 — 2 4 (64)
h3s _h4 S3s 7S5 S5 TS,

Therefore,

h3 = f(p2 ’ p3: T29 nST) ( 65.)

Finally, the work of the backpressure steam turbine can be expressed as,

W =mg(h, —h;,) (66.)
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Combining the previous equations is possible express the fuel mass flow in the main boiler as a
function of the turbine net output power.

mi =( Wer j(hz_hlj (67.)
h, —h; \ 7gH,

6.2.1.3 Constant pressure heat rejection process in the feed water heater (3-4)

The heating process is realised in a feed water heater where the steam-water of the Rankine cycle
transfer energy to the water-steam of the heating process. These two different work fluids are
employed in order to maintain a good quality of the water-steam used in the Rankine cycle and to
avoid problems of the directly use of the heating feed water in the Rankine cycle, like poor
quality water and/or hard corrosion in the backpressure steam turbine.

In this work it is assumed that for the practical feed water heater there is a temperature difference
of 10°C between the outlet steam from the turbine and the highest temperature in the heating
process, the next equation express the mentioned relation. [7]

T, =T, +10K (68.)

The Figure 43 shows the temperature profiles of the feed water heater.

TAA Steam T
i Te
! Feed water

Ts

Figure 43. Temperature profiles of the feed water heater

Using the energy conservation law,

* *

ms(h, —h;)=mu(h, —h;) (69.)
Mow _ D, =1y (70.)
Mt h6_h5

Qsr :mSt(ha_h4):me(he_h5) (71.)
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6.2.1.4 Compression process in the pump (4-1)

The feed pump increases the pressure of the condensate from the heating process. The isentropic
efficiency of the feed pump is expressed in the next equation (The isentropic efficiency of the
pump is assumed as 86% [2]).

= 72.
e h, —h, (72)
And the work required for the pump is,
W, =mg(h, —h,) (73.)

6.2.2 Performance Characteristics of the backpressure steam turbine
cogeneration system

6.2.2.1 Heat to power ratio

The main characteristic of cogeneration systems is the heat to power ration, which express the
relation between the useful heat and the total power produced by the cogeneration plant.

The next equation shows the heat to power ratio for a backpressure cogeneration system,

*

_QST _mSt(hs_h4):h3_h4_ h, —h,
h

Wer _f;1st(h2—h3) »—h _775T'(h2_h3')

-1 (74.)

It can be observed that the heat to power ratio is a function of the next variables,

}\'ST = f( nST, pz, p37 TZ) ( 75)

It is also possible to express the fuel mass flow in terms of the turbine net output power and the
heat to power ratio.

* *

o _ma(h,—h) _ma(h,—h+h —h, +h,—h) Wy +Qy -W,

Mk, (76.)
nsHy ngHy nsHy

Assuming that the feed pump work is negligible

r;]Fsr _ Wer + QST _ Wsr + (ﬂ“STWST) _ WST '(1 + /’i’ST) (77))

nsHy nsHy nsHy
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6.2.2.2 Power control in backpressure steam turbine

The aim of governing in power-station turbines is to maintain constant rotary speed under
varying load. In alternating current (AC) turbine generators the requirements as to constancy of
frequency and hence as to constancy of speed are very exacting. The output power of the
backpressure turbine is a function of the steam mass flow and the properties of the steam at the
inlet and outlet of the turbine. In this work the method used to control the output power is the
regulation of the steam mass flow. In the steam mass flow regulation the properties of the steam
at the inlet and outlet of the turbine remain constant. The output power control is required in each
moment that the user’s demand changes.

6.2.2.3 Partial load operation

The isentropic efficiency of the turbine decreases when the steam mass flow decreases, that
means, that when output power control is realised, in order to supply the power demand, the
efficiency of the turbine lows. In this work the relation between the isentropic efficiency of the
turbine at partial load and the output power is assumed as shows the next equation. [12]

[77 ] _ (‘])'[VVST]pI
s [\NST]fuII +(‘])'[WST ]pl

(78.)

B [’75T ]full

J=_ > 79.
1- [775T ]full (7

The next figure shows graphically the relation between the isentropic efficiency at partial load.

09 - —
08
07
08

[?Fsr L: 0.5

02
0.1

Wiy

Figure 44.  The isentropic efficiency at partial load
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6.3 Gas Turbine Cogeneration Systems

The selection of the gas turbine technology used in this work is effectuated between the open
cycle gas turbine systems and the closed cycle gas turbine system.

The Table 13 presents a comparison of the advantages and disadvantages of the simple cycle
(without regeneration or additional improvements) of both systems, open cycle and close cycle.

Type of

Advantages Disadvantages
system

This is the most currently available
gas turbine system in any sector of
Open operation

Cycle Simple design Considerable contaminant emissions
Higher temperatures of heat addition
and higher thermal efficiencies

The working fluid (usually helium
or air) remains clean and it does not

Thermal efficiency drop offs as the load
is reduced below the design point

Special working fluid gas management

. . system
cause corrosion or erosion
Part-load operation with high Very high cost of investment and
efficiency maintenance
Components may be structurally suitable
Closed for high system pressures and
Cycle temperatures

High temperatures in the heat exchanger
Lower maximum allowable heat addition
temperature of a closed cycle gas turbine
compared to an open cycle gas turbine,
this limits the maximum power
conversion efficiency

Table 13. Comparison of gas turbine cogeneration systems [1] [2] [3] [7]

The simple open cycle gas turbine cogeneration system is considered in this work as the best
option, because it offers the most available technology, the simplest design, the highest thermal
efficiency and the lowest capital and maintenance costs.

Although, the open cycle present contaminant emissions, in comparison with the closed cycle,
where the emissions are null and the working fluid remains clean.
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6.3.1 Thermodynamics of simple open cycle gas turbine cogeneration systems

The simple open cycle gas turbine system is based in the Brayton cycle, where a gas-air mix is
the working substance. Figure 62 shows a simple gas turbine cogeneration system that consists of
a main cycle (compressor, combustion chamber and turbine) and a heat recovery steam generator
(HRSG).

The process consists of the next steps:

1. Compression process in the air compressor (1-2)
2. Mixing (air-gas) and burning process in the combustion chamber (2-3)
3. Expansion process in the gas turbine (3-4)
4. Heat rejection in the heat recovery steam generator (4-5)
5. Heat rejection in the Feed water heater (8-9)
EXHAUST GASES
Q1
e Feed-
HRSG @ water
<« Heater
__ | COMBUSTION Heating
A CHAMBER Process

COMPRESSOR

AIR @
--------- >

_______________________________________________

Main Cycle (Brayton Cycle)

TURBINE

— Water-steam

— Air-gas mix

— Electricity
Fuel

----> Air

Figure 45.  Simple gas turbine cogeneration system

The Figure 46 illustrates the events of the main cycle (Brayton cycle) on a temperature-entropy
basis.
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Figure 46. Temperature-entropy diagram for Brayton Cycle (Simple gas turbine)

6.3.1.1 Compression process in the air compressor (1-2)

The compressor draw in air from the environment and by adding mechanical energy, bring the
system to the overpressure. The ideal isentropic compression is described by the process 1-2s,
which means, that there are not losses and the process is internally reversible.

In the practical cycle, there is deterioration in the performance of the compressor due to
aerodynamic losses and pressure losses.

In this work is treated the working substance as the air of fixed composition. The air is an ideal
gas and during the compression have a constant specific heat and a constant specific heat ratio.
The compressor inlet temperature and the compressor inlet pressure are assumed as the ambient
temperature and pressure, respectively.

The work required for the compressor is determined as follows,

¢ =Ma(h, —h)) (80.)

But for ideal gases, Ah =C AT (81.)
7a=l

T, P, 7 7a~l

2= 2 =(r)7 =p, 82.

(B ) = ()
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Where r. is the pressure ratio or the relation between the pressure at the outlet and at the inlet of
the compressor. The isentropic efficiency of the compressor is given by,
hzs — h1 _ Tzs _Tl

83.
hz - hl Tz _Tl ( )

U

In this work the next assumptions are made for the compressor:

Isentropic efficiency = 87% [16]

Specific heat at constant pressure of the air as (cp,) as 1.004 KJ/(kgK) [14]
Specific heat ratio of the air (y,) as 1.4 [14]

Gas constant of the air (R,) as 0.287 KJ/(KgK) [14]

Finally is possible to express the temperature in the state 2 with the next equation,

T, =T1{1 +L{(rc Yoo - 1}} (84.)

e

6.3.1.2 Combustion chamber

The air leaving the compressor is raised to the preset turbine inlet temperature by the burning of
fuel in a combustor chamber. The processes that take place within the combustor are so complex
that they cannot be adequately described in a purely mechanical treatment. In the ideal Brayton
cycle the combustion process is an isobaric addition of heat, but in the practical cycle occur a loss
in pressure owing to the aerodynamic resistance of the baffle and mixing devices and also on
account of momentum changes produced by the exothermic reaction. The combustion chamber
used in this work is shown in the Figure 47.

= Fuel

Aar brom the

.~ Combushon
compressor y B T chamber
Me ——— J’“ r—k
o /
P \"3 P3 /

|

l Flue gases to the
- +
turbine

gt Hink

Figure 47.  Combustion chamber scheme [29]
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The stoichiometric quantity of oxidizer (in this case air) is the amount needed to completely burn
a quantity of fuel. The stoichiometric oxidizer fuel ratio (mass) is determined by writing simple
atom balances, assuming that the fuel reacts to form an ideal set of products.

For a hydrocarbon fuel given by CH,, the stoichiometric relation can be expressed as:

C,H, +a(0, +3.76N,) - xCO, +GJH20 +3.76aN, (85.)
Where
y
a=X+-= 86.
1 (86.)

For simplicity, it is assumed throughout this work that the simplified composition for air is 21%
0O, and 79% N (by volume), that means, that for each mole of O; in air, there are 3.76 moles of
N». [17]

The stoichiometric air-fuel ratio needed is:

L:(Kg. Air requlred):(4.76a) MW, | _ Ma (87)
Fuel U mw, |

Where MW, and MWt are the molecular weights of the air and fuel, respectively.

Therefore the stoichiometric gas mass flow is, [29]

* * * *

mg =Lmi+ms =m¢(L+1) (88.)

Then making mass continuity in the combustion chamber,

* * * * *

Ma+Mf = Mg+ M =My (89.)

Using the previous equations can be obtained:

* *

Ma— Mnb

*

L = (90.)

m s

* * * *

L41= e Mt Me _ Mo (91)

* &

m ¢ m s
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Now the second law of thermodynamics (Energy conservation law) is expressed in the next
equation for the combustion chamber:

* * * * *

mac,, T, +me(H, +h, )=mgc, T, +mmc T, +me (1= e NH, +h; ) (92)

Where M (1-77¢q )(H . 0y ) are the heat losses that occur in the combustion chamber.

And finally the fuel mass flow can be obtain, [29]

* maC (T, =T
m; = p ( 3 2) (93)
Ncen (Hu + hf )_(L +1)CpgT3 + LCpaT3
The pressure loss in the combustion chamber is expressed as
P;—P
APgey =——2 (94,

2

In this work it is assumed Ap., =0.05, and 7., =0.98. [14]

6.3.1.3 Expansion process in the gas turbine (3-4)

The principle of the gas turbine consists of the channelling of hot gases from burning fuel to spin
a turbine wheel. The products of combustion enter the turbine and expand to approximately
atmospheric pressure. Usually the turbine and the compressor are mounted in the same shaft, and
about two-thirds of the turbine output is used to drive the compressor while the remainder is for
power generation.

Turbines differ from compressors in having a relatively small number of stages. In the present
research, the next assumptions for the expansion process in the turbine are taken into account:

e The expansion process is not isentropic and therefore irreversible

e The isentropic efficiency of the turbine (87% nominal) vary with several parameters, like
the ambient temperature, the pressure ratio in the compressor, the air mass flow, the
speed, and the gas inlet temperature to turbine

e The turbine speed is equal to the compressor speed, because they are mounted in the same
shaft

e The turbine speed is constant along the operation, because this requirement is needed in
power generation

e The pressure ratio in the compressor is higher than the pressure ratio in turbine, because
of the pressure losses in the combustion chamber and in the heat recovery steam generator

e Specific heat at constant pressure of the combustion gas as (cpg) as 1.100 KJ/(kgK),
specific heat ratio of the air (y,) as 1.33 and gas constant (R,) as 0.290 KJ/(KgK). [14]
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Applying the second law of thermodynamics (Energy conservation law) to the expansion process
in the turbine, [29]

* *

mg CpgT3 +mnb CpaT3 :(mg+mnbjcpgT4 +W-|— (95.)

And for mass continuity in the combustion chamber,

* * * * *

mg+mnb:ma+mF:mt (96.)

Where the work generated by the turbine is, [29]

* *

W; =mjy (L+1)CpgT3 +(ma— meijaT3 —(ma+mf )Cpgn (97.)

And the work net generated by the whole gas turbine is,

WGT :WT _Wc (98,
Wgr =me(L+1)C,,T, +(ma— Lmq jcpan —(ma+ mr jcpgn —maC (T, -T,) (99.)
But for ideal gases,

79_1

-1
T3 P3 7q (rt)%:pg (100)

T4 - P4 B

S

Where 1 is the pressure ratio in the turbine or the relation between the pressure at the outlet and
at the inlet of the turbine.

The isentropic efficiency of the turbine is given by,

Mor =10+ = (101,

Finally is possible to express the temperature in the state 4, based in the previous equations and in
the turbine inlet temperature,

T, =T l=ng | 1=

(102.)
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6.3.1.4 Heat rejection in the Feed water heater (8-9)

For convenience is explained first the process in the feed water heater, because the requirements
of the feed water set the standard to design the feed water heater and subsequently the heat
recovery steam generator (HRSG). The gases leaving the gas turbine are too warm to use directly
to heating space, because of that is required a surface heater (feed water heater), which heat the
feed water with the thermal energy of the steam-water from the heat recovery steam generator.

Other additional advantages of the feed water are:
e [t increases the temperature of the feed water using for heating process
e [t avoids problems of the directly use of the heating feed water in the heat recovery steam
generator, like poor quality water and/or losses of working fluid
The feed water used in this work is a surface heater type, where the water flows inside heater

tubes and absorbs the heat from the steam condensing outside. After condensing, steam leaves the
heater either as saturated water. The feed water heater is a three-zone type as shown in Figure 48.

I
Desuperheating

Condensing %

Drain Cooling
I

Figure 48.  Flow diagram and temperature profile of feed water heater
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A desuperheating zone exploits the steam superheat (7-b), a condensing zone functions like a
normal heater (b-a), and a drain-cooling zone cools the drained water to a temperature close that
of the incoming feed water.

The heating effect of the heater is defined by,

ATipier =T, =Ty =T, =T, (103.)

And in the drain cooling zone,

ATcooling =T6 _TS ( 104)
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In this work it is assumed [7]

hd ATheater = IOC
* ATcooling = 7OC
And therefore,

Ts =65°C, To=100°C, T, =T, = 101°C and T = 72°C.

Applying the second law of thermodynamics (Energy conservation law) to the feed water heater,

* *

ms(h, —h,)=ma(h, —h,) (105.)
Where,

o hy=420.2250 KJ/Kg (Ty = 100°C, py = 16 bar)

o hy=273.384 KJ/Kg (Ts = 65°C, ps = 16 bar)

The heating process is considered at constant pressure,
Ps = Pa=Pb = P7 = Psat @ 101°C = 0.105091 Mpa

And then is possible find the enthalpies of the water-steam from the HRSG,

e h,=423.32KJ/Kg (Saturated liquid, T, = 101°C, p, = 0.105091 Mpa)
e h,=2677.15KJ/Kg (Saturated steam, T, = 101°C, p, = 0.105091 Mpa)
e hs=301.4558 KJ/Kg (Te =72°C, ps = 0.105091 Mpa)

6.3.1.5 Heat rejection in the heat recovery steam generator (4-5)

The heat recovery steam generator (HRSG) is one of the few components of combined cycle gas
turbine power plants tailored for each specific application. The selection will affect not only the
initial cost, but also the operating cost.

Water enters the HRSG in form of compressed liquid. As water receives heat from the hot
exhaust gases, it becomes saturated, evaporated, and eventually superheated. On the hot side, the

exhaust gases leaving the gas turbine enter the HRSG and release thermal energy.

Many design parameters must be evaluated, some based upon experience and other upon
economic considerations.
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In this work the assumptions listed below are taken into account in the design of the heat
recovery steam generator.

e The pinch point of the heat recovery steam generator is assumed as 20 K as a practical
value [3] [15]

e The temperature of the exhaust gases at exit of the heat recovery steam generator is
assumed between 6 K higher than the dew point temperature, in order to avoid the
humidity in the flue gases and the possible corrosion. [3] [15]

e The temperature approach in the economizer (TAE) is assumed 5 K in order to avoid the
dangers of water hammer and steam blanketing in the economizer [3]

e According with General Electric, the temperature of the exhaust gases leaving the turbine
and entering to the HRSG is optimal between 538°C - 566°C, in this work the temperature
of the exhaust gases is assumed as 550°C [16]

The Figure 49 shows the scheme of the heat recovery steam generator used in this research and
the respective assumptions.

Exhaust gases

- d
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Figure 49. Temperature profiles of the Heat Recovery Steam Generator

The dew point is calculated with the next equation [30]:

2377
=77 _|°C 106.
o =17 57— o =L C] (106.)
Where
17. .
a :M+ln RH 107.
(107.)
2377+ T pient
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These equations are valid for ambient temperatures between 0°C-60°C and a relative humidity
(RH) between 0-1.

In this work the dew point is calculated for the standard ambient conditions, that is, ambient
temperature as 15°C and a relative humidity as 60%.

Tpew = 100.15 °C

And therefore,

Ts = Tpew + 6°C = 106.15 °C (108.)
The pressure of the gases leaving the HRSG is assumed as atmospheric pressure, that is

Ps =P1 = Pam = 101325 Pa (109.)
The steam-water temperature in the evaporator is known,

T.=Ty,=101°C (110.)

The pinch point is known and also the temperature approach in the economizer, so is possible to
know,

e T.=96°C, p.=0.105091 Mpa
e h.=402.2452 KJ/Kg
e Ty=121°C

Now making the second law of thermodynamics (Energy conservation law) to the different
sections of the Heat Recovery Steam Generator,

*

my C,, (T = T5)=ms(h, —hy) (111)

* *

my C,y (T, = T5)=ms(h, —h;) (112)

And also is possible express the heat transferred to the feed water, or heat generated for the gas
turbine cycle as,

* *

Qer =My C g (T, = Ts) = ms (h, - hg)=ma (h, - hy) (113)
Using the previous equations it is possible obtain,

T, =417°C, h, =3313.9389KIJ/Kg, T, =456.17°C.
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*

ms

s o 0.16207 (114)
Mg
Md _20.5152 (115))
ms

6.3.2 Performance characteristics of the simple open cycle gas turbine
cogeneration systems

6.3.2.1 Heat to power ratio

The next equation shows the heat to power ratio for a simple open cycle gas turbine cogeneration
system, [2]

2y = e (116,

(ma+mf )Cpg (T4 _Ts)

(117.)

k3 k3

qu (L+1)C,,T, +(r:qa— Lr%fjcpan —(ma+ mfjcpgn —m, C,(T,-T, )}

In this equation is shown that the heat to power ratio depends on the temperatures of the whole
cycle, on the fuel and air mass flow, and on the stoichiometric ratio.

6.3.2.2 Power control in gas turbine cogeneration system

The temperature at the turbine inlet (T3) is reduced by reducing the amount of fuel burnt in the
combustion chamber. This is the obvious way to reduce the power output of a gas turbine, and as
such it has been implemented systematically on most engines.

The air mass flow remains constant and the fuel mass flow is directly proportional to the power
output. The rotary speed of the gas turbine must remain constant under variation of the load, in
order to reach the requirements of alternating current generation of the utility grid, as constant
frequency.
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6.3.2.3 Partial load operation

For definition, the operating condition where an engine will spend most time has been
traditionally chosen as the engine design point. In this work, the term design point refers to the
gas turbine design point in the concept design phase, which is taken to be coincident with the
component design points. [31]

The standard ambient conditions are taken as the ambient conditions in the concept design phase,
which means, an ambient temperature as 15°C and a relative humidity as 60% [31]. With the gas
turbine components are fixed by the design point calculation, the performance of the gas turbine
at other key operating conditions can be evaluated, and the procedure is the off design
performance calculation. Here the gas turbine components are fixed and operating conditions are
changing. The operating conditions change mainly for two reasons:

e The ambient conditions change during the year

e The power load of the gas turbine change during the year, because the power demand
changes also

Many variables are required to describe numerically engine performance throughout the
operational envelope. In the practice, the dimensionless parameters are used to reduce the number
of variables that influence the behaviour of the gas turbine. To a first order the off design
performance may be defined via charts showing the interrelationship of the referred
dimensionless parameters. For a given operational condition, knowledge of the values of inlet
pressure and temperature allows actual performance parameter values to be easily calculated.

In this work the off design performance map used to predict the behaviour of all the gas turbines
is the “Dimensionsloses Kennfeld eines Verdichters” presented by Technische Universitit
Darmstadt, Fachgebiet Gasturbinen und Flugantriebe in the Seminar in Flugantriebe (See Figure
50). [33]

The work area of the gas turbine in the off design performance map (red lines) is delimited by:
e The maximal and minimal temperatures ratio (T5/T;) are 1 and 0.45 respectively

n
n,\/©,

because the rotary speed remains constant (n = n,), and the limits are 1.1 and 0.95 in
accord with the limits of temperature changes
e The stall line

e The dimensionless parameter

depends only on the ambient temperature changes,

The relation between the isentropic efficiency of the turbine and the partial load is determined by
the equation 137. [20]

[ﬂt]pl 1 [rt]Full 3 ?
[m]Fu.._l Kl[[rt]pl 1] (118))

K, for modern turbines is 0.2. [20]
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Figure 50.  Off design compressor-turbine performance map [33]

With the off design performance map, the work area and the previous equation is possible obtain
relations between the different dimensionless parameters in function of the temperature ratio
(T5/T;), which is the most important parameter to control the output power.

The dimensionless parameters are redefined as:

T, T
A {Tl:|pl/|:T1:|Full ( 119)

NDZ:[r;]a} \/E/FH} 5, (120.)
pl Full

ND3=n \/®_=\/®_ (121
ND4=[[:°__11]]"' (122)
ND5=[E7’7°]]"' (123)
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The relations between these parameters are presented graphically in the next figures.
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Figure 51.  Relation of parameters ND1 and ND2
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Figure 53.  Relation of parameters ND1 and ND5
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6.4 Micro-gas turbine cogeneration systems

Mini and micro-gas turbines offer a number of potential advantages compared to other
technologies for small-scale power generation, for example, compact size and low-weight per
unit power leading to reduced civil engineering costs, a small number of moving parts, lower
noise, multi-fuel capabilities as well as opportunities for lower emissions. In addition, gas
turbines enjoy certain merits relative to diesel engines in the context of mini and micro-power
generation. They have high-grade waste heat, low maintenance cost, low vibration level and short
delivery time. Although there are some technical and non-technical barriers for the
implementation of the technology, the market potential could increase substantially if the cost,
efficiency, durability, reliability and environmental emissions of the existing designs are
improved. [27] [36]

Micro gas turbines, for the most part, single-stage, single-shaft, low pressure ratio. Systems may
be either simple cycle or recuperated. In this work are analysed the micro gas turbines with a
recuperated cycle (heat recovered from the exhaust for preheating of air), because doubles the
electrical efficiency of the unit whilst reducing the amount of recoverable heat from the
boiler.[27]
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Figure 54.  Micro gas turbine regenerated cycle
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6.4.1 Micro-gas turbine cogeneration systems
The recuperated Brayton cycle consists of the next steps:

Compression process in the air compressor (1-2)

Air heating in the air preheater (2-3)

Mixing (air-gas) and burning process in the combustion chamber (3-4)
Expansion process in the gas turbine (4-5)

Heat rejection in the air preheater (5-6)

Heat rejection in the heat recovery steam generator (6-7)

SN o

The Figure 55 shows the recuperated cycle in a diagram temperature versus entropy.

AN
&

Entropy (KIEgE)

Figure 55. Temperature-entropy diagram for the recuperated Brayton cycle (Micro gas turbine cycle)

6.4.1.1 Compression process in the air compressor (1-2)

The process of compression is exactly the same that the used for normal gas turbines, but the
pressure ratio is smaller than for those, normally between 3 <r, < 5.5, therefore the complexity of

axial compressors is not justified and the simpler to design and construct radial compressor is
universally used. [27] [36]

The work required for the compressor is,

*

Wye =ma(h, —h,) (124.)
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The isentropic efficiency of the compressor is given by,

hz - hl Tz _Tl
D=y Ty 125.
IVe h, —h, T,-T, ( )

In this work the next assumptions are made for the micro gas turbine compressor:

Isentropic efficiency = 87% [16]

Specific heat at constant pressure of the air as (Cp,) as 1.004 KJ/(kgK) [14]
Specific heat ratio of the air (y,) as 1.4 [14]

Gas constant of the air (R,) as 0.287 KJ/(KgK) [14]

All the assumptions are made for ideal gases and it is possible obtain the next relation between
the temperatures at the inlet and outlet of the compressor,

T, =T {1 + 1[(rc Vi - 1}} (126.)
e

6.4.1.2 Air heating-Heat rejection in the air preheater (2-3),(5-6)

The cycle efficiency of the simple Brayton cycle can be improved by introducing a regenerator or
air preheater. In the air preheater heat is transferred from the turbine exhaust gas to the
compressed air leaving the compressor. The temperature of compressed air leaving the
regenerator is always less than the exhaust gas temperature and the temperature of compressed air
entering the regenerator is always less than the gases leaving the air preheater.

T, <T (127.)
3 5
T, <T, (128.)

The air preheater efficiency is defined by,

_ h3 _hz _ CpaT3 _CpaTz
nPreh h5 _ h2 C pgTS _ C paTZ

(129.)

The regenerator in the micro gas turbine system is relatively inefficient. The heat transfer surface
area is usually large in order to keep the pressure drop across it as small as possible.

In this work, the assumptions made in the regenerator are,

The air preheater efficiency between 70% - 80% [3]
Te between 300° - 310° C [27] [38] [39]

Pressure loss in the air side as 5% [14]

Pressure loss in the gases side as 3% [14]
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Applying the second law of thermodynamics (Energy Conservation Law),
macpa(n—T2)=(ma+mfjcpg(T5—Tﬁ) (130.)

Can be deduced the temperature of the compressed air entering the combustion chamber,

C
T, = (1_77PH )Tz + 1y T (Cpgj (131)

pa

The pressure losses can be expressed as,

Pe _097 (132)
ps
P95 (133)
P,

6.4.1.3 Combustion chamber (3-4)

The air leaving the air preheater is raised to the preset turbine inlet temperature by the burning of
fuel in a combustor chamber.

For a hydrocarbon fuel given by C H,, the stoichiometric relation can be expressed as:

C,H, +a(0, +3.76N,) - xCO, +ngzo +3.76aN, (134.)
Where
y
a=x+2 135.
1 (135.)

For simplicity, it is assumed throughout this work that the simplified composition for air is 21%
0O, and 79% N (by volume), that means, that for each mole of O; in air, there are 3.76 moles of
N». [29]

The stoichiometric air-fuel ratio needed is:

L= (Kg. Air requlredj _ (4.76a)( MW ] _| Ma (136.)

Fuel EAMWee ) |
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Where MW r and MWEgygp are the molecular weights of the air and fuel, respectively.

Therefore the stoichiometric gas mass flow is:

* * * *

mg =Lms+ms =m¢(L+1) (137.)

Then making mass continuity in the combustion chamber, [29]

* * * * *

Ma+ Mt =Mg+ Mnp = Mt (138.)

Where mnp is the portion of the total air that is not burned, and that can be expressed so, [29]

* * *

Mp = Ma— LMy (139)

Using those equations can be obtained:

* * * E3

L41= Mz Mt Me _ Mo (140

m m ¢

Now the second law of thermodynamics (Energy conservation law) is expressed in the next
equation for the combustion chamber:

k3 k3

MaC,.T, +m¢(H, +h, )=my C T, +muw C T, +m¢(1-reg NH, +h,) (141.)

And finally the fuel mass flow can be obtained, [29]

£

* maC (T, -T
m = pa(4 3) (142)
Ncen (Hu + hf )_ (L + 1)CpgT4 +LC paT4
The pressure loss in the combustion chamber is expressed as
APy = P3P (143))
P;

In this work is assumed AP, =0.05, and7.., =0.98. [14]
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6.4.1.4 Expansion process in the gas turbine (4-5)

The principle of the micro gas turbine is practically equivalent to the concept of the normal gas
turbines. The products of combustion enter the turbine and expand to approximately atmospheric
pressure. In this case, the turbine and the compressor are mounted in the same shaft with an
alternator of high speed device (typically rotating at 75.000-100.000 rpm) [27]. The maximal
turbine inlet temperature is approximately 1400°C, according with the state-of-the art. [27] [36]

In the present research, the assumptions made for the simple gas turbine are also taken into
account for the micro gas turbine.

Applying the second law of thermodynamics (Energy conservation law) to the expansion process
in the micro gas turbine,

* Ed

mg CpgT4 + mnb CpaT4 = (mg+ mnbjcpgTs +WT ( 144.)

Where the work generated by the turbine is,

* *

Wyr =mi(L+1)C,,T, +(ma— Lmg )CpaT4 —(ma+ mijpgT5 (145)

And the net power generated by the whole micro gas turbine is,

Wyer =Wyr =Wiye (146.)
Wyer =M (L+1)C, T, +(ma— Lm; jcpan —(ma+ mfjcpgTs -maC (T, -T,) (147))

The isentropic efficiency is assumed for all the micro gas turbines in this work as 87%, specific
heat at constant pressure of the combustion gas as (c,e) as 1.100 KJ/(kgK), specific heat ratio of
the air (y,) as 1.33 and gas constant (R,) as 0.290 KJ/(KgK). [14] [16] [27]

Finally is possible to express the temperature in the state 4, based in the previous equations and in
the turbine inlet temperature,

T =T 1=1yer | 1- (148.)
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6.4.1.5 Heat rejection in the heat recovery steam generator (6-7)

Water enters the HRSG in form of compressed liquid. As water receives heat from the hot
exhaust gases, it becomes saturated liquid. As it was explained before, the temperature of the feed
water for heating process at the inlet and outlet are respectively 65°C and 100°C, at pressure 16
bar. The Figure 56 shows the scheme of the heat recovery steam generator used in the micro gas
turbine cycle.
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Figure 56.  Temperature profiles of the Heat Recovery Steam Generator for micro gas turbines

The dew point is calculated for the standard ambient conditions, that is, ambient temperature as
15°C and a relative humidity as 60% and it is equal to Tpew = 100.15 °C. [30]

The temperature of the exhaust gases is assumed as 10°C higher than the dew point, [3]
T7 = Tpew + 10°C = 110.15 °C (149.)
The pressure of the gases leaving the HRSG is assumed as atmospheric pressure, that is
P7=P1 = Pam = 101325 Pa (150.)

Now making the second law of thermodynamics (Energy conservation law) to the Heat Recovery
Steam Generator,

*

meC,, (T, -T,)=ms(h, —hy) (151)

And also is possible express the heat transferred to the feed water, or heat generated for the gas
turbine cycle as,

* *

QMGT :mtcpg(T6 _T7):m5(h9_hs) (152))
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6.4.2 Performance characteristics of the micro gas turbine cogeneration
systems

6.4.2.1 Heat to power ratio

The next equation shows the heat to power ratio for a simple open cycle gas turbine cogeneration
system,

Ayt = Quer (153)

WMGT

(ma+mijpg(T6 -T,)

;tMGT * * * * * *
{mf (L+1)C,,T, +(ma— Lm; jcpan —(ma+ mfjcpgTs —ma C (T, —Tl)}

(154.)

6.4.2.2 Partial load operation

In this research, the micro gas turbines work all the time at full load, and it is assumed that the
design point is taken at the ambient conditions, which means, an ambient temperature as 15°C
and a relative humidity as 60%. The isentropic efficiency of the compressor and the turbine, the
pressure ratio, the fuel mass flow and the air mass flow remains constant and no changes with the
ambient temperature.

6.5 Heat Pumps

The heat pump used in this research work is a vapour compression heat pump in cascade
(Cascade Heat Pump System), which takes waste heat, applies work to the operating fluid and
provides heat at a higher temperature than the waste heat source.

The cascade cycle is commonly used for industrial application that incorporates two or more heat
pump cycles in series. This is done to acquire high temperatures, which cannot be achieved with
a single heat pump cycle. The Figure 57 shows a schema of a cascade heat pump system, where
the source of motive power for the compressors could be electric motor, internal combustion
engine, reciprocating steam engine or turbine. [10]

Heat pump systems offer much more efficient means of producing heat than traditional
combustion or electrical short circuit technologies. Heat pump systems are therefore becoming
more common as the prices of fuels and electricity increase. The heat pump systems are used here
specially as auxiliary equipments to generate an excess of heat, in peak demand cases. In all the
cases the heat pumps are droved with an electric motor, using the power generated by the main
cycle driver, as for example a gas turbine or a steam turbine.
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Figure 57.
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6.5.1 Thermodynamics of Heat Pumps

In order to make a simple explanation of the system, here there are explained two heat pumps in

cascade. Eight steps compose the basic heat pump cycle in cascade:

XN_AN R W=

The eight steps are also presented in a temperature-entropy diagram in the Figure 58, where is
possible observe the advantages of use two or more heat pumps in cascade, because there are an
decrease in the ideal compressor work but also an increase in the heat required in the first cycle

(Qu).

Compression process in the first cycle (1a-2a)
Constant pressure heat rejection in the condenser-evaporator in the first cycle (2a-3a)
Expansion process in the valve in the first cycle (3a-4a)

Constant pressure heat addition in the evaporator in the first cycle (4a-1a)
Compression process in the second cycle (1b-2b)

Constant pressure heat rejection in the condenser-evaporator in the second cycle (2b-3b)
Expansion process in the valve in the second cycle (3b-4b)
Constant pressure heat addition in the evaporator in the second cycle (4b-1b)
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Figure 58.  Temperature-entropy diagram for a Heat pump cycle [10]

6.5.1.1 Compression process in the first cycle (1a-2a)

The compressor receives refrigerant saturated vapour and compress it increasing the temperature,
in general the compression of saturated vapours results in superheating of the vapour.

However the thermodynamic properties of some working fluids imply that partial condensation
should result on compression of the saturated vapour over certain pressure ranges.

The compressor is directly droved by an electric motor with negligible mechanical losses. The
compressor has an isentropic efficiency determined by the expression, [9]

P2a
e, =1-0.05 2% (155))
Pia

The isentropic efficiency of the compressor can be expressed also in terms of the enthalpies, [9]

hzas
h,

_hl

4 156.
o (156)

a

ncHP] -

a

Where hy is the entropy of the pressurised vapour with an isentropic compression (isentropic
efficiency of the compressor as the unit). The work required to increase the pressure of the
saturated vapour from 1 to 2 is determined as,

*

W,ip, = Meeri(hy, —h,,) (157.)
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The pressure and the temperature determine the enthalpies of the refrigerant in the states la and
2a,

hla: f(pla; Tla) (158)

h2a =f (p2a; T2a) (159)

6.5.1.2 Constant pressure heat rejection in the condenser-evaporator in the first cycle (2a-
3a)

The compressed refrigerant vapour leaving the compressor passes through the condenser, in
which the refrigerant vapour of the first cycle transfers energy to the wet vapour refrigerant of the
second cycle.

In this work it is assumed that for the practical condenser there is a temperature difference of
10°C between the maximal temperature of the refrigerant in the first cycle and the highest
temperature of the refrigerant in the second cycle, this is expressed with the next equation.

T,, =T, +10K (160.)

Using the second law thermodynamics,

* *

Meeri (hy, =y, ) = Meer2(hy, —h,,) (161.)

*

Qupr = mRefl(hza - h3a) (162.)

6.5.1.3 Expansion process in the valve in the first cycle (3a-4a)

The high pressure saturated liquid at the outlet of the condenser enters to the expansion valve,
where the expansion takes place isenthalpically between the condenser and the evaporator. The
working fluid at the outlet of the expansion valve is a low pressure wet vapour and enters to the
condenser.

No work is added or taken out from the expansion valve, therefore

W,,,. =0 (163.)
Qsasa =0 (164.)
h,, =h,, (165.)
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6.5.1.4 Constant pressure heat addition in the evaporator in the first cycle (4a-1a)

The low pressure wet vapour from the expansion valve enters to the evaporator and it becomes
saturated vapour. In this process, the source heat transfers heat to the refrigerant in order to
convert it in a saturated vapour state. In this research the source heat is water and it is assumed
that the plant count with a source of water at 20°C. For the practical evaporator there is a
temperature difference of 10°C between the maximal temperature of the water source and the
temperature of the refrigerant, this is expressed with the next equation.

T, =T, +10K (166.)

T =Tia (167.)

a

Using the second law thermodynamics,

* *

Meert (M, =y, )= Muns (s = hy) (168.)

s

Q. = Mrer(h, —h,) (169.)

6.5.1.5 Compression process in the second cycle (1b-2b)

The compressor of the second heat pump cycle presents the same behaviour that the compressor
of the first cycle. The equations that express thermodynamic characteristics of the compressor are
enumerated next. [9]

Moy, =1- O-OS(pzbJ (170.)
Pip
hzb - hlb
UCHPZ hzb - hlb ( )
Wi, = Meer2 (hzb - hlb) (172.)
hip =1 (p1v, Tib) (173.)
ha, = 1 (p2b, Tab) (174.)
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6.5.1.6 Constant pressure heat rejection in the condenser-evaporator in the second cycle
(2b-3b)

The compressed refrigerant vapour leaving the compressor of the second cycle passes through the
condenser, in which the refrigerant vapour transfers energy to the water-steam of the heating
process. It is assumed that there is a temperature difference of 10°C between the maximal
temperature of the refrigerant in the second cycle and the highest temperature of water-steam of
the heating process, which is expressed in the next equations.

T, =T, +10K (175.)

Using the second law thermodynamics,

*

mRBfZ(hzb - hsb): M (hs - h7) (176.)

*

Qupr = Mrer2 (hzb - h3b) (177.)

6.5.1.7 Expansion process in the valve in the second cycle (3b-4b)

The expansion valve in the second cycle has the same performance that the expansion valve in
the first cycle, therefore

W3b4b =0, Q3b4b =0, h3b = h4b

6.5.1.8 Constant pressure heat addition in the evaporator in the second cycle (4b-1b)

The compressed refrigerant vapour leaving the compressor of the second cycle passes through the
evaporator-condenser, in which the refrigerant vapour of the first cycle transfers energy to the
wet vapour refrigerant of the second cycle.

The equations that describe the evaporator-condenser are the same that the for the constant
pressure heat addition in the evaporator in the first cycle (4a-1a) process.

6.5.1.9 Coefficient of performance (COP)

The coefficient of performance (COP) of heat pumps is one index used to describe their
thermodynamic efficiency. The COP is the heat transferred per unit of energy input. The next
equation shows the COP for the first cycle heat pump and second cycle heat pump

(COP)I — QHPI — hZa — h3a ( 178)
Wi, hza - h1

a
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(COP)2 — Qsz — h2b — h3b (179.)

HP2 hzb - hlb

And the coefficient of performance for the cascade heat pump system,

*

(cop) = Qw2 _ Mren (M Py (180.)

Wipr +Wep r;Refl (h2a - hla)+ r;Reﬁ (hzb - hlb)

6.5.2 Work fluid selection

The critical temperature of the working fluid provides the upper limit at which a condensing
vapour heat pump can deliver heat energy. The working fluid should be condensed at a
temperature sufficiently below the critical temperature to provide an adequate amount of latent
heat per unit mass.

According with the Kyoto Protocol against the backdrop of global efforts to protect the
environment, natural refrigerants are the obvious choice as a sustainable and ecological
alternative to the conventional refrigerants as chlorofluorocarbons (CFCs) and the
hydrochlorofluorocarbons (HCFCs).

The natural refrigerants used commonly are the ammonia and the carbon dioxide. Carbon dioxide
(CO,) refrigerant is incombustible, non-toxic and is more environment-friendly in nature than the
fluorocarbon refrigerant; as well CO; refrigerant performs efficiently under the low-temperature
condition and is suitable for heating when there is a large temperature difference. The
disadvantage of carbon dioxide for heat pumps is the low critical temperature (31.1°C), which is
usable for refrigeration, but makes impossible to reach the desirable temperature of the heating
process (100°C).

The ammonia is environmentally compatible; it does not deplete the ozone layer and does not
contribute to global warming. The disadvantage of ammonia is that is highly toxic and that mixed
with water is advisable for refrigeration but not for heating.

Because of the disadvantages presented for the natural refrigerants, it was decided in this
research, to work with hydrochlorofluorocarbons (HCFCs) and the hydrofluorocarbons (HFCs),
which are refrigerant alternatives to the chlorofluorocarbons and present less deplete ozone layer
and global warming that the CFCs.

The Table 14 summarized the most common HCFC and the Table 15 the most common HFC and
the principal physical properties of each one of those.
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HCFC- HCFC- HCFC- HCFC-
Property HCFC-123| HCFC-124 408a 402B 401a 401b

Critical
Temperature
(°O) 183.70 122.20 83.50 82.60 108.00 106.000
Critical
Pressure (kPa) | 3668.00 3614.00 4340.00 4445.00 4604.00 | 4682.000
ODP,

CFC-12=1 0.02 0.02 0.03 0.03 0.03 0.035
GWP, CO2=1 93.00 470.00 2649.00 1964.00 973.00 1062.000
Table 14. Most common HCFC’s [42]

Property HFC-134a |HFC-236fa| HFC-404a | HFC-407c
Critical
Temperature (°C) 101.10 124.92 75.50 86.74
Critical Pressure
(kPa) 4060.00 3200.00 4135.00 4619.00
ODP, CFC-12=1 0.00 0.00 0.02 0.00
GWP, CO2=1 1300.00 6300.00 2250.00 1526.00

Table 15. Most common HFC’s [42]

It was observed that the alternative refrigerant that present the best characteristics for the cascade
heat pump systems is the HCFC-123, because it presents a high critical temperature (183.68°C) at
which the heat pump can reach the desirable temperature in the heating process (100°C), has a
high heat latent value at this temperature and the Ozone Depletion Potential (ODP) and the
Global Warming Potential (GWP) are lower than the another hydrochlorofluorocarbons and
hydrofluorocarbons. Therefore the HCFC-123 is selected as the working fluid for the cascade
heat pump systems used in this research. Other important characteristics of the refrigerant HCFC-

123 are presented in the Table 16 and Figure 86.

Properties HCFC-123
Chemical Formula CHCI,CF;
Molecular Weight 152.93
Boiling Point at 1 atm 27.80
Liquid Density at 25°C (kg/m3) 1463.00
Vapour Pressure at saturated liquid at
25°C (kPa) 91.29
ASHRAE Safety Classification Bl
Refrigerant Number R-123

Table 16. Characteristics of the refrigerant HCFC-123 [24]
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6.5.3 Theoretical Heat Generated By Cascade Heat Pump Systems

Using the previous analysis of the thermodynamics of cascade heat pump systems is possible to
make a theoretical calculation, which predict:

e The heat generated for each heat pump in the cascade system and the total heat generated
as function of the refrigerant mass flow

e The power consumption of each heat pump in the cascade system and the total power
consumption as function of the refrigerant mass flow

e The temperatures, pressures and enthalpies of the refrigerant in each step of the cascade
heat pump system

These thermodynamic characteristics of the refrigerant for different number of heat pumps in
cascade are presented in the Table 41.

It was observed in the analysis of the thermodynamics, that heat generated and the power
consumed by a heat pump can be related with the refrigerant mass flow.

But it is clear also, that for cascade heat pump systems, the heat produced by a bottoming heat
pump is the heat used by the next topping heat pump, so it is possible relates the heat generated
and the power consumed by any heat pump with the immediately next heat pump in the cascade
system.

Therefore for a whole cascade heat pump system, the heat generated and the power consumed by
any heat pump can be related with the refrigerant mass flow of any heat pump and the properties
of the refrigerant in each step. In this research, the refrigerant mass flows of all the heat pumps in
the cascade system are expressed in terms of the refrigerant mass flow of the heat pump, which
produces the highest temperature.

The Table 17 presents the heat produced and the power consumed by each heat pump in the
cascade in terms of the refrigerant mass flow of the heat pump, which produces the highest

temperature.

In this table is shown the total heat generated and the total power consumed for cascade heat
pump systems with 2, 3, 4 and 5 heat pumps.

According with the current literature, the purchasing cost of a compression heat pump is
approximately 516 SUS/KWinermal [25].
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Refrigerant

Number mass fIOW (In WCONSUMED E QGENERATED E
of heat Steps termsofthe - 7 Kg 1 Kg
pumps is mass flow of |:mRe f }H‘ - [mRe f Li .
cascade the last heat Heat Pump Heat Pump
pump)
2 1 249767749 124,776775
2 1 0,608058873 26,6505176 99,8
TOTAL - 51,6272925 224,576775
3 1 17,9572546 123,657255
3 2 0,732706852 16,3830348 105,7
1 0,541187464 15,3907576 89,3169652
TOTAL - 49,731047 318.,67422
4 1 13,8985111 123,998511
3 0,793280216 12,8438455 110,1
4 2 0,635811139 12,0574619 97,2561545
1 0,510721797 11,3993929 85,1986926
TOTAL - 50,1992114 416,553358
5 1 11,6549177 124,354918
4 0,828404078 10,8891388 112,7
5 3 0,692033038 10,2548903 101,810861
2 0,580266403 9,68038148 91,5559709
1 0,486756137 9,25157388 81,8755895
TOTAL - 51,7309021 512,297339

Table 17. Heat Produced and Power Consumed by each heat pump in a cascade system with the refrigerant
HCFC-123

This research uses the previous information and the purchase cost of compression heat pumps
units to conclude that:

1. The best option from viewpoint of thermodynamics is the cascade heat pump system with
two heat pumps, because it offers the lowest consumption of power and the highest
generation of heat in the last step, in comparison with other cascade systems at the same
conditions

2. The best option from economical viewpoint is the cascade heat pump system with two
heat pumps, due two reasons. The first one is that consumes less power than the other
options and the second one is that the operational costs and maintenance costs are lower
than the other options

3. The best option from practical viewpoint is the cascade heat pump system with two heat
pumps, due two reasons. The first one is that it requires a plan much smaller than the
other options, because the net heat generation of the last heat pump is the biggest one. The
second one is that it requires less space for the cascade system as a whole. Although the
compressor of these units are the biggest of all the options.
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6.6 Absorption Chillers

Most refrigeration plants operate on the basis of two well-known physical phenomena:

e When a liquid evaporates (or boils), it absorbs heat, and when it condenses it gives up that
heat.

e Any liquid will boil (and condense) at a low temperature at one pressure, and at a higher
temperature at higher pressure.

A refrigerant is simply a liquid where the pressures at which boiling and condensing occurs are in
the normal engineering ranges.

In the conventional, mechanical vapour compression cycle, the refrigerant evaporates at a low
pressure, producing cooling. It is then compressed in a mechanical compressor to a higher
pressure, where it condenses. In absorption cooling, the evaporator and the condenser are
essentially the same, but a chemical absorber and generator replace the compressor with a pump
to provide the pressure change. As a pump requires much less power than a compressor, electrical
power consumption is much lower, the heat source provides most of the energy.

Absorption cooling works because some pairs of chemicals have a strong affinity to dissolve in
one another. For example, a strong solution of lithium bromide in water will draw water vapour
from its surroundings to dilute the solution. This affinity is used in absorption cooling to draw
water (which is the refrigerant) from a conventional evaporator into the absorber. From there, the
weakened solution is pumped to a higher pressure, to the generator. Here, heat is applied, and the
water is driven off to a conventional condenser. The re-strengthened solution can then be
recycled to the absorber. Heat is rejected from the absorber (it gets hot as it absorbs the
refrigerant), and from the normal condenser [5].

The diagram shows a single effect absorption chiller. In double and triple effect units, some of
the heat is recycled internally to improve efficiency, but these units require a higher temperature
heat source. In this work were assumed that the absorption chillers for the trigeneration plants are
single effect units. The work fluid selected for the absorption chillers is water-LiBr because it
offers longer limits of cooling power (until 5000 KW) than absorption chillers with Ammonia-
water or with water-silica gel. In other hand the use of water-LiBr implies a higher coefficient of
performance and although the temperature of cooling is not so low (6°C), this temperature is
enough for the purposes of this research.
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6.6.1 Thermodynamics of Absorption Chillers
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Figure 59.  Single stage absorption cycle on Temperature-Entropy diagram

The representation of this cycle in the Temperature-Entropy diagram is showed in Figure 60.
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Figure 60.  Single stage absorption cycle on Temperature-Entropy diagram [43]
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Two circuits compose the scheme for the thermodynamics of absorption chillers: the solution
circuit and the refrigeration circuit.

The processes in the solution circuit are [44]:

e 1-9: heating of weak solution in generator as solution concentrates due refrigerant
removal.

9-O: cooling of strong solution in heat exchanger.

O-10: cooling of strong solution in absorber at constant concentration.

10-8: cooling of strong solution in absorber as solution dilutes due to refrigerant addition.

8-X: heating of weak solution in heat exchanger.

X-1: heating of weak solution in generator at constant concentration.

The processes in the refrigerant circuit are:

e 1-2: heating and evaporation of refrigerant introduced into the generator. The heat is equal
to the sum of the heat of evaporation plus the heat of solution.

e 2-3:  cooling of the superheated vapour produced in the generator, at constant pressure
down to the saturation temperature T..

e 3-4: condensation.

4-5:  isenthalpic expansion of the refrigerant.

5-6:  heating of weak solution in heat exchanger.

6-7:  heating of weak solution in generator at constant concentration.

7-8:  absorption of the superheated vapour (of state 7) where both the heat of solution and

the heat of evaporation are liberated.

Since the thermodynamics analysis for absorption cycles results more extensive than the analysis
for other cycles, here are presented in a summarised way the relevant equations for the different
components of the whole system. A more detailed description of the cycle can be found in the
references [43], [44] and [45].

Condenser

Quon = r;mef(hm —h) = r;n{ef(hz -h,) (181.)
Evaporator

Q. = r;mef(h6 ~hy)=n,, ry{nchw(hll ~h,) (182.)
Generator

Quen = r%gen(h16 —hy,)= 7 rfncs h,, + r%,ef h, + r}}ds h, (183))
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Absorber

* * *

Mds = Mes+ Miref ( 184)
Mas gds = Mes é:cs ( 185)
Qups = Mes Ny + Meer N + Mas by = Meoar (5 — 1y, ) (186.)

Heat exchanger

*

r%m,mgz$qm—m) (187)

(Note: a useful graphic for the calculation on enthalpies of Lithium bromide as a function of the
temperature and the concentration is presented in the reference [45])

6.6.1.1 Coefficient of Performance (COP) and Heat Dissipation Ratio (HDR)

Making an idealisation of the absorption cycle, formulae for the COP can be raised. The Figure
61 is the representation of an idealised absorption cycle.
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Figure 61. Idealised absorption cycle on Temperature-Entropy diagram [43]
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It was demonstrated that the ideal absorption cycle is the combination of a Carnot driving cycle
with a reverse Carnot cooling cycle, from where the COP can be derived in terms of absolute
temperatures of the cycle [43].

cop = Qeon (188.)

gen

COP = TT _ T (189.)

abs gen

For the energy systems used in this project, it was made the assumption of a fixed value of 0.68
for the COP of the chiller, which is a typical value for single effect absorption chillers.
Another important parameter for the chillers is the Heat Dissipation Ratio or Heat Rejection
Ratio. All cooling systems take heat from one place (the item being cooled) and reject it
elsewhere, usually to atmosphere by way of cooling towers or dry air coolers. Absorption cooling
is no exception, but absorption units reject more heat than conventional alternatives [5]

The Heat Dissipation Ratio can be defined as the ratio of heat dissipated from the condenser and
absorber with respect to the evaporator load. It is used to analyse cooling requirements of
different absorption and vapour compression chillers [43].

HDR = Qe *Qun _y, 1 (190.)
CcopP

gen
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Chapter 7

Electricity data

The information related to the electricity costs and forecasting used for this document was, like
the fuel data, obtained from official sources of the government of the United States. This chapter
includes a brief description of the electricity framework and presents the electricity data used for
the simulation of the optimisation models.

7.1 Electricity and Energy Systems

Electricity use is the foundation for much of the human way of life. Most communication is based
on it. Most machines, other than vehicles, are powered by electric motors. Lighting is universally
electric. Less visible are the myriad industrial processes that use electricity. Most recent is the
rising tide of electronic devices, including computers, as essential elements of living [1]. The
electricity is a fundamental aspect of the energy systems. It can be considered as a product of the
energy system, but also as input of it, as it can be seen on Figure 3.

According to the requirements of the user, the energy system can purchase electricity if the
demand is higher than the maximum electric output of the system or if the cost of purchase is
lower than those of production of electricity; in the same way it is possible to sell electricity when
the power produced exceeds the demand.

Moreover, depending on if the electricity is produced far away of the site where it is consumed,
or it is close to the load being served, the supply of energy for a specific demand can be classified
as Centralised Generation or as Distributed (or Decentralised) Generation, respectively. This last
is typical for cogeneration applications. That is the case, for example, of commercial applications
like hospitals and hotels.

Distributed generation brings benefits to the energy users as well as to the utility grid provider.
Some of these advantages are [4]:

° Benefits for the user:

Increase of the reliability

Reduction of the number of interruptions of the energy supply
Efficient use of the energy

Lower cost of the energy

Easiness to adapt to the site conditions

Reduction of emissions of contaminants

O O 0O o0 O o
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. Benefits for the utility grid provider

Reduction of losses in transmission and distribution
Supply of energy in distant places

Better regulation of the tension

Reduction of the investment cost

Support to the utility grid

Reduction of the failure index

O 0000 o

In general terms, the projects for decentralised generation try to increase the quality of the
energy, that is, to have electric energy without interruptions, with the right electrical parameters
defined according to the needs (voltage, current, frequency, etc).

Even though most of the transmission and distribution grids have a reliability of 99.9%,
equivalent to 8.7 hours per year out of service, the failures in the supply of electricity cause
considerable economical losses. For example, the losses in the United States generated by these
failures are close to 119000 million dollars per year, and in Latino America between 10000 and
15000 million dollars annually.

Cogeneration systems with distributed generation and the option to buy and sell electricity need
to have interconnection with the utility grid. Some of the technical aspects to consider for the
interconnection systems are [4]:

Relays of protection.

Connexions for transformers

Systems to earth the equipments

Monitoring, control and communication systems
Maintenance

7.2 Electricity data for the cases of demand

The data related to electricity prices — current prices and forecast- were extracted from the Bureau
of Labor Statistics (BLS) of the United States Department of Labor [2] and from the Energy
Information Administration (EIA) of the United States government [3]. All the prices are given
for the residential, commercial and industrial sector. Like with the fuels, the prices of year 2002
are considered as the current prices of electric power. The forecasting used gives an estimation of
the energy prices for 25 years, beginning on 2000, and it was also made the assumption that the
trend of increase or drop the prices is the same from the year 2002.

The prices listed below are given in dollars per kilowatt-hour and for four periods along the year:
from January to March, from April to June, From July to September, and from October to
December. Some conversion factors were used in order to present the original information that
was not given in these units. The list includes the prices for buying and for selling electricity. In
the present work, it was assumed that the price of one kilowatt-hour of electricity sold is the 80%
of the price for buying. The annualised electricity prices are shown in 0.
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Price ($/kWh)
Sector Period 1 Period 2 Period 3 Period 4
Buy Sell Buy Sell Buy Sell Buy Sell
Residential | 0.11267 | 0.09013 | 0.11300 | 0.09040 | 0.11700 | 0.09360 | 0.11133 | 0.08907
Commercial| 0.10140 | 0.08112 | 0.10170 | 0.08136 | 0.10530 | 0.08424 | 0.10020 | 0.08016
Industrial | 0.05577 | 0.04462 | 0.05594 | 0.04475 | 0.05792 | 0.04633 | 0.05511 | 0.04409
Table 18. Electricity prices in the year 2002 in the United States [2]
Price ($/kWh)
Sector Period 1 Period 2 Period 3 Period 4
Buy Sell Buy Sell Buy Sell Buy Sell
Residential |0.10939 | 0.08751|0.10971 | 0.08777 | 0.11360 | 0.09088 | 0.10810 | 0.08648
Commercial | 0.10026 | 0.08020 | 0.10055 | 0.08044 | 0.10411 | 0.08329 | 0.09907 | 0.07926
Industrial | 0.05593 | 0.04474 | 0.05609 | 0.04487 | 0.05808 | 0.04646 | 0.05526 | 0.04421

Table 19. Annualised electricity prices in the United States
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Chapter 8

8.1 Fuel data

Power plants operate on a variety of fuels, including wood, coal, natural gas, oils, municipal solid
waste, and sludge. The fuel handling, storage, and preparation equipment needed for solid fuels
add considerably to the cost of an installation. Thus, such fuels are used only when a high annual
capacity factor is expected of the facility, or when the solid material has to be disposed of to
avoid an environmental or space occupancy problem[2]. The information used for this document
involves only some fossil fuels. Even though other fuels can be used for power plants, it is out of
the scope of this project to make a deep analysis of all the possible fuels for the cogeneration
technologies studied. This chapter includes a brief description of the main kinds of fossil fuels
and presents updated data of the fuels used for the simulation of the optimisation models.

8.2 About fossil fuels

After food, fossil fuel is humanity's most important source of energy. There are three major fossil
fuels: coal, oil and natural gas. Many of the benefits derived from the human’s way of life, and
his high standard of living, are due to fossil fuel use. Light, heats, food, communication, travel,
community, all are based on the ability to produce and use energy. And most of the used energy,
about 85%, comes from fossil fuel. (Another 8% comes from nuclear power, and 7 % from all
other sources, mostly hydroelectric power and wood.) [3].

8.2.1 Environmental Aspects of Fossil Fuel Use

Pollution: Almost all fossil fuel use is by burning (or "combustion"). Burning produces waste
products due to impurities in the fuel, especially particulates and various gases such as sulphur
dioxide, nitrogen oxides, and volatile organic compounds. These waste products may affect the
environment or people, in harmful ways. Then too, there are serious disagreements over whether
some effects of fossil fuel use are harmful at all. In some cases the amount of waste is so small
that the effect, if any, is difficult to detect. Mercury from coal burning is an example [3].

Climate change: At the other extreme, all burning produces carbon dioxide and water vapour as
by-products. This is because carbon is part of what makes fossil fuel useful. But whether these
by-products are harmful, or beneficial, is a matter of intense public debate. Some argue that they
are beneficial, because water and carbon dioxide are necessary for plant life on earth, which is the
basis for all life. Some people believe, however, that the carbon dioxide emissions contribute to
harmful global warming and climate change, either now or in the future. Those who fear climate
change have proposed new government policies to drastically reduce the use of fossil fuels.
Those who do not fear climate change are sceptical of these proposed policies. There is also great
debate about the science of climate change [3].
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8.2.2 Classification of Fossil Fuels
8.2.2.1 Coal

Coal is our most abundant fossil fuel resource. It is an organogenic sedimentary rock, formed of
converted residual plant matter and solidified below overlying strata [5]. Coal is a complex
mixture of organic chemical substances containing carbon, hydrogen and oxygen in chemical
combination, together with smaller amounts of nitrogen and sulphur. This organic part of coal has
associated with it various amounts of moisture and minerals. Coalification is the name given to
the development of the series of substances known as peat, lignite or brown coal, sub-bituminous
coal, bituminous coal, and anthracite. The degree of coalification, also called the rank of the coal,
increases progressively from lignite to low rank coal, to high rank coal, to anthracite. The carbon
content increases, while the oxygen and hydrogen contents decrease throughout the series. The
hardness increases, while the reactivity decreases. Different amounts of heat and pressure during
the geochemical stage of coal development cause these differences in rank [3].

Differences in the kinds of plant material and its biochemical alteration before burial control the
type of coal. Differences in the geological conditions of temperature and, to a lesser degree,
pressure during coalification control the rank of the coal. Table 20 shows typical values of the
coal composition, according to the rank, and the Low Heating Value:

. Volatile Fixed Specific energy .
Rank Moisture matter carbon Ash (KJ/kg) Physical appearance
Peat 80% 99, 50, 6% 16000 Soft, browp to black, poorly compacted
plant debris.
Lignite 550, 20% 17% 89, 23000 Tough, dull, brown with obvious
woody material.
S!Jb- _ 20% 36% 40% 4% 28000 Blgck with faint brown tinge and dull
bituminous shine.
Bituminous 2% 36% 60% 2% 35500 Black with bright, shining lustre.
Semi- _ 1% 9% 7% 3% 34500 Dark grey with metallic lustre.
anthracite
Table 20. Coal Properties according to the rank [10]
8.2.2.2 Oil

Petroleum is a mixture of liquid hydrocarbons (chemical compounds containing only hydrogen
and carbon) plus various impurities such as sulphur. Unprocessed petroleum is usually called
crude oil, although it has been called mineral oil, or simply oil. The name petroleum is from a
combination of Latin words meaning "rock oil". As found in the earth, oil may have a variety of
properties. Some forms are black; others dark green, and some light like kerosene. The liquid
ranges from very viscous to easy flowing. Crude oil usually consists of a mixture of
hydrocarbons having varying molecular weights and differing from one another in structure and
properties.
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These various species are separated into groups, or fractions, by a process of distillation called
refining. Oil fuel, in all of its usable forms, is a refined product, unlike coal and natural gas,
which can often be burned in their natural condition [3]. Crude oils are classified according to
their density or their API gravity as [5]:

1. Light: less than 870 kg/m’ (higher than 31,1 °API)

2. Medium: 920-870 kg/m’ (22,3-31,1 °API)

3. Heavy: 1000-920 kg/m’ (10-22;3 °API)

4. Extra heavy: greater than 1000 kg/m’ (less than 10°API)

In an average crude oil the fractions, beginning with the lightest, are: (1) dissolved gases, (2)
petroleum ether, (3) gasoline, (4) kerosene, (5) gas oil, (6) lubricating oils, (7) fuel oils, and (8)
asphalt. A barrel of crude oil makes:

Product Gallons
per barrel

Gasoline 19.5
Distillate fuel oil (includes home heating oil and diesel 99
fuel) '
Kerosene-type jet fuel 4.1
Residual fuel oil (heavy oils used as fuels in industry,
marine transportation and for electric power generation) 2.3
Liquefied refinery gasses 1.9
Still gas 1.9
Coke 1.8
Asphalt and road oil 1.3
Petrochemical feedstocks 1.2
Lubricants 0.5
Kerosene 0.2
Other 0.3

Table 21. Derivates of one barrel of Petroleum [4].

As a fuel, oil was originally used as kerosene for lighting, replacing animal, vegetable and coal
oils. It also came to be used in furnaces. Its biggest use, however, came with the development of
the automobile. Today almost all forms of locomotion cars, trucks, buses, trains, ships and
airplanes are fuelled by oil, diesel or gasoline. Fuel oil has also been burned to produce electricity

[3]-
8.2.2.3 Fuel Oil

Fuel oils are complex and variable mixtures of alkanes and alkenes, cycloalkanes and aromatic
hydrocarbons, containing low percentages of sulphur, nitrogen and oxygen compounds. Kerosene
fuel oils are manufactured from straight-run petroleum distillates from the boiling range of
kerosene. Other distillate fuel oils contain straight-run middle distillate, often blended with
straight-run gas oil and light vacuum distillates, and light cracked distillates.
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The main components of residual fuel oils are the heavy residues from distillation and cracking
operations; various refinery by-products and heavy distillates may be added. In fuel oils
consisting mainly of atmospheric distillates, the content of three- to seven-ring polycyclic
aromatic hydrocarbons is generally less than 5%. In fuel oils that contain high proportions of
heavy atmospheric, vacuum and cracked distillates or atmospheric and vacuum residues, the
content of three- to seven-ring polycyclic aromatic hydrocarbons may be as high as 10%; if large
quantities of cracked components are incorporated, levels may approach 20%. Fuel oils are used
mainly in industrial and domestic heating, as well as in the production of steam and electricity in
power plants.

Skin and inhalation exposures to fuel oil may occur during its production, storage, distribution
and use and during maintenance of heating equipment. During the cleaning of fuel oil tanks, high,
short-term exposures to total hydrocarbon vapours have been measured at levels ranging from
100-1600 mg/m’ [1]. Typical values of the fuel oil content and some important characteristics are
listed below [8][9]:

Content of %
Moisture 0.2
Ash 0.05
Carbon 86.0
Hydrogen 10.0
Nitrogen 0.4
Sulphur 3.0
Oxygen 0.35
Low heating Value

(kI/kg) 41500
Specific gravity 0.995
Viscosity for fuel oil No.

2 (centistokes) 771011

Table 22. Characteristics of the fuel oil

8.2.2.4 Natural Gas

Natural gas is a methane-rich combustible coming from natural fields. It contains varying
amounts of heavier hydrocarbons that become liquefied at atmospheric pressure. It may also
contain water vapour, sulphuric compounds such as hydrogen sulphide and other nonhydrogen
gases such as carbon dioxide, nitrogen or helium [5]. Natural gas is a highly flammable. The gas
is found entrapped in the earth's crust at varying depths beneath impervious strata, such as
limestone, and may or may not be in association with oil. If oil is present it is called wet gas, else

dry gas.

As a fuel, natural gas is convenient and efficient. It is used primarily for heat, in industrial,
commercial and residential settings. In many homes the house and water are heated by gas, the
food is cooked with it and clothes dried. It is also used to produce electricity, in many cases using
gas fired turbines that are similar to jet engines. Gas has the great advantage of producing no
smoke or ash on burning, although it is usually much more expensive than coal as a fuel [3].
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Typical values of the Natural gas composition and some important characteristics are listed
below:

Typical
Component Ari/glysis Range

(mole %) (mole %)
Methane 94.9 87.0 - 96.0
Ethane 2.5 1.8-5.1
Propane 0.2 0.1-1.5
iso - Butane 0.03 0.01-0.3
normal - Butane 0.03 0.01-0.3
iso - Pentane 0.01 trace - 0.14
normal - Pentane 0.01 trace - 0.04
Hexanes plus 0.01 trace - 0.06
Nitrogen 1.6 1.3-5.6
Carbon Dioxide 0.7 0.1-1.0
Oxygen 0.02 0.01-0.1
Hydrogen trace trace - 0.02
Specific Gravity 0.585 0.57 - 0.62
?&‘}i;%eagfyligﬁi“f 37.8 36.0 - 40.2

Table 23. Composition and properties of Natural Gas [11].

8.3 Fuel used for the cases of demand

8.3.1 Selection of the fuel
8.3.1.1 Selection of the fuel for steam turbines cogeneration systems

The principal characteristics of the most commonly fuels used in steam turbine cogeneration
systems is summarised in the Table 24.

Estimated
Annualised coO
Fuel Hu (kJ/kg) | Heating Cost COlz( (l;géll)OZ/ H—2*105
($/KWh) g u
Natural Gas| 50000 0.025622256 2.75 5.5
Fuel Oil 41500 0.023261012 3.17 7.6385542
Coal 30000 0.00401101 2.93 9.7666667

Table 24. Principal characteristics of fuels used in steam turbine cogeneration systems [3]
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It is possible observe that the cheapest fuel in any case is the coal, in terms of annualised heating
cost, but the use of these fuel represents a larger and more complex unit design than the units
designed for fuel oil or natural gas. With a larger and complex unit design increase the
investment costs, the maintenance costs, the personal costs and also the time of construction and
running up the plant. On other hand the use of coal implies the use of equipments to receive,
transport, storage and manipulates the coal, as well as machinery to handle and control the ash
produced by the coal. Finally is clear in the comparison table, that the coal represents the most
contaminant option in terms of emissions of CO, per heating value.

8.3.1.1.1 Natural gas vs. Fuel oil

The natural gas is the fuel with the less contaminant emissions per heating value and represents
an ecological, safe and cheap option in steam turbine system. Liquid fuels need good filtration
before entering the heater and a viscosity lower than 20 ¢S for mechanical atomisation. Steam
atomisation can handle oils of up to 60 cS. Oils must be atomised to very tiny droplets of 10-50
microns in size, with a huge increase in the surface-to-mass ratio, to enable their almost
instantaneous (microseconds) vaporization. However, for burning to occur, there must be an
ample supply of heat to the atomizer discharge.

For yet non-existing fired heaters, liquid fuels tend to need more excess air than gaseous fuels.
This has to do with efficiency of contacting air and liquids for a chemical reaction (combustion)
to take place over a short period of time, and the need to add reactants to push the reaction
towards the desired products of combustion. This is only a tendency when using natural draft.
Excess air acts as coolant or heat sink in the furnace. When there is too much excess air the
flame-gas temperature falls, and more fuel should be fired to compensate. However, the optimum
amount of excess air may be finally determined by the heaters design, and not by the type of fuel.

Liquid fuels also may contain water and mineral (ash-forming, fouling) matter that contribute less
heat than the hydrocarbons per unit weight, and may result in air pollution and in metallurgical
and refractory attack, such as from V20OS5. This oxide can even become a catalyst to convert SO2
into SO3 accelerating sulphuric acid corrosion.

Gas firing, on the other hand, needs careful PCV sizing. What ash-content is to liquid fuel, the %
of inert and H2S are to fuel gases. "Afterburning" effects due to "shortages" of air can lead to
high heat fluxes in places where they are not wanted. Most start-up explosions have happened in
furnaces heated with gas, when the heaters haven't been purged with air or steam.
Sometimes gas-fired heaters show low frequency vibrations and noise, because of resonance of
the whole system: airbox, burner, radiant cell, flueducts.

Flame stability and impingement depend on many factors: type of burner, type of fuel, amount of
fuel, type of atomisation, flame position in the radiant zone, aerodynamic factors, size and
number of burner throats relative to the volume of the radiation zone.Therefore the decision
between fuel oil and natural gas as fuel of steam turbine systems is a hard choice that depends on
many variables and principally on the type of plant user. In this work is decided use the fuel oil as
the fuel for all the steam turbine cogeneration systems, because is cheaper than the natural gas, is
in the steam turbine practice most used than the natural gas and is generally easier to handle and
control than the natural gas.
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8.3.1.2 Selection of the fuel for gas turbines cogeneration systems

The main characteristics of the fuel options used commonly in gas turbines cogeneration systems
are presented in the figure Table 25.

Estimated
Annualised co
Fuel Hu (kJ/kg) | Heating Cost COli(l;%eCI:)OZ/ —=2%10°

($/KWh) g u
Natural Gas 50000 | 0.025622256 2.75 55
Fuel Oil 41500 | 0.023261012 3.17 7.6385542
Liquefied 46000 | 0.04539699 2.7324 5.94
Petroleum Gas

Table 25. Principal characteristics of fuels used in gas turbine cogeneration systems [3]

Liquefied petroleum gas (LPG) has lower particle emissions and lower noise levels relative to the
other fuels, making it more attractive for urban areas; as well LPG is easily transportable and
offers “stand-alone” storage capability with simple and self-contained dispensing facilities, with
minimum support infrastructure. Although LPG has a relatively high energy content per unit
mass, its energy content per unit volume is lower than other liquid fuels, therefore LPG tanks
take more space that the conventional. But the main disadvantage of the liquefied petroleum gas
is the estimated annualised heating cost, because is almost the double of the fuel oil price or
natural gas price.

For gas turbine applications, one important requirement is for as cheap a fuel as possible in order
to counterbalance the relatively low thermal efficiencies at present obtainable from gas turbines
as compared with other technologies.

As is shown the fuel oil presents in average a cheaper price per unit of energy than the natural
gas, but in some cases, like in industrial cases is high cheaper than fuel oil or other fuels. This
makes attractive the natural gas for large cases of energy generation, as cities, hospitals,
universities, industries, etc.

Natural gas is the most commonly fuel used in gas turbines systems for electricity generation,
environmentally natural gas is a relatively clean-burning, high efficiency and excellent
combustibility fuel. As well, natural gas presents advantages like lower maintenance costs and no
storage facilities and manning required.

Because of this reasons, and also taking into account that the natural gas is improving it

availability around the world, it is selected in the present research this fuel for all the cases of gas
turbines, including the micro-gas turbines.
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8.3.2 Prices of the fuel selected

The data related to fuel prices — current prices and forecast- were extracted from the Bureau of
Labour Statistics (BLS) of the United States Department of Labour [6] and from the Energy
Information Administration (EIA) of the United States government [7]. All the prices are given
for the residential, commercial and industrial sector.

As the year of reference used for the optimisation is 2002, the prices of this year will be
considered as the current prices. The forecasting used gives an estimation of the fuel costs for 25
years, beginning on 2000. Even though the initial value doesn’t match with the year of reference,
it was assumed the same trend of increase or drops the prices from the year 2002.

The prices listed below are given in dollars per kilowatt-hour. It was taken an annual average of
the fuel cost. Some conversion factors were used in order to present the original information that
was not given in these units.

Annual price ($/kWh)

Sector
Natural Gas| Fuel Qil
Residential 0.03158 0.02881
Commercial 0.02716 0.02161
Industrial 0.01494 0.02161

Table 26. Natural gas and fuel oil prices in the year 2002 in the United States [6]

Taking into account the forecast for the natural gas [7] and the economical concepts described in
the chapter of economics, the prices has been annualised, as it is showed in Table 27.

Annualized price ($/kwh)
Sector

Natural Gas| Fuel Oil
Residential 0.03295 0.02791
Commercial 0.02833 0.02093
Industrial 0.01558 0.02093
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Table 27. Annualised natural gas and fuel oil prices in the United States [6]




References

[1] The International Agency for Research on Cancer IARC: Monographs Programme on the
Evaluation of Carcinogenic Risks to Humans. Vol 45 (1989)

[2] Energy Nexus Group: Technology Characterization: Steam Turbines. Virginia. (March 2002)

[3] Bydesign: Fossil Fuels. http://www.bydesign.com/fossilfuels/links

[4] American Petroleum Institute www.api.org/links/map.htm
[5] World Energy Council: Energy Dictionary. Jouve. (1992)
[6] Bureau of Labor Statistics (BLS). United States Department of Labor. www.bls.gov

[7] Energy Information Administration (EIA). United States Government. www.eia.doe.gov

[8] Educogen. June 2003
[9] British Electricity International: Modern Power Station Practice. Oxford. (1992)

[10] Crown Minerals, Ministry of Economic Development of New Zealand.
http://www.med.govt.nz/crown minerals/

[11] Union Gas Limited. http://www.uniongas.com

[12] Engineering Tips. http://www.eng-tips.com/

126



Chapter 9

Modelling and Simulation

The optimization of the energy systems studies is defined in terms of costs; that means that the
models are constructed with the objective to minimise the total annualised costs of the plant. The
model is composed of two parts: an objective function and a group of constraints. A series of
variables are defined for each model. This function cost is composed of two parts: the operational
costs (®p) and the annualized design costs (®Pp). The operational costs are those derived of
producing the electrical energy and the heat necessary to supply the demand during the different
periods of time of the year. The design costs are the investment costs, which means, those that
depend of the size of the equipments; here are included the costs of installation and the costs of
the personal involved in the operation of the plant.

Depending on the technology modelled, the objective function, the constraints and the variables
involved can be different. Here is presented a general description of the models, and after this,
each model will be described in detail.

9.1 Simulation

The simulation is a theoretical approximation of the physical, economical and thermal
performance of an energy system, using mathematical models based on three main aspects:

e Thermodynamics information about the energy systems technologies

e Economics information about the operational and design costs of the energy systems
technologies, as well as the costs of fuels, electricity, personal and maintenance

e Statistics information about the energy consumption of the demand cases

The optimization is a method to find the optimal solution of the mathematical model from the
economical viewpoint; this method includes two kind of optimization: design optimization, that
defines the optimal size and the number of all the equipments of the plant, and the operational
optimization, which defines how must operate each equipment of the plant along the year in order
to supply the energy demand required. The mathematical model is solved with commercial
software for non-linear and mixed integer programming.

This research combines the simulation of energy systems with the method of optimization, in

order to find the cheapest option of a specific energy system, which supplies heat, power and
cooling to the user.
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9.2 Modelling

Modelling is the process to express the physical, thermal and economical characteristics of the
energy systems in mathematical language, which describes the system in terms of functions,
equations, relations, variables and restrictions. As was mentioned before, the modelling process is
made based in three main aspects, thermodynamics information, economics information and
statistics information.

9.2.1 Main Components of the Models

9.2.1.1 Objective function

The objective function is the mathematical expression, which represents the total annualized costs
of the energy system and depends on a finite number of variables. This variables are determined
by the characteristics of the specific energy system, and could be independent among themselves,
or could be related through one ore more restrictions.

The objective function is defined as ®:

mn®=d, + D, (191.)

This function cost is composed of two parts: the operational costs (®p) and the annualized design
costs (®Pp). The operational costs are those derived of producing the electrical energy and the heat
necessary to supply the demand during the different periods of time of the year. The design costs
are those that depend of the size of the equipments; an additional factor is included for the costs
of installation and the costs of the personal involved in the operation of the plant.

9.2.1.1.1 Operational costs

These are composed by the costs required for the energy system to produce or to buy different
forms of energy, as heat, power and cooling.

In this case, the operational costs are: cost of producing electric power or heat —or cooling for the
trigeneration option - (I'p), cost of the electricity bought from the utility grid (I'gy), negative cost
(profit) of power sold to the utility grid (I's), cost of producing additional heat (I'ay) and cost of
producing additional refrigeration (I'ar), during each period of time of the year.

4 /. . . . .
D, =Z(rp+rsy—rs+rm+rARj*Atn (192))

n=1
At, represents the periods of time in which the year is divided according to the demand. For each

period, the duration (in hours), the heat, power and cooling demand, and the cost of buying and
selling electricity, are variables. It is assumed the cost of fuel as a constant value.
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9.2.1.1.2 Design costs
The design costs are the annualised investment costs of all the equipments of the energy system.
The design costs are expressed with a non-linear function, which relate the annualised investment

cost of a equipment with the size and the physical characteristics of the same.

The function can be defined by the following expression:

®,=a YY" +a, Y, +..+a, Y " (193.)
The coefficients a; and b; are constant values that involve thermodynamic and economic
parameters, which have been determined through several studies [4][5][6]. Yi represents the size
of each one of the equipments of the energy system, for example, the size of a turbine.

9.2.1.2 Constraints

For the solving of the optimization problem it is necessary to establish several constraints that
delimitate the problem, according to the real behaviour of the cogeneration system. These
constraints can be classified in some groups.

9.2.1.2.1 Non negativity

All the variables, operational and of design, must be higher or equal to zero. The opposite doesn’t
have any sense in the real conditions of the plant.

9.2.1.2.2 Demand requirements

The variables must take values that satisfy the demand of heat, power and cooling.

9.2.1.2.3 Capacity of the equipments

The solution of the model must be restricted in the concerning to the capacity of the equipments.
Otherwise, it would be possible that the final results of the optimization could give very big sizes
of equipments as the optimal for the power plant, which can’t be feasible in the real conditions of
the user.

9.2.1.2.4 Value of the operational variables
The production of the power plant is subject to the available equipments. In this way, the
operational variables, like the power production in a specific period of time, can not take values

superior to the capacity of the respective equipment. In this group of constraints takes place the
interrelation between the operational and the design variables.
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9.3 Definition of the models

9.3.1 Gas turbine

The simple open cycle gas turbine system is based in the Brayton cycle, where a gas-air mix is
the working substance. This model simulates gas turbine systems with a net electrical power
higher than 5 MW, for capacities lower than 5 MW is used the micro gas turbine systems.

9.3.1.1 Steps

This model is realised in two steps, one first pre-model defines the size and the operation of the
gas turbine components and of the auxiliary equipments, assuming that the gas turbine works all
the time at full load. This first model calculates the main characteristics of the gas turbine, as the
work temperatures and pressures, the heat to power ratio, the air mass flow, the pressure ratio, the
net power and net heat produced.

The second model uses the information calculated in the first model and defines the actual
operation of the gas turbine components and of the auxiliary equipments along the year, taking
into account that the gas turbine works at partial load and that the weather vary the performance
of the same. Both models are built in order to find the optimal design and operation of the gas
turbine components and auxiliary equipment from the economical viewpoint.

9.3.1.2 Pre-model

The Figure 62 shows the model of simple open cycle gas turbine that represents the pre-model.

In this model, it is assumed that the gas turbine works at full load along the year, but the system
counts with an auxiliary boiler and with equipment to buy or sell electricity in case of peak of
heat and/or power.

The main target of the pre-model is to find the nominal characteristics of the gas turbine:

e Air mass flow

e  Pressure ratio

e Compressor outlet temperature
e  Turbine inlet temperature

e Turbine outlet temperature

e Heat to power ratio

e Net Power generated

e Net Heat generated

e Fuel mass flow

These variables represent the nominal characteristics of the gas turbine, required to supply the
demand of heat and power in the most economical way.
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9.3.1.2.1 Assumptions

e  The gas turbine works all the time at full load

e  The weather does not affect the performance of the gas turbine

e According with the literature, the purchase costs should be expressed in terms of each
component of the gas turbine system (air compressor, combustion chamber, gas turbine, heat
recovery steam generator and feed water heater) [3]

Use of auxiliary boiler in a peak of heat demand

Possibility of buy or sell electricity along the year

Use of natural gas as fuel

The life of the plant is assumed as 25 years

The fuel price is constant during the year, but it is assumed a fuel price variation along the
life of the plant

9.3.1.2.2 Objective Function

The objective function of this model represented in the next equation,

Minimize:

Total annualised costs (@) = Design costs (®p) + Operational costs (Do) (194.)
Design Costs

The design cost function is defined as follows:

Dy =0y -[Zpco + Zeon + Zor + Zimss + Zen + Zns + Zcc ) (195.)

The maintenance factor (@) is assumed as 1.06 for all components of the gas turbine system, and
the annual fixed charge rate (V) as 0.06743903, according with the economics calculations.

The expressions for obtaining the purchase costs of the components of the gas turbine systems are
presented in the Table 42, and the constants used in this set of equations are presented in the
Table 43. [3]

A set of constants is also added to this equation, because this approximation method proposed by
Frangopoulos was made in 1992-1993, therefore was needed to use factors of update, presented
in the Table 44. [10] [11]

Design Variables

The design variables of this model are some of the thermal characteristics of the components of
the system, the Table 45 resume the design variables for the gas turbine model.
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Operational Costs

The operation cost function is defined as:

* 4 * * *
D, = [(cf m j(sooo hours)} + Z[CBW ey +CsWs+C,, Q, }Atn (196.)

n=1

The time intervals At, are each one of length equal to 2000 hours, which means that the total
period of operation is 8000 hours, because the number of time intervals is four, like the year
seasons.

The operational costs represent:

o The cost of fuel required to generate heat and power: (Cf mt j(SOOO hours)

4
e The cost of buy power: Y (Cq Wy JAt,
n=1

4
e  The negative cost of sell power: Y (C W, )At,

n=l1

4
o The cost of generate additional heat »" (C ., Q4 )AL,

n=l1

These operational costs depend on the type of user that will be use the energy system. The costs
of fuel, buy and/or sell power and the cost of generate additional heat change if the user is
residential, commercial or industrial. The coefficients of these equations for all the type of user
are summarized in the Table 46. [11] [12]

Operational Variables

The operational variables of the gas turbine pre-model are:

*

e The fuel mass flow consumed by the system (m f j in all the periods of time (8000 hours)

e The power bought by the system (WBY ) in each period of time, totally 4 variables
e The power sold by the system (WS ) in each period of time, totally 4 variables
e The auxiliary heat generated by the system (Q AH ) in each period of time, totally 4 variables

It is possible observe, that the total number of operational variables is 13.
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9.3.1.2.3 Constraints

Non negativity
Both the design variables and the operational variables must be higher or equal to zero.

Demand requirements

The energy system should satisfy the next energy equations in order to supply the energy demand
of the user in each period of time, it is important notify that the power generated by the gas
turbine system is constant for all the periods of time.

Wer ~Way +Ws ], = Wogmao I (197
n=1,..,4

Power Demand:

[QGT + QAH ]n Z [ DEMAND ]n
n=1,..4

Heat Demand: (198.)

It is assumed in this work that the heat generated for the system plus the auxiliary heat could be
bigger than the heat demand, which means that sometimes a portion of the total heat generated is
wasted. This restriction is made because in some cases, the relation between heat demand and
power demand is very small and a small plant could be more expensive than other with a bigger
heat generation capacity.

Capacity of the equipments
With these constraints the sizes of all the equipments of the gas turbine system are restricted.

Thermodynamics Equations

The pre-model contains all the equations presented in the chapter of thermodynamics, which
relates the temperatures, pressures, mass flows, power generated, heat generated and heat to
power ratio.

Physical Constraints
This model has constraints to the maximal temperatures and pressures along the gas turbine
system available with the current technology.

Value of the operational variables
An operational variable can’t adopt a value superior to the capacity of its respective equipment.
For example, the auxiliary boiler can not produce in one period more power than the size of it.
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9.3.1.3 Complete model of the gas turbine

The Figure 63 shows the complete model of simple open cycle gas turbine with partial load. The
model takes as inlet data the next parameters calculated by the gas turbine pre model:

e Air mass flow

e  Pressure ratio

e  Turbine inlet temperature

e  Turbine outlet temperature

e  Compressor outlet temperature
e Heat to power ratio

e Net Power generated

e  Fuel mass flow

With these variables is possible to define the design point of the gas turbine, and the concept
design phase is completed because all the gas turbine components are already fixed, calculated by
the pre-model. The standard ambient conditions are taken as the ambient conditions in the
concept design phase, which means, an ambient temperature as 15°C and a relative humidity as
60%.

This model evaluates the off design performance of the gas turbine at other key operating
conditions:

e The ambient conditions change during the year
e The power load of the gas turbine could change during the year, working at partial load

It is important to notify that the gas turbine could be work at partial load, but the total efficiency
of the cycle is lower, because when the rated power generated decrease, the isentropic efficiency
of the turbine decrease also, as well as the compressor efficiency, the pressure ratio, the turbine
inlet temperature and the air mass flow.

In this model auxiliary boilers and heat pumps are used as auxiliary equipment to generate
additional heat in case of energy peak. The results of the heat pump analysis are used for the
complete gas turbine model, specially the number of heat pumps in cascade in order to supply a
heat demand.

The main targets of the complete gas turbine model are:

e Calculate the energy generated by the gas turbine system in all the periods of time, taking
into account the variation of the ambient conditions during the year

e Using the off design method, calculate all the pressures, temperatures, mass flows and
efficiencies of the components of the gas turbine system when it is working at partial load

e Define the power sold or bought by the system in all the periods of time

e Define the size of the auxiliary boiler and the additional heat generated in all the periods
of time

e Define the size of the heat pump cascade system, the number of heat pump units and
additional heat generated in all the periods of time
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9.3.1.3.1 Assumptions

e The gas turbine could works at partial load, the lowest limit for the net power output in each
period is 75% of the nominal net power output

e The performance at partial load of the gas turbine is predicted using the gas turbine map
described in the chapter of thermodynamics

e The gas turbine performance is affected for the ambient conditions

e The total efficiency of the system decrease at partial load

e The standard ambient conditions are the design point conditions (Ambient temperature = 15°,
Relative humidity = 60%)

e The design point is defined in the gas turbine pre model

e According with the literature, the purchase costs should be expressed in terms of each

component of the gas turbine system (air compressor, combustion chamber, gas turbine, heat

recovery steam generator and feedwater heater)

Use of auxiliary boiler in a peak of heat demand

Use of cascade heat pump systems in a peak of heat demand

The cascade heat pump systems should run with the power generated by the gas turbine

Possibility of buy or sell electricity along the year

Use of natural gas and fuel oil as fuels

The life of the plant is assumed as 25 years

The fuel price is constant during the year, but it is assumed a fuel price change along the life

of the plant

9.3.1.3.2 Objective Function
The objective function of this model represented in the next equation,

Minimize:
Total annualised costs (®1) = Design costs (®p) + Operational costs (Do) (199,

Design Costs
The design cost function is defined as follows:
@ = ¢'W'[ZAC +Zec +Zor +Lupse TLpn T g+ Zcc + nHPZHP] (200.)

The maintenance factor (¢) is assumed as 1.06 for all components of the gas turbine system, and
the annual fixed charge rate (V') as 0.06743903, according with the economics calculations. [3]

The expressions for obtaining the purchase costs of the components of the gas turbine systems
(Zac, Zcc, ZaT, Zurses ZrH, ZaB, Zcc) are presented in the Table 42, the constants used in this set
of equations are presented in the Table 43, and the factors of update are presented in the Table
44. The expression to obtain the purchase cost of the cascade heat pump systems is defined in the
next equation. [13]
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Design Variables

The design variables of the complete gas turbine model are some of the thermal characteristics of
the components of the system, the Table 48 resume the design variables for this model. Some of
these variables are already defined by the pre model, as the thermodynamic characteristics of the
Brayton cycle components (Compressor, Gas Turbine, Combustion Chamber, Heat Recovery
Stem Generator and Feedwater Heater), and these are also taken as the nominal characteristics of
the plant.

Although the complete gas turbine model revaluates the design variables of the next equipments:

e Auxiliary Boiler
e  Connection to the grid
e Cascade Heat Pump System

Operational Costs

The operation cost function for the complete gas turbine model is defined as:

4 *
®, = Z{Cf M+t + CgyWgy +CWs +C iy Quy :lAtn (202.)

n=1

As in the pre model, The time intervals At, are each one of length equal to 2000 hours, which
means that the total period of operation is 8000 hours, because the number of time intervals is
four, like the year seasons. As well as for the pre model, the coefficients of these equations for all
the type of user are summarized in the Table 46.

Operational Variables

The operational variables of the complete gas turbine model are:

*

e The fuel mass flow consumed by the system (mfj in each period of time, totally 4

variables. It muss be clear, that in the pre model the fuel mass flow calculated is the nominal
mass flow, and in the complete gas turbine model, for each period of time the fuel mass flow
at off design is calculated

e  The power bought by the system (WBY ) in each period of time, totally 4 variables

o  The power sold by the system (WS ) in each period of time, totally 4 variables
o  The auxiliary heat generated by the system (Q AH ) in each period of time, totally 4 variables
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9.3.1.3.3 Constraints

Non negativity
Both the design variables and the operational variables must be higher or equal to zero.

Demand requirements
The gas turbine system should satisfy the next energy equations in order to supply the energy
demand of the user in each period of time.

[VVGT - (nHPWHP ) —Wpy +W ]n = [\NDEMAND ]n
n=1,..4

Power Demand: (203,

[QGT + (nHPQHP )+ QAH ]n 2 [QDEMAND ]n
n=1,..,4

Heat Demand: (204,

It is assumed in this model, as well as for the pre model that the total heat generated for the
system (which means the heat generated by the gas turbine plus the heat generated by the cascade
heat pump systems, plus the heat generated by the auxiliary boiler) could be bigger than the heat
demand, which means that sometimes a portion of the total heat generated is wasted. It is also
important to make clear, that the number of cascade heat pump systems in service in each period
of time can be different, and these variables as well as the total number of cascade systems are
integer variables.

Capacity of the equipments
With these constraints the sizes of all the equipments of the gas turbine system are restricted.

On Design Parameters
Some of the parameters calculated in the pre model are now inlet information to the complete gas
turbine model, that here are treated as constraints. These parameters are:

e Air mass flow

e  Pressure ratio

e  Turbine inlet temperature

e Turbine outlet temperature

e  Compressor outlet temperature
e Heat to power ratio

e Net Power generated

e  Fuel mass flow

Physical Constraints
This model has constraints to the maximal temperatures and pressures along the gas turbine
system available with the current technology.

Value of the operational variables

An operational variable can’t adopt a value superior to the capacity of its respective equipment.
For example, the auxiliary boiler can not produce in one period more power than the size of it.
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Off design constraints

In the chapter of Thermodynamics was explained the theory of off design for gas turbines. This
research use the gas turbine map shown in the Figure 50, as the prediction map of the gas turbine
in off design — part load. [14]

The work area of all the gas turbines studied in this research is represented with a red line. The
limits of this area are:

.

<2 <045 (205.)
Tl

11<— " <095 (206.)

6,

n

As was explained before the net output heat and power of the gas turbine are controlled with the
fuel mass flow. The fuel mass flow in the design point, which means at full load, is calculated
with the equations of thermodynamics presented in the chapter 7. But the fuel mass flow in off
design is calculated using the gas turbine map, according with the weather conditions and the
partial load.

The proceeding used in this research to constraint the fuel mass flow of the gas turbine during all
the periods of time is:

Once the nominal parameters of the gas turbine are already calculated by the pre model,
the design point is determined in the gas turbine performance map

The performance gas turbine map is parameterized using the different variables, and the
results are presented in the Table 49.

Using the parameterized results of the performance gas turbine map and the design point
calculated in the pre model, is possible to calculate the design variables of this specific
gas turbine in any point at partial load, this is called in this research as the partial load
table (see an example in Table 52, Appendix B). The partial load table is unique for each
turbine and contain all the information about the performance in off design.

Once the design variables of the gas turbine at partial load are known, it is possible to
calculate the fuel mass flow at any point at partial load and therefore the net output heat
and power of the plant

The fuel mass flow is restricted for the work area in the performance map and also for the
ambient conditions. In all the cases the maximal fuel mass flow is less than the nominal
fuel mass flow, and the maximal fuel mass flow in each period of time depends on the
weather conditions. The minimal fuel is the required to produce in each period at least the
75% of the nominal net power output.

The next equations express the constraints for the fuel mass flow of the gas turbine at partial load
during all the periods of time.
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The net output heat and power that the plant could generate at partial load in any point of the off
design performance map, are functions of the fuel mass flow in each period of time, and these
functions are unique for each turbine. The functions which relate the energy production and the
fuel mass flow consumed are taken from the partial load table. The next equations show the heat
and power production as functions of the fuel mass flow.

Wqq, = f(mnj, Wer, = f(mfzj, Wgrs = f(mmj, Wgr, = f(mmj (208.)
Qgr = f(mn), Qgrs = f(mfz), Qgrs = f[mfa) , Qora = f[mmj (209.)

Finally, all the constraints used in the complete gas turbine model are presented and summarized
in the Table 50 and Table 51.
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9.3.2 Micro gas turbine

The model of the recuperated cycle micro gas turbines is presented in the Figure 64. In the
chapter of thermodynamics was explained the theory of these turbines, and was assumed that the
recuperated cycle micro gas turbine works at full load along the year, which means that the
isentropic efficiency of the compressor and the turbine, the pressure ratio, the fuel mass flow and
the air mass flow remains constant and no changes with the ambient temperature.

It is also taken as an assumption the design point at the ambient conditions, which means, an
ambient temperature as 15°C and a relative humidity as 60%.

The method used in this model to control the net heat and power generation is to change the
number of micro gas turbines that are in service in each period of time. An auxiliary boiler is
used as extra equipment in case of peak heat demand. The energy system allows also buy or sell
power in case of excess or deficit of electricity.

The main targets of the micro gas turbines model are:
e Calculate the nominal characteristics of each micro gas turbine:

Air mass flow

Pressure ratio

Compressor outlet temperature
Combustion chamber inlet temperature
Turbine inlet temperature

Turbine outlet temperature

Heat to power ratio

Net Power generated

Net Heat generated

Fuel mass flow

O O 0O OO0 Oo0OO0OOo0OOoOOo

e Calculate the total number of micro gas turbines that should be purchased in order to
satisfy the heat and power demand

e Calculate the number of micro gas turbines that should operate in each period of time
during the year in order to satisfy each period energy demand

e Define the power sold or bought by the system in all the periods of time

e Define the size of the auxiliary boiler and the additional heat generated in all the periods
of time
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9.3.2.1 Assumptions

e  Each micro gas turbine works all the time at full load

e The ambient conditions do not affect the performance of the micro gas turbine (this
assumption was made taking into account the efficiency charts of micro gas turbine
manufactured by TURBEC and CAPSTONE) [15] [16]

e The design point of the micro gas turbine is taken at the standard ambient conditions
(ambient temperature = 15°C, relative humidity = 60%)

e According with the literature, the purchase costs are given in terms of units of micro gas

turbines and not in terms of the components (like in the gas turbine models)

Use of auxiliary boiler in a peak of heat demand

Possibility of buy or sell electricity along the year

Use of natural gas as fuel

The life of the plant is assumed as 25 years

The fuel price is constant during the year, but it is assumed a fuel price change along the life

of the plant

9.3.2.2 Objective Function

The objective function is presented in the next equation,

Minimise:

Total annualised costs (®r1) = Design costs (®p) + Operational costs (Do) (210.)
Design Costs

The design cost function is defined as follows:
@, :(P"//'[nMGTZMGT"'ZAB"'ZCG] (211.)

As well as in the previous models, the maintenance factor (¢) is 1.06 and the annual fixed charge
rate (W) as 0.06743903.

The expressions of the purchase costs of the components of the micro gas turbine model are
presented in the Table 53. The coefficients expressed in these equations, as well as the factors of
update are shown also in the Table 53. [15] [16]

Design Variables

The design variables of the micro gas turbine model are the size of the equipments in terms of
energy; although the size of the micro gas turbine (in terms of net output power) is expressed in
terms of thermodynamics parameters of the recuperated cycle. These parameters are also design
variables, but all they are summarized into the micro gas turbine size. The design variables of the
micro gas turbine model are summarized in the Table 54.
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Operational Costs

The operation cost function for the micro gas turbine model is expressed in the next equation:

4 *
D, :Z[(nMGT -C, .mfj+CBYWBY +C W +C,,Qay }Atn (212)

n=1

It should be clear that the number of micro gas turbine units in service could change during the
year. The time intervals At, are four (one for each season), each one of length equal to 2000
hours.

The operational costs represent:

4 *
e The cost of fuel required to generate heat and power: Z(nMGT -C;-mg jAtn

n=1

e  The cost of buy power: i(C oy Wp, )AL,

n=l1

4
e  The negative cost of sell power: »° (C W, AL,

n=1

4
e The cost of generate additional heat with the auxiliary > (C,, Q. JAt,

n=1

The coefficients of these equations for all the type of user are summarized in the Table 46.
Operational Variables

The operational variables of the micro gas turbine model are:

e  The number of micro gas turbine units which are in service in each period of time (NwgTk),
because this is the way used in this model to control the net energy output. The fuel mass

*

flow consumed by each micro gas turbine unit (mfj is not considered as a operational

variable, because each micro gas turbine works all the time at full load and the fuel mass
flow in all the periods of time remains constant

e  The power bought by the system (WBY ) in each period of time, totally 4 variables
e  The power sold by the system (WS ) in each period of time, totally 4 variables

e The auxiliary heat generated by the system ( AH ) in each period of time, totally 4 variables
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9.3.2.3 Constraints

Non negativity
Both the design variables and the operational variables must be higher or equal to zero.

Integer Variables
The variables nyr (total number of micro gas turbine units installed or in service during each
period) must be integer variables, because they can’t adopt fractional values.

Demand requirements
The micro gas turbines system should satisfy the energy equations in order to supply the energy
demand of the user in each period of time.

[(nMGT Wyer )_WB +Wj ]n = [\NDEMAND ]n

213.
n=1..,4 ( )

Power Demand:

[(nMGT QMGT )+ QAH ]n 2 [QDEMAND ]n
n=1,..4

Heat Demand: (214.)

The total heat generated for all the micro gas turbine units in all the periods, could be bigger than
the heat demand, which means that sometimes a portion of the total heat generated is wasted.

Thermodynamics Equations
The micro gas turbine model contains all the thermodynamics equations, which relates the
temperatures, pressures, mass flows, power generated, heat generated and heat to power ratio.

Capacity of the equipments
With these constraints the sizes of all the equipments of the micro gas turbine system are
restricted.

Physical Constraints
The micro gas turbine model constraint the maximal temperatures and pressures along the
recuperated cycle, making use of the literature about current technology.

Value of the operational variables

These constraints impede that the number of micro gas turbine units used in each period of time
exceed the maximal number of micro gas turbine units, which possess the energy system.
Therefore the maximal number of micro gas turbine units in service in any period of time is equal
or lower than the maximal number of units.

All the constraints used in the complete model of the micro gas turbine system are presented in
the Table 55 and Table 56.
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9.3.3 Back Pressure Steam Turbine

The back pressure steam turbine system was explained in the chapter of thermodynamics, but
basically consist on a steam Rankine cycle with a boiler, a steam turbine, a heat exchanger (Feed
water heater) and a feed pump. The back pressure steam turbines used in this research are
available for the small users (lower than 5 MW net output power), as well as for big users (bigger
than 5 MW net output power).

These models simulate back pressure steam turbine systems with other additional equipments
(auxiliary boilers, heat pumps and equipment to buy or sell electricity) in order to satisfy the user
energy demand.

9.3.3.1 Steps

This model as well as for the gas turbine model, is realised in two steps, one first pre-model
defines the size and the operation of the back pressure steam turbine components and of the
auxiliary equipments, assuming that the back pressure steam turbine works all the time at full
load. This pre model calculates the main thermodynamic parameter of the back pressure steam
turbine, the heat to power ratio.

Once the optimal heat to power ratio of the system is found from the economical viewpoint, three
different study cases are defined. As was explained in the thermodynamics theory, one very
important parameter in the back pressure cogeneration systems is the inlet steam condition to the
turbine. Therefore, the study cases are three different inlet steam conditions to the back pressure
steam turbine, but taking into account that the three cases should satisfy exactly the same heat to
power ratio calculated by the pre model.

The second model uses the heat to power ratio calculated in the first model and all the
thermodynamic properties of the turbine inlet steam conditions determined in the research (three
different study cases), and defines for each study case the actual design and operation of the
system components and of the auxiliary equipments along the year, taking into account that the
back pressure steam turbine could work at partial load.

9.3.3.2 Pre-model

The pre model of the back pressure steam turbine is represented in the Figure 65. The back
pressure steam turbine works all the periods of time at full load and the system allows the service
of auxiliary boiler and equipment to buy or sell electricity in case of an energy peak.

The main objective of the pre model of the back pressure steam turbine system is find the optimal
heat to power ratio of the cogeneration system, which satisfy the energy demand of the user in the
most economical way possible. Some parameters of the system like the fuel mass flow and the
heat generation are expressed in terms of the power generation and the heat to power ratio. After
words, this heat to power ratio calculated is used to determine the three study cases and then
calculate with the second model, the design and operation of the plant for each study case.
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9.3.3.2.1 Assumptions

e The back pressure steam turbine works all the time at full load

The purchase costs are expressed in terms of each component of the back pressure steam
turbine system (Main boiler, steam turbine, feedwater heater, feed pump, etc)

Use of auxiliary boiler in a peak of heat demand

Possibility of buy or sell electricity along the year

Use of fuel oil as fuel

The life of the plant is assumed as 25 years

The fuel price is constant during the year, but it is assumed a fuel price change along the life
of the plant

9.3.3.2.2 Objective Function
The objective function of the back pressure steam turbine is,

Minimise:
Total annualised costs (®1) = Design costs (®p) + Operational costs (Do) (215.)

Design Costs
The design cost function is defined:
cI)D:(0"//'[ZMB"‘ZST"'ZFH"‘ZAB"'ZCG] (216.)

The maintenance factor (¢) is 1.06 for all components of the system, and the annual fixed charge
rate (V) is 0.06743903 (life of the plant = 25 years).

The expressions for obtaining the purchase costs of the components of the back pressure steam
turbine system are presented in the Table 57, the constants of these equations and the factors of
update are presented in the Table 58. The coefficients used for these expressions were calculated
based on the studies of Frangopoulus et al. [1][2][3]. Information about fuel and electricity prices
was used. The values have been annualised. It was found in the literature, that the purchase cost
of the feed pump is already included in the purchase cost of the main boiler.

Design Variables
The design variables of the back pressure steam turbine pre model are the size of the equipments
in terms of energy. It should be clear that the thermodynamic parameters like the turbine inlet

temperature and pressure are not design variables in this model.

The design variables of the back pressure steam turbine model are summarized in the Table 59.
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Operational Costs

The operation cost function is defined as:

* 4
D, = ch mfj(sooo hours)}+Z[CBYWBY +CW, +C,,Q,, It, (217.)

n=l1

The time intervals At, are each one of length equal to 2000 hours. The operational costs represent:

e  The cost of fuel required to generate heat and power: (Cf mt j(SOOO hours)
4

e The cost of buy power: > (Cq W, )AL,
n=1

4
o The negative cost of sell power: Y (C,W; )At,

n=l1

4
e The cost of generate additional heat " (C,,,Qyy )AL,

n=1

The coefficients of these equations for all the type of user are summarized in the Table 46.

Operational Variables

The operational variables of the back pressure steam turbine pre-model are:

*

e  The fuel mass flow consumed by the system (mf j in all the periods of time (8000 hours).

But it was explained in the chapter of thermodynamics that the fuel mass flow in the back
pressure steam turbine cycle can be expressed in terms of the turbine net output power, and
the heat to power ratio. The expression which relates these variables is shown next.

l:;,]fst :WST +Qqr :WST +(/1$TWST):WST '(l+/1$T) (218.)
neHy ngHy nsHy

e The power bought by the system (WBY ) in each period of time, totally 4 variables
e The power sold by the system (WS ) in each period of time, totally 4 variables
e The auxiliary heat generated by the system ( AH ) in each period of time, totally 4 variables
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9.3.3.2.3 Constraints

Non negativity
The design variables and the operational variables must be higher or equal to zero.

Demand requirements

The back pressure steam turbine system should satisfy the next energy equations in order to
supply the energy demand of the user in each period of time. The power generated by the system
is the same in all the periods. In this model the thermodynamic parameters of the back pressure
steam turbine are expressed in terms of the turbine net output power and the heat to power ratio.

[\NST ~Wgy +Ws ]n = [\NDEMAND ]n
n=1,..,4

Power Demand: (219)

[(ﬂ”ST 'WST )+ QAH ]n 2 [QDEMAND ]n
n=1,..,4

Heat Demand: (220.)

Capacity of the equipments
With these constraints the sizes of all the equipments of the back pressure steam turbine system
are restricted.

Thermodynamics Equations

With these equations is possible express some parameters like the fuel mass flow and the heat
generation in function of the power generation and the heat to power ratio, this last one is a very
important parameter required to begin with the complete back pressure model.

Physical Constraints

The heat to power ratio is limited by the pressures and temperatures at the inlet and outlet of the
back pressure steam turbine. The turbine outlet temperature is already known and with this value
is possible to know the minimal and maximal possible values of the pressure and the temperature
at the inlet. With all the previous information the limits of the heat to power ratio are defined.

Value of the operational variables
An operational variable can’t adopt a value superior to the capacity of its respective equipment.

For example, the auxiliary boiler can not produce in one period more power than the size of it.

All the constraints used in the pre model of the back pressure steam turbine system are
summarised and presented in the Table 60.
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9.3.3.3 Complete model of the back pressure steam turbine system

The Figure 66 shows the complete model of the back pressure steam turbine system with partial
load. The complete model takes as inlet data the heat to power ratio calculated in the pre model,
which is the optimal from the economical viewpoint. Then three different study cases are defined
for the same heat to power ratio. The criteria used to define the three study cases was based in
the temperature range observed at the inlet of normal back pressure steam turbines. It was found
that the normal turbine inlet temperatures were between 400°C - 500°C. Therefore the three study
cases are:

First case: Turbine inlet temperature = 400°C
Second case: Turbine inlet temperature = 450°C
Third case: Turbine inlet temperature = 500°C

In order to know all the thermodynamics characteristics of the steam for each study case at the
turbine inlet, knowing only the heat to power ratio and the turbine outlet temperature (110°C), it
was made a program using Microsoft Excel and the PWS software (Add-ins), which can solve the
next topics:

e Calculate the turbine inlet pressure, knowing the turbine inlet temperature, the heat to power
ratio, the turbine outlet temperature and the isentropic efficiency of the steam turbine

e Calculate the enthalpy and entropy at the inlet and at outlet of the steam turbine knowing the
pressures and temperatures

With the heat to power ratio (calculated in the pre model), the turbine outlet temperature (known
from the thermodynamics chapter) and the pressures and temperatures at the turbine inlet is
possible to define the design point of the back pressure steam turbine. The steam turbine could
work at partial load, but the total efficiency of the cycle is lower, because when the rated power
generated decrease, the isentropic efficiency of the turbine decrease also.

In this model auxiliary boilers and heat pumps are used as auxiliary equipment to generate
additional heat in case of energy peak.

The main targets of the complete model of the back pressure steam turbine system are:

e Define the size of all the components of the back pressure steam turbine system

e C(alculate the energy generated by the back pressure steam turbine system in all the
periods of time, taking into account that the steam turbine could work at partial load

e Define the steam mass flow in each period of time, required to generate the energy at
partial load

e Define the power sold or bought by the system in all the periods of time

e Define the size of the auxiliary boiler and the additional heat generated in all the periods
of time

e Define the size of the heat pump cascade system, the number of heat pump units and
additional heat generated in all the periods of time
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9.3.3.3.1 Assumptions

e The back pressure steam turbine could works at partial load, the lowest limit for the net power
output in each period is 75% of the nominal net power output

e The performance at partial load of the back pressure steam turbine is assumed as the curve of
the jError! No se encuentra el origen de la referencia..

o The total efficiency of the system decrease at partial load

e The heat to power ratio of the system is already defined by the pre model

e The design point is defined with the heat to power ratio, the isentropic efficiency of the steam
turbine, the outlet turbine temperature (known) and the turbine inlet temperature and pressure,
these last are specified for three different study cases

e The purchase costs are expressed in terms of each component of the back pressure steam

turbine system (Main boiler, steam turbine, feedwater heater, feed pump, etc)

Use of auxiliary boiler in a peak of heat demand

Use of cascade heat pump systems in a peak of heat demand

The cascade heat pump systems should run with the power generated by steam turbine

Possibility of buy or sell electricity along the year

Use of fuel oil as fuel

The life of the plant is assumed as 25 years

The fuel price is constant during the year, but it is assumed a fuel price change along the life

of the plant

9.3.3.3.2 Objective Function

The objective function of the complete model of back pressure steam turbine is,

Minimize:

Total annualised costs (@) = Design costs (®p) + Operational costs (Do) (221,
Design Costs

The design cost function is defined:

Oy =@y [Zyg +Zs +Zey +Zpg +Zeg +NppZyp | (222)

The maintenance factor () is 1.06 for all components of the system, and the annual fixed charge
rate (V) is 0.06743903 (life of the plant = 25 years).

The expressions for obtaining the purchase costs of the components of the back pressure steam
turbine system are shown in the Table 61, the constants of these equations and the factors of
update are presented in the Table 62. The purchase cost of the feed pump is already included in
the purchase cost of the main boiler.
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Design Variables

The design variables of the complete model of the back pressure steam turbine are the size of the
equipments in terms of energy.

Some of these variables are already defined by the pre model, as the heat to power ratio, although
the complete model of the back pressure steam turbine revaluates other variables, as is explained
in the next table.

Operational Costs

The operation cost function for the complete gas turbine model is defined as:
4 *

D, = Z[Cf Mt + CgyWpgy +CsWs + Cry Quy :lAtn (223))
n=1

The time intervals At, are four, each one of 2000 hours of duration.

The operational costs represent:

4 *
e  The cost of fuel required to generate heat and power: (Cf m ¢ jAtk

k=1

4
e The cost of buy power: > (Cq,Wg, JAt,
k=1

4
o The negative cost of sell power: > (C,W; JAt,

k=1

4
o  The cost of generate additional heat with the auxiliary Z(C an Qa JAL,

k=1

The coefficients of these equations for all the type of user are summarized in the Table 46.

Operational Variables

The operational variables of the complete gas turbine model are:

*

e  The fuel mass flow consumed by the system (m f ) in each period of time. But the fuel mass

flow in the back pressure steam turbine cycle can be expressed for each period of time in
terms of the turbine net output power, and the turbine isentropic efficiency.

L e ey o e o g 24)
nsHy A\ h, —h, nsHy A\ nsr A\ h, —hy
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In this equation the enthalpies of the steam states (1,2 and 3"), the efficiency of the boiler
and the fuel low heating value, are know. The isentropic efficiency of the back pressure
steam turbine is expressed in the next equation.

_ (J ) ’ [WST ]pl
brsr o = gy 1+ ()Mo, (225.)
[UST ]full
J=—F+—"7— 226.
1- [773T ]full ( :

So it is possible observe that the fuel mass flow consumed in each period of time is a
function of the net power generated in each period of time, and of the turbine isentropic
efficiency (which is also a function of the power generated in each period of time and of the
nominal power of the turbine). The total number of operational variables is 8, four variables
of power generation in each period of time and four variables of isentropic efficiency of the
steam turbine.

e The power bought by the system (WBY ) in each period of time, totally 4 variables
e The power sold by the system (WS ) in each period of time, totally 4 variables

e The auxiliary heat generated by the system (Q AH ) in each period of time, totally 4 variables
The operational variables used in the complete model of the back pressure steam turbine system
are summarized and presented in the Table 64.

9.3.3.3.3 Constraints

Non negativity
Both the design variables and the operational variables must be higher or equal to zero.

Integer Variables
The variables nyp (total number of cascade heat pump systems installed or operating during each
period of time) must be integer variables, because they can’t adopt fractional values.

Demand requirements
The back pressure steam turbine system should satisfy the next energy equations.

Power Demand: EA/jTl - (ZHPWHP )_WBY +Vvs ]n = [VVDEMAND ]n (227))
Heat Demand: Eﬂ“_STl WZT )+ (n HPQHP )+ QAH ]n 2 [QDEMAND ]n ( 228.)
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Capacity of the equipments
With these constraints the sizes of all the equipments of the back pressure steam turbine system

are restricted.

On Design Parameters

The heat to power ratio calculated in the pre model is inlet information to the complete model of
the back pressure steam turbine, which in this model is treated as constraints. With the heat to
power ratio, three different study cases are defined, and for each one the next parameters should
be enter to the complete model:

e Enthalpy of the steam at the boiler inlet (state 1)

e Enthalpy of the steam at the turbine inlet (state 2)

o Turbine isentropic efficiency at full load

e Ideal enthalpy of the steam at the turbine outlet (state 3")

o Enthalpy of saturated steam at the turbine outlet temperature (state 3s)

Physical Constraints
The model has limits for the maximal turbine isentropic efficiency, as well as for the enthalpy of

the steam at the turbine outlet.

Value of the operational variables
An operational variable can’t adopt a value superior to the capacity of its respective equipment.
For example, the auxiliary boiler can not produce in one period more power than the size of it.

Off design constraints

The power generation of the steam turbine at part load decrease the turbine isentropic efficiency.
The Figure 44 show the behaviour of the turbine isentropic efficiency when the steam turbine
works at partial load.

The relation between the turbine isentropic efficiency and the output power at partial load can be
expressed with the equations presented in the section 6.2.2.3, which in this model is treated as a
restriction for each period of time.

The heat to power ratio of the system at partial load is also affected by the turbine isentropic
efficiency at partial load. So, the heat to power ratio in each period of time at partial load can be
expressed with the next equation.

Q h., —h h, —h
Ao =50 = h3 h4 _ 3h 4h (229.)
Wer > — 1k 775T'( b~ 3')

The lowest limit for the net power generation in each period is 75% of the nominal net power
output. All the constraints used in the complete model of the back pressure steam turbine system
are summarized in the Table 65 and Table 66.
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9.3.4 Trigeneration

The model for trigeneration was made for a backpressure steam turbine system, with the
additional equipments of an auxiliary boiler and compression and absorption chillers. Figure 67,
shows the trigeneration system.

This model was designed in order to supply three different types of energy, power, heat and
cooling. The power is generated by the steam turbine and the system has the possibility to buy or
sell electricity from/to the utility grid. The steam leaving the turbine is divided in two ways, one
to the feedwater heater and other to the absorption chillers. The feedwater heater is the equipment
which supplies the heat to the user.

The cooling demand is reached with two sets of equipments, the set of absorption chillers (which
take steam leaving from the turbine) and the set of compression chillers (which take power from
the steam turbine).

This model is applied only to one user (The General Hospital of Vienna) in order to compare the
performance of the steam turbine and the energy system with and without the use of refrigeration
equipment.

As well as for the back pressure steam turbine system, the trigeneration model is composed by
two steps. In the first step, the pre model, it is the heat to power ratio calculated and in the second
step, the complete model, three different study cases are defined and for each one it is calculated
the size and the operation of all the equipments. The main targets of the trigeneration model
presented in this research are presented in the following table.

PRE MODEL OF

TRIGENERATION COMPLETE MODEL OF TRIGENERATION

Define the size of all the components of the back
pressure steam turbine system

Calculate the energy generated by the steam turbine
system in all the periods of time, taking into account the
Calculate the optimal heat to power | possibility of partial load

ratio  from  the  economical
viewpoint, taking into account that
the steam works all the time at full
load

Define the power sold or bought by the system in all the
periods of time

Define the size of the auxiliary boiler and the additional
heat generated in all the periods of time

Define the size of the compression and absorption
chillers, as well as the number of each one, which
should be in service in each period

Table 28. Targets of the trigeneration model
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9.3.4.1 Assumptions

PRE MODEL OF TRIGENERATION

COMPLETE MODEL OF
TRIGENERATION

The back pressure steam turbine works all
the time at full load

The performance at partial load of the back
pressure steam turbine is assumed as the
curve of the jError! No se encuentra el
origen de la referencia.

The purchase costs are expressed in terms
of each component of the back pressure
steam turbine system (Main boiler, steam
turbine, feedwater heater, feed pump,
absorption and compression chillers, etc)

The design point is defined with the heat to
power ratio, the isentropic efficiency of the
steam  turbine, the outlet turbine
temperature (known) and the turbine inlet
temperature and pressure, these last are
specified for three different study cases

The Coefficient of Performance (COP)
was taken fixed for the absorption and the
compression chillers. COPagsorpTioN =
0.68,

COPcomprEssion = 4.5

The heat to power ratio of the system is
already defined by the pre model

The steam leaving the steam turbine was
used for the heat required in the generator
of the absorption chillers, and for the heat
transfer to the water for heating

The back pressure steam turbine could
works at partial load, the lowest limit for
the net power output in each period is 75%
of the nominal net power output

The cooling demand is supplied with cold
water at 5 ° C

The Coefficient of Performance (COP) was
taken fixed for the absorption and the
compression chillers. For absorption it was

used 0.68 and for the compression chillers
4.5

Use of auxiliary boiler in a peak of heat
demand

The steam leaving the steam turbine was
used for the heat required in the generator
of the absorption chillers, and for the heat
transfer to the water for heating. The
cooling demand is supplied with cold water
at5°C

Possibility of buy or sell electricity along
the year

Use of auxiliary boiler in a peak of heat
demand

Use of fuel oil as fuel

Possibility of buy or sell electricity along
the year

The life of the plant is assumed as 25
years

The life of the plant is assumed as 25 years

The fuel price is constant during the year,
but it is assumed a fuel price change along
the life of the plant

Use of fuel oil as fuel. The fuel price is
constant during the year, but it is assumed a
fuel price change along the life of the plant
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Table 29. Assumptions made for the pre model and the complete model of the trigeneration system

9.3.4.2 Objective Function

The objective function of both the pre model and the complete model of back pressure
steam turbine are expressed in theTable 67 and Table 68, where is possible observe that
the difference between the objective function of the both models, is the partial load of the
steam turbine in the complete model, therefore the power generation of the turbine is
variable for each period of time. This is made taking into account that the pre model
defines the heat to power ratio and then three different cases are established to study in
the complete model of the trigeneration system.

The equations which define the purchase costs of the components of the trigeneration
system, which are the same for the pre model and for the complete model, are
summarized in the Table 69. The corresponding factors of these equations are also
presented for the pre model and the complete model in the Table 70. The design variables
used in the pre model and in the complete model of the trigeneration system are
summarised and presented in the Table 71. The operational variables of the pre model
and of the complete model of the trigeneration system are expressed in the Table 72. As
was explained before, the fuel mass flow in the back pressure steam turbine can be
expressed as a function of the net output power and of the isentropic efficiency of the
turbine.

The difference between the operational variables of the pre model and the operational
variables of the complete model, it is that in the pre model the steam turbine work all the
time at full load. But in the complete model, the turbine can work at part load, and
therefore the power generation in each period is a variable, as well as the isentropic
efficiency of the turbine. The coefficients of the operation cost functions for the pre
model and for the complete model of the trigeneration system are shown in the Table 73,
taking into account that the trigeneration model was applied only for the Vienna General
Hospital (Commercial User).

The coefficients Ccra and Cerc represent the running costs of the cooling towers, one for
the absorption chillers and the other for the compressor chillers. These running costs
include the water consumption, chemical treatment, cleaning and maintenance and fan
power. It was found in the literature that the running costs of the cooling towers increase
with the cooling generation, with a linear relation.

9.3.4.3 Constraints

9.3.4.3.1 Constraints of the premodel

Non negativity
The design variables and the operational variables must be higher or equal to zero.
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Demand requirements

The pre model of the trigeneration system should satisfy the next energy equations in
order to supply the energy demand of the user (power, heat and cooling) in each period of
time. The power generated by the system is the same in all the periods. In this model the
thermodynamic parameters of the back pressure steam turbine are expressed in terms of
the turbine net output power and the heat to power ratio.

Power Demand:
[\NSTI - (ZAC 'WAc )_ (ncc 'ch )_WBY +Ws ]n = [WDEMAND ]n ( 230.)
n=1,...,

Heat Demand:

[(J“ST 'WST )_(nAC 'QAC )+ QAH ]n 2 [QDEMAND ]n

231.
n=1,...,4 ( )

Cooling Demand

[(nAC Yac )+ (ncc Yec )]n = [ODEMAND ]n

232.
n=1,...,4 ( )

Capacity of the equipments
With these constraints the sizes of all the equipments of the back pressure steam turbine
system are restricted.

Thermodynamics Equations

With these equations is possible express some parameters like the fuel mass flow and the
heat generation in function of the power generation and the heat to power ratio. There are
also equations, which relate the capacity of refrigeration of the chillers with the power or
heat consumption. Finally there are equations which relate the capacity of the cooling
towers with the refrigeration capacities of the corresponding chillers.

Integer Variables
The variables nac (total number of absorption chillers installed or operating during each

period), Nce (total number of compression chillers installed or operating during each
period) must be integer variables, because they can’t adopt fractional values.

Physical Constraints

The heat to power ratio is limited by the pressures and temperatures at the inlet and outlet
of the back pressure steam turbine. The turbine outlet temperature is already known and
with this value is possible to know the minimal and maximal possible values of the
pressure and the temperature at the inlet. With all the previous information the limits of
the heat to power ratio are defined.
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Value of the operational variables

An operational variable can’t adopt a value superior to the capacity of its respective
equipment. For example, the auxiliary boiler can not produce in one period more power
than the size of it.

All the constraints used in the pre model of the back pressure steam turbine system are
summarized and presented in the Table 74 and Table 75.

9.3.4.3.2 Constraints of the complete model

Non negativity
The design variables and the operational variables must be higher or equal to zero.

Integer Variables
The variables nac (total number of absorption chillers installed or operating during each

period), Nce (total number of compression chillers installed or operating during each
period) must be integer variables, because they can’t adopt fractional values.

Demand requirements

The complete model of the trigeneration system should satisfy the next energy equations
in order to supply the energy demand of the user (power, heat and cooling) in each period
of time. The power generated by the system is the same in all the periods. In this model
the thermodynamic parameters of the back pressure steam turbine are expressed in terms
of the turbine net output power and the heat to power ratio.

Power Demand:
[VVST - (nAC 'WAc )_ (ncc 'ch )_WBY +Ws ]n = [VVDEMAND ]n

233.
n=1,...,4 ( )

Heat Demand:

[(J“ST 'WST )_(nAC 'QAC )+ QAH ]n 2 [QDEMAND ]n

234.
n=1,...,4 ( )

Cooling Demand

[(nAC Yac )+ (ncc Yec )]n = [ODEMAND ]n

235.
n=1..,4 ( )
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Capacity of the equipments
With these constraints the sizes of all the equipments of the back pressure steam turbine
system are restricted.

Thermodynamics Equations

With these equations is possible express some parameters like the fuel mass flow and the
heat generation in function of the power generation and the heat to power ratio. There are
also equations, which relate the capacity of refrigeration of the chillers with the power or
heat consumption. Finally there are equations which relate the capacity of the cooling
towers with the refrigeration capacities of the corresponding chillers.

On Design Parameters

The heat to power ratio calculated in the pre model is inlet information to the complete
model of the trigeneration system, which in this model is treated as constraints. With the
heat to power ratio, three different study cases are defined, and for each one the next
parameters should be enter to the complete model:

o Enthalpy of the steam at the boiler inlet (state 1)

o Enthalpy of the steam at the turbine inlet (state 2)

e Turbine isentropic efficiency at full load

o Ideal enthalpy of the steam at the turbine outlet (state 3")

o Enthalpy of saturated steam at the turbine outlet temperature (state 3s)

Physical Constraints

The heat to power ratio is limited by the pressures and temperatures at the inlet and outlet
of the back pressure steam turbine. The turbine outlet temperature is already known and
with this value is possible to know the minimal and maximal possible values of the
pressure and the temperature at the inlet. With all the previous information the limits of
the heat to power ratio are defined.

Value of the operational variables

An operational variable can’t adopt a value superior to the capacity of its respective
equipment. For example, the auxiliary boiler can not produce in one period more power
than the size of it.

Off design constraints

The power generation of the steam turbine at part load decrease the turbine isentropic
efficiency. The performance of the back pressure steam turbine used in the trigeneration
system and working at part load is treated in the same way that the part load performance
of the steam turbine complete model (explained before).

All the constraints used in the complete model of the trigeneration system are
summarized and presented in the Table 76, Table 77 and Table 78.
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Chapter 10

Results and Analysis

After the models are solved, the software LINGO shows a report of the solution, like this:

Z Solution report City of Oklahoma

Local optimal solution found at iteration: 118
COhjective wvalue: 0.2764572E+05

WVariable Value Reduced Cost
F 0.20934 E-01 0.000000
H1 473 .2950 .aooooo
HZ 3245.441 .0oaoao
H3 2383.158 .0oaoao
2591.068 .aooooo

H4 451.3634 .0ooooo
J L.G6RAEGA .0ooooo
NF 0.8500000 .Qooooo
N1l 0.5500000 .0oaoao
23199.99 .0oaoao

¥T 23199.99 .aooooo
Nz 0.8095238 .0ooooo
17399.99 .aooooo

N3 0.8095238 .Qooooo
173599.99 .0oaoao

IO 0.8095238 .0oaoao
17359.99 .0ooooo

K 2 .800000 .0ooooo
YH BE1Z5.24 .aooooo
35209.83 0.o0o0oo0

0.0000a0 1499.873

39.61875 0.000000

0.000000 334759.2

10110, 60 0.000000

0.000000 22 .37080

e e o e e e e o o e e

MM L

Figure 68. Example of a Solution report showed by the LINGO software

The literals included in the column Variable are representations of the variables defined
for the modelling, which where described in the preceding chapter. This information is
rearranged and presented in organised tables, and it is used also for the graphic
representation.
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10.1 Obtained Results

The results obtained with the LINGO software for the gas turbine models, the micro gas
turbine models and the back pressure steam turbine models are compiled for each user
and are presented in the Figure 69 to Figure 85.

The results of the micro gas turbine model for the building, the hotel and household are
summarized and presented in the Table 31. The results of the gas turbine model for the
City A, the City B and the Vienna General Hospital are summarized and presented in the
Table 32. The results of the back pressure steam turbine model for all the users (without
trigeneration option) are also compiled in the Table 34.

The results comparison of the study options for the Vienna General Hospital with cooling
load and without cooling load, using back pressure steam turbine system are shown in the
Table 33. Two tables were built with the complete results of all the technologies for all
the users.

The Table 35 illustrates the comparison of the energy production of the system and the
energy production of the auxiliary equipments. The parameters evaluated in each
technology for each case are:

Power generation of the system (kW)

Heat generation of the system (kW)

Size of the equipment to buy or sell power (kW)
Size of the auxiliary boiler (kW)

Total cost ($)

The Table 36 shows the comparison of the design costs and the operational costs for each
case. The parameters presented in this comparison are:

Main cycle purchase cost ($)

Auxiliary equipments purchase cost ($)

Fuel cost ($)

Total operational cost ($)

Fuel cost per unit of energy generated ($/KW)

Main cycle purchase cost per unit of energy generated ($/kW)
Total cost ($)

Afterwards the results are studied making three important analyses. The first analysis is
made for each technology revising the technical and economical characteristics of the
system applied to each user. The second analysis is for the Vienna General Hospital with
and without the trigeneration option. Finally the third analysis is made for each user
comparing the different technologies used to supply the specific energy demand.
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USER BUILDING POWER OPERATION
FUEL USED NATURAL GAS 600
TOTAL COST (%) 501948.2 — 500 - —
E 400
Demand (KW) g 300
Period Heating Electricity o 200
1 1593.970958 385.3672055 100
2 257.532329 499.42402 0~ ] , ‘ 3 ‘ ,
3 157.939318 552.7355191 PERIODS
4 784 9865621 405 8170414 B POWER GENERATED OPOWER BOUGHT
OPOWER DEMAND OPOWER SOLD
DESIGN SOLUTION Wier kW) | 33.122950 HEAT OPERATION
Quer &W) | 65.415550
Units In Avet 1974931 0
Period | Service : : ~ |
1 = m, (kg/s) | 0.303953 g
2 4 m, (keg/s) | 0002824 =
3 3 r, 5.175563 T %] B e I |_|
0 : : :
4 12 Mreg 0.8 1 2 3 4
T4 (K) 1448.906000 PERIODS
Yes (kW) | 4533667 | | EUE 0.696734293
QAB (kW) 808.9844 NeLecTric 0.234202 B HEAT GENERATED @ AUXILIARY HEAT OHEAT DEMAND ‘
Figure 69. Compiled results for the building using micro gas turbine option
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POWER OPERATION
USER HOTEL OWER O
FUEL USED NATURAL GAS 2000
TOTAL COST ($) 897664.9 S 150 u
X
X 1000 |
Demand (kW) =
Period Heating Electricity Q 500
1 823.892729 454957117 OJ ’_‘ ‘ ‘ ‘
2 611.857826 1117.98088 1 2 3 4
3 300.179211 1724.01434 PERIODS
4 744.623656 758.213859 ‘l POWER GENERATED @ POWER BOUGHT 00 POWER DEMAND ‘
DESIGN SOLUTION Wyer kW) | 37718 HEAT OPERATION
Quer (kW) 68.657
Units In At 1.820289 1090
Perl'Od Sez‘;'ce m, (kg/s) | 03032038 s %
5 5 m, (kg/s) | 0.0029826 = 600
< |
3 5 , 5.383778 w4
4 11 Mieg 0.8 e “
T, (K) 1496.172 .,
Y.. (kW
cc kW) 11535424 | | EUF 0.712037848 PERIODS
Qpe (kW) 0 Merectric 0.252469825 B HEAT GENERATED 0 HEAT DEMAND |
Figure 70.  Compiled results for the hotel using micro gas turbine option
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POWER OPERATION
USER HOUSEHOLD OWER O
FUEL USED NATURAL GAS 500
TOTAL COST ($) 465587.5 2 00
o
g 200
Demand (kW) O 100 ’_| L H
Period Heating Electricity 0 . , o ‘
1 2115.45473 216.984071 PERIODS
2 648.150067 206.558767
3 319.003389 202.618887 R GBEATES G POWER BOUGHT
4 1352.07991 213.639144 £ POWER SOLD C POWER DEMAND
DESIGN SOLUTION Wier (kW) 32.818 HEAT OPERATION
Quer (kW) 64.815
Units In y - 1.974931 2500
Perllod Sez\;lce m. (ke/s) 03011628 s 2000 1 _
4 |
m, (kg/s) | 0.002797660 = 1500
: = r 5.175563 & 10
3 5 c * T 500 | l ’—‘
4 13 Mkeg 0.8 | | i Eml
T, (K) 1448.906 1 2 3
Yes (kW) | 213.0062 | | EUF 0.69673416 PERIODS
Que (kW) | 1272.86 MTeLectric 0.23420177 m HEAT GENERATED m AUXILIARY HEAT 0O HEAT DEMAND
Figure 71.  Compiled results for the household using micro gas turbine option
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USER CITY A POWER OPERATION
FUEL USED NATURAL GAS 50
TOTAL COST ($) 24905970 S 40 ]
>
< 30 4
o
Demand (MW) g 20 -
Period Heating Electricity O 10
1 122.498334 33.1270811 0|
2 37.4058518 39.538191 1 2 3 4
3 20.6210292 44.3509462 PERIODS
4 78.3580272 34.9098502 m POWER GENERATED @ POWER BOUGHT 0 POWER DEMAND
DESIGN SOLUTION Wer MW) | 30.67933 HEAT OPERATION
Aot 2.554098
H.P. Units m, (kg/s) 157.8342 140
; ; 5 ~- 120 | —
Perl'Od Ser(‘)"ce m, (kes) | 2.658221 2 1o
r 21.66432 £ 801
2 0 ¢ 6643 E 60 -
3 0 T3 (K) 1507.192 I 40 -
4 0 Qpe (kW) 0 28: | ’_‘ | |_| |
an 0 1 2 3 4
EUF 0.818928026 PERIODS
MeLecTriC 0.230417933
B HEAT GENERATED @ AUXILIARY HEAT 0O HEAT DEMAND
Yoo (MW) 15.3398
QMW) 41.7225

171




Figure 72.

Compiled results for the City A using gas turbine option (First part)

PART LOAD PERFORMANCE

32000 |
S 27000 Period T3 (K) T4 (K) m, (kg/s) re
5 22000
z 1 1443.3176 | 781.70407 | 170.17686 | 22.669605
% 17000
z 2 1526.7105 | 833.25103 | 158.74686 | 21.721454
12000 |
2000 | | | | | | 3 1560.4225 | 856.08086 | 152.77099 | 21.143379
15 17 19 21 23 25 27 29
4 1475.2553 | 801.32142 | 165.63938 | 22.296994
Fuel Mass Flow (Kg/s)
—— 1 Period —— 2 Period 3 Period 4 Period
85000 . % Full VVGT QGT
sa006 Period | M: (ke/s) Load (MW) (MW)
S 75000 1 2.7229128 | 1.0158501 | 31165.639 | 80738.782
g 2 | 27542293 | 0.9854689 | 30233.562 | 84573.336
65000
60000 3 2.7310024 | 0.9472622 | 29061.406 | 85336.874
55000 T T T T T T
15 v 19F |M2'1 . 2'(3K/) 29 2 29 4 2.7354738 | 1.0040545 | 30803.758 | 82259.163
ue ass ow g/s
1Period 2 Period 3 Period 4 Period
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Figure 73.

Compiled results for the City A using gas turbine option (Second part)

POWER OPERATION

USER CITYB
FUEL USED NATURAL GAS 60
TOTAL COST ($) 23984990 S 501 —
\E/ 40 A
% 30 1
Demand (MW) = 0
Period Heating Electricity € 1l r
1 64.9252514 33.3105905 o |
2 27.2244485 48.1111648 1 2 3 4
3 17.9425654 55.6098238 PERIODS
4 49.0810188 37.5605446 m POWER GENERATED @ POWER BOUGHT 00 POWER DEMAND
DESIGN SOLUTION Wor MW) | 2541854 HEAT OPERATION
Aot 2.554248
H.P. Units m, (kg/s) 130.7770 80
Period Service mf (kg/s) 2.202497 ; ;8:
! 0 r, 21.64105 2 507
2 0 = 40 -
T (K) 1507.149 < 30 4
3 0 e
4 0 Qe (kW) 0 10 |
Nyp 0 0 - : : :
Yoo (MW) | 316228 || EUF 0.818925644 ! 2 3 4
Qs (MW) 0 Mevectric 0.230407582 PERIODS

B HEAT GENERATED O HEAT DEMAND
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Figure 74.  Compiled results for the City B using gas turbine option (First part)
PART LOAD PERFORMANCE
27000
25000
23000 -
2 19000 | Period | T3 (K) To(K) | m, (kefs) re
£ 17000
5 15000 1 14823093 805.70167 | 136.42441 | 22.212439
2 13000 7 7 9
11000 1558.6026 | 854.84514 | 126.84967 | 21.173151
9000 | 2 7 3 3 9
7000 : : :
4 L6 18 5 25 "4 3 1588&7651 876.(12128 122.277326 20.6;9808
Fuel Mass Flow (Kof) 15053747 | 819.99078 21.952677
4 133.83956
—— 1 Period —— 2 Period 3 Period 4 Period 4 6 9
70000 - % Full
65000 Period m; (kg/s) Load Wer MW) | Qgr (MW)
— 22686126 | 1.0409762 | 26458.659 | 66512.334
< 60000 - 1
bt 9 8 6 3
£ 55000 - 9 2.2640935 0.9863506 25070.229 | 68898.061
50000 - 7 8 7
2.2399817 | 0.9455836 | 24034.050 | 69343.501
45000 . . . . 3 2 8 5 1
14 16 h 2 22 24 2.2756660 | 1.0318602 | 26226.955 | 67415.571
Fuel Mass Flow (Kg/s) 4 8 3 3 4
—— 1 Period —— 2 Period 3 Period 4 Period
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Figure 75.  Compiled results for the City B using gas turbine option (Second part)
; ; POWER OPERATION
USER Vienna General Hospital
FUEL USED Natural Gas 20
TOTAL COST ($) 8867702 g 15
=
éc: 10 -
Demand (MW) % 5 | |
Period Heating Electricity -
1 32.4740783 15.0009601 0 }
2 15.3509558 14.6520311 PERIODS
3 8.78136201 14.8088411 B POWER GENERATED @ POWER BOUGHT 0 POWER DEMAND
4 27.1475508 14.6744325
DESIGN SOLUTION Wer MW) | 12.71736 HEAT OPERATION
Aot 2.553523
H.P. Units m, (kg/s) 65.41150 40 —
Period Service m, (kg/s) 1101711 S 30
1 = ]
0 r, 21.65691 o 20
3 0 T (K) 1507.358 . .
4 0 Que (kW) 0 i
PERIODS
Nyp 0
Yoo (MW) | 2782795 || EUF 0.818936042 @ HEAT GENERATED B HEAT DEMAND ‘
Qs MW) 0 MeLectric 0.23045746
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Figure 76.

Compiled results for the Vienna General Hospital using gas turbine option (First part)

PART LOAD PERFORMANCE

1Period

2 Period 3 Period

4 Period

14000
12000
S 10000 - Period T3 (K) T4 (K) m, (kg/s) re
g 8000 1 1443.4756 | 781.70404 | 70.52669 | 22.682789
% 6000 -
z 2 1526.8776 | 833.25086 | 65.789737 | 21.734061
4000
2000 ‘ ‘ ‘ ‘ 3 1560.5933 | 856.08068 | 63.313143 | 21.155634
0.7 0.8 0.9 1 11 12
Fuel Mass Flow (Kgis) 4 1475.4168 | 801.32132 | 68.646215 | 22.309951
—— 1 Period —— 2 Period 3 Period 4 Period
z:zzz . % Full Wer Qsr
oo Period | M (kg/s) Load (MW) (MW)
532000 1 1.1285197 | 1.0158426 | 12918.84 | 33460.738
=~ 30000
[
T 28000 2 1.1415037 | 0.9854893 | 12532.826 | 35049.894
26000
24000 3 1.1318783 | 0.9472932 | 12047.073 | 35366.331
22000o.7 0.8 0.9 1 11 12
Fuel Mass Flow (Kg/s) 4 1.1337276 | 1.0040581 | 12768.973 | 34090.829
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Figure 77.

Compiled results for the Vienna General Hospital using gas turbine option (Second part)
USER BUILDING POWER OPERATION
FUEL USED FUEL OIL “00
TOTAL COST ($) 432497.6 <00 |
Demand (kW) 400 -
Period Heating Electricity z e
1 1593.97096 385.367205 5 3001 demand
2 257.532329 499.42402 £ 2007 e
3 157.939318 552.735519 100 1 O Power sold
4 784.986562 405.817041 o Ll
Study Case 1 | Study Case 2 | Study Case 3 1 ’ Period ’
P, (Mpa) 11.6 9.8 8.3
T, (°C) 400 450 500
Qua kW) | 2163.439 2163.551 2163.363 HEAT OPERATION
Ws; (kW) | 569.4677 569.5797 569.3922
At 2.8 2.8 2.8 1500
Yoo (W) | 184.1005 184.2125 184.025 1200 - e
EUF 0.800199039 |  0.800314986 | 0.800121056 § 900 - B Heat from
Mececrmic | 0.210578694 | 0210609207 |  0.210558173 g 600 turbine
Que (kW) 0 0 0 300
Que (kW) 0 0 0 0
Nyp 0 0 0 : ? :
Period
COST () 437373.3 434512.1 432497.6




Figure 78.

Compiled results for the building using back pressure steam turbine option
USER HOTEL POWER OPERATION
FUEL USED FUEL OIL
TOTAL COST ($) 858915.2 1800 —
Demand (kW) 15007
Period Heating Electricity 3 12007 ——
1 823.892729 454957117 T 9001 demand
2 611.857826 1117.98088 Z 600 B Power
3 300.179211 1724.01434 300 | D honer
4 744.623656 758.213859 0 bought
Study Case 1 | Study Case 2 | Study Case 3 ’ Period 3 '
P, (Mpa) 11.6 9.8 8.3
T, (°C) 400 450 500
Qus (kW) 1118.24 1118.297 1118.2 HEAT OPERATION
Wer (kW) | 2943469 294.4047 2943078
At 2.8 2.8 2.8 800 -
Yes (kW) | 1429.667 1429.61 1429.707 600 -

EUF 0.800199041 | 0.80031538 | 0.800121366 g 400 . Al
Meecrmic | 0.210578695 | 0.21060931 | 0.210558254 3 200 | Hea from
Qus (kW) 0 0 0
Qup (kW) 0 0 0 " ) 5 A

Nyp 0 0 0 Period
COST ($) 861804.7 860096.5 858915.2
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Figure 79.

Compiled results for the hotel using back pressure steam turbine option

USER HOUSEHOLD POWER OPERATION
FUEL USED FUEL OIL
TOTAL COST ($) 420415.3 350
Demand (kW) z:z |
Period Heating Electricity £ 500 |
1 2115.45473 216.984071 % 5o ¥ fomand
2 648.150067 206.558767 2 100 | m Power
3 319.003389 202.618887 < | 0 Power old
4 1352.07991 213.639144 0
Study Case 1 | Study Case 2 | Study Case 3 ’ Period ’
P, (Mpa) 11.6 9.8 8.3
T, (°C) 400 450 500
Que (kW) 1098.406 1139.551 1139.828 HEAT OPERATION
We; (kW) | 289.1262 300 300
Agy 2.8 2.8 2.8 2000 -
Yoo (kW) | 7548706 86.3609 86.3609 1500 1 0 Heat demand
EUF 0.800199241 | 0.800315212 | 0.80012072 § 1000 et o
Neecrric | 0.210578748 | 0.210609266 | 0.210558084 3 turbine
Qus (kW) 1306.175 1275.904 1275.627 0 O Heat from
Que (kW) 0 0 0 0 ) 3 aonilary
Nyp 0 0 0 period
COST () 423215.7 421599.3 420415.3




Figure 80.

Compiled results for the household using back pressure steam turbine option

USER CITY A POWER OPERATION
FUEL USED FUEL OIL
TOTAL COST (%) 29175370 50
—
Demand (MW) 40
Period Heating Electricity § 30 1 O Power
1 122.498334 33.1270811 ; 20 | iemand
2 37.4058518 39.538191 | ¥ ot
3 20.6210292 44.3509462 o ngv;;
4 78.3580272 34.9098502 0 ) .
Study Case 1 | Study Case 2 | Study Case 3 Period
P, (Mpa) 11.6 9.8 8.3
T, (°C) 400 450 500
DISTRIBUTION OF THE HEAT GENERATED FOR THE
Qus MW) | 63.39089 63.39396 63.38882 HEAT DEMAND
W (MW) | 16.68597 16.68919 16.68379
A
ST 2.8 2.8 2.8 120 + O Heat demand
Yoo MW) | 31.83647 31.83405 31.8381 = o
EUF 0.800199347 | 0.800315008 | 0.80012093 S | ] B Heat from
= urbine
Mewecrmic | 0.210578776 | 0.210609213 | 0.210558139 5 401 t
20 . O Heat from
Que MW) | 7579341 75.79356 75.79331 0 I | I | auxiliary
Que (kW) 0 0 0 2 3
Nyp 0 0 0 Period
COST ($) 29236720 29200590 29175370




Figure 81.

Compiled results for the City A using back pressure steam turbine option

(o))
(=]

B W
(=] S
! !

[\
(=]
!

—
(=]
!

Power (MW)
W
S

(=]

POWER OPERATION

Period

O Power
demand

B Power
produced

O Power
bought

USER CITYB
FUEL USED FUEL OIL
TOTAL COST ($) 27612920
Demand (MW)
Period Heating Electricity
1 64.92525145 33.3105905
2 27.22444847 48.1111648
3 17.9425654 55.6098238
4 49.08101881 37.5605446
Study Case 1 | Study Case 2 | Study Case 3
P, (Mpa) 11.6 9.8 8.3
T, (°C) 400 450 500
Qus MW) | 88.12068 88.12524 88.1176
Ws; MW) | 2319543 23.19999 23.19235
Agy 2.8 2.8 2.8
Yoo MW) | 3821325 38.20983 38.21556
EUF 0.800199308 | 0.800315206 | 0.80012102
Mececrmc | 0210578765 | 0.210609265 | 0.210558163
Qe (MW) 0 0 0
Qe (kW) 0 0 0
Np 0 0 0
COST (9) 27692640 27645720 27612920

Heat (MW)

HEAT OPERATION

120
100 +
80 A
60 -
40 +
20 -

O Heat
demand

B Heat from
turbine

Period




Figure 82.

Compiled results for the City B using back pressure steam turbine option

USER Vienna General Hospital POWER OPERATION
FUEL USED Fuel Oil
TOTAL COST (3$) 12283550 12000 | i i i
Demand (MW) 120009
Period Heating Electricity ?:‘ 12888 I : gfrjlvz;d
1 32.4740783 15.0009601 S 6000 - B Pover
2 15.3509558 14.6520311 ™ 4000 produced
3 8.78136201 14.8088411 ] ot
4 27.1475508 14.6744325 2 3
Study Case 1 | Study Case 2 | Study Case 3 Period
P, (Mpa) 11.6 9.8 8.3
T, (°C) 400 450 500 HEAT OPERATION
Qus MW) | 44.07578 44.07806 44.07424
Ws; MW) | 11.60178 11.60406 11.60024 izggﬁ |
Agy 2.8 2.8 2.8 25000 ||
Yoo MW) | 3.399183 3.396902 3.400723 Z 20000 et
EUF 0.800199366 | 0.800315223 | 0.800121105 5 15000 - B Heat from
Mewecrmc | 0.21057878 | 0.210609269 | 0.210558185 = 10000 turbine
Qs (MW) 0 0 0 5000 1
Qup (kW) 0 0 0 " ) .
Nye 0 0 0 Period
COST ($) | 12328110 12300650 12283550




Figure 83.

Compiled results for the Vienna General Hospital using back pressure steam turbine option

USER Hospital (Trigeneration)
FUEL USED Fuel Oil Study Case 1 | Study Case 2 | Study Case 3
TOTAL COST ($) 13674550 P, (Mpa) 16 11.5 8.3
T, (°C) 350 420 500
. Demand (MW)
Period - — - 49.14357 49.14611 49.14185
Heating Electricity Cooling Que (MW)
1 32.474078 15.000960 2.521761 We; (MW) | 12.93574 12.93828 12.93402
2 15.350956 14.652031 9.063620 Qs (MW) 36.220072 36.227184 36.215256
3 8.781362 14.808841 13.784349
Ast 2.8 2.8 2.8
4 27.147551 14.674432 3.207885
Yoo (MW) 2.71875 2.716208 2.720467
EUF 0.694605207 | 0.694726423 0.694523117
Absorption | Compression Neteerme | 0210578759 | 0.210609222 | 0.210558129
Chillersin Chillersin
Period | Service Service Qs (MW) 0 0 0
1 7 0 Yiew MW) | 0.3627368 0.3627368 0.3627368
2 25 0
n 38 38 38
3 38 0 ek
4 9 0 Yoo (MW) 0
nCCH O
TOTAL
COST (%) 13722700 13692970 13674550
Figure 84. Compiled results for the Vienna General Hospital using Trigeneration option (First Part)




POWER OPERATION COOLING OPERATION

10000 14000

14000 - 12000

12000 - O Power § 10000 ] COOling

10000 A demand ) demand
=
= @ Power on 8000 -
E 8000 1 produced E 6000 - _
2 6000 - O Power g m Cooling
< bought O 4000 - from

4000 1 O Power for 2000 | absorption

2000 - chillers 0

0 - 1 2 3 4
! 2 3 4 Period
Period
HEAT OPERATION CHILLERS OPERATION
40000
20000 -

30000 O Heat @ Heat
§ demand § 15000 consumed
< 20000 - @ Heat from i by chillers
s turbine g6 10000 - .
= 5] @ Cooling
T 10000 - O Heat for the & produced

chillers 5000 - by chillers
0 o | [
1 2 3 4 1 2 3 4
Period Period

Figure 85. Compiled results for the Vienna General Hospital using Trigeneration option (Second part)
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Hospital

Building Hotel Household City A City B Hospital (Trigeneration)
Period 1 | 3853672 | 454.9571 | 216.9841 | 33127.0811 | 33310.5905 | 15000.9601 | 15000.9601
Period 2 | 499.4240 | 1117.9809 | 206.5588 | 39538.1910 | 48111.1648 | 14652.0311 | 14652.0311
DF’SI\‘A’\;ENRD Period 3 | 552.7355 | 1724.0143 | 202.6189 | 44350.9462 | 55609.8238 | 14808.8411 | 14808.8411
(kW) Period 4 | 405.8170 | 7582139 | 213.6391 | 34909.8502 | 37560.5446 | 14674.4325 | 14674.4325
Average | 460.83593 | 1013.7916 | 209.95023 | 37981.517 | 43648.031 | 14784.066 14784.066
Min/Max 0.6972 | 0.263894 | 0.9337961 | 0.7469307 | 0.5990055 | 0.9767396 0.9767396
Period 1 | 1593.9710 | 823.8927 | 2115.4547 | 122498.3340 | 64925.2514 | 32474.0783 | 32474.0783
Period 2 | 257.5323 | 611.8578 | 648.1501 | 37405.8518 | 27224.4485 | 15350.9558 | 15350.9558
DE'I\%\LD Period 3 | 157.9393 | 300.1792 | 319.0034 | 20621.0292 | 17942.5654 | 8781.3620 8781.3620
(kW) Period 4 | 784.9866 | 744.6237 | 1352.0799 | 78358.0272 | 49081.0188 | 27147.5508 | 27147.5508
Average | 698.6073 | 620.13835 | 1108.672 | 64720.811 | 39793321 | 20938.487 20938.487
Min/Max | 0.0990854 | 0.3643426 | 0.1507966 | 0.1683372 | 0.2763573 | 0.2704114 0.2704114
Period1 |  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 2521.7610
%%C\)A'-A'NNS Period2 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 9063.6200
(kW) Period3 |  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 13784.3490
Period4 |  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 3207.8850
Dema%%i%veetleoa:mand 1.71799391 | 0.87860116 | 5.19760151 | 1.83835823 | 1.03608033 | 1.4138681 1.4138681
Maximal Heat Demand/ |, g378619 | 0.47789203 | 9.74935352 | 276202301 | 1.16751406 | 2.16479999 |  2.16479999

Maximal Power Demand

Table 30. Summary of the heat, power and cooling demands of the users along the year
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BUILDING | HOTEL | HOUSEHOLD
W,,or (kW) 33.122950 37.718 32.818
Quer (kW) 65.415550 68.657 64.815
Amcr 1.974931 1.820289 1.974931
m, (kg/s) 0.303953 0.3032038 0.3011628
m; (kg/s) 0.002824 0.0029826 | 0.002797660
r, 5.175563 5.383778 5.175563
Mreg 0.8 0.8 0.8
T4 (K) 1448.906000 | 1496.172 1448.906
Excess of Air 6.251003134 | 5903034272 | 6.251003134
EUF 0.696734293 | 0712037848 |  0.69673416
NeLecTric 0.234202 | 0.252469825 | 0.23420177
Nyer 12 12 13
Yoo (kW) 33.122950 37.718 32.818
Q,s (kW) 65.415550 68.657 64.815
COSTO TOTAL ($) 501948.2 | 897664.9 | 465587.5

ANALYSIS WITH MICRO GAS TURBINES
WITH THE SAME NET OUTPUT POWER, THE SAME PRESSURE RATIO,

THE SAME TURBINE INLET TEMPERATURE, BUT

WITHOUTH REGENERATION
,WMGT (kW) 33.122950 37.718 32.818
(Without regeneration)
) Quor (kW) 152.815 162.436 151.349
(Without regeneration)
) Awor ] 4.612101 4.3066 4.612101
(Without regeneration)
- m, (kefs) 0.2033 0.20795 0.20135
(Without regeneration)
M (kg's) 0.00436 | 0.004664 0.004318
(Without regeneration)
Excess of air 2.7109975 | 2.5920168 2.7109975
(Without regeneration)
. EUF 0.852433601 | 0.857666 | 0.852433601
(Without regeneration)
MTecectric 0.151892069 0.161619 0.151892069

(Without regeneration)
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Table 31. Summary of the results obtained for small users with micro gas turbine systems




CITY A CITYB HOSPITAL

Wgr (MW) 30.67933 25.41854 12.71736
Qar(MW) 78.358 64.925 32.474
Aot 2.554098 2.554248 2553523
M, (kg/s) 157.8342 130.7770 65.41150
M (kgs) 2.658221 2202497 1.101711
r, 21.66432 21.64105 21.65691

T3 (K) 1507.192 1507.149 1507.358

Excess of air

3.452083781

3.452135576

3.451898331

Actual air-fuel ratio | 59.37584104 5937673191 | 59.37265129
Air Compressor
Power (MW) 73.86103816 61.19135263 | 30619037.2
Turbine Power 104.5404063 86.60851149 | 43336401.56
Generation
0
/o Power consumed | 4 <o 0033 0.706528164 | 70.65431392
by air compressor
Steam mass flow in
the HRSG (ks) 25.58028507 21.19397367 | 10.60128171
Water mass flow for | o)) 2040643 4347986086 | 217.4874145
heating (kg/s)

EUF 0.818928026 0.818925644 | 0.818936042
NeLECTRIC 0.230417933 0.230407582 | 0.23045746
Qe (kW) 0 0 0

Np 0 0 0
Yoo (kW) 15.3398 31.6228 2.782795
Qs kW) 41.7225 0 0

COSTO TOTAL (3$) 24905970 23984990 8867702

Table 32. Summary of the results obtained for the industrial users using gas turbines
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HOSPITAL (NORMAL) | HOSPITAL (TRIGENERATION)
P, (Mpa) 8.3 8.3
T, (°C) 500 500
Qg MW) 44.07424 49.14185
W (MW) 11.60024 12.93402
At 2.8 2.8
Yes (MW) 3.400723 2.720467
EUF 0.800121105 0.694523117
NMeLecTric 0.210558185 0.210558129
Qe (MW) 0 0
Qe (MW) 0 0
Nyp 0 0
Yien (MW) 0 0.3627368
Nack 0 38
Yeen (MW) 0 0
Neen 0 0
TOTAL COST ($) 12283550 13674550

Table 33. Summary of the results obtained for the Vienna General Hospital with and without
trigeneration (using steam turbine)

BUILDING HOTEL HOUSEH. CITYA CITYB HOSPITAL
P, (Mpa) 8.3 8.3 8.3 8.3 8.3 8.3
T, (°C) 500 500 500 500 500 500
Qus kW) | 2163363 | 11182 | 1139.828 | 63388.82 | 88117.6 | 44074.24
Wer (kW) | 569.3922 | 294.307 300 16683.79 | 2319235 | 11600.24
Asr 2.8 2.8 2.8 2.8 2.8 2.8
Yoo (kW) | 184.025 | 1429.70 | 86.3609 | 31838.1 | 38215.56 | 3.400723
EUF 0.8001211 | 0.80012 | 0.80012072 | 0.8001209 | 0.800121 | 0.8001211
Meecrmic | 0.2105582 | 0.21055 | 0.2105581 | 0.2105581 | 0.2105582 | 0.2105582
Qe (kW) 0 0 1275.627 | 75793.31 0 0
Que (kW) 0 0 0 0 0 0
Np 0 0 0 0 0 0
COST ($) | 432497.6 | 858915.2 | 4204153 | 29175370 | 27612920 | 12283550

Table 34. Summary of the results for all the users using the back pressure steam turbine option
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BUILDING

HOTEL

HOUSEHOLD

CITY A

CITYB

HOSPITAL

HOSPITAL
(TRIG.)

GAS
TURBINE

POWER GENERATION
(KW)

HEAT
GENERATION (KW)

EQUIPMENT TO BUY OR
SELL POWER (KW)

SIZE OF THE AUXILIARY
BOILER (KW)

NON APPLICABLE

30679.33

25418.54

12717.36

78358.03

64925.25

32474.08

15339.78

31622.79

2782.795

41722.47

0

0

TOTAL COST ($)

24905970

23984990

8867702

MICRO GAS
TURBINE

POWER GENERATION
(KW)

397.464

452.616

426.645

HEAT
GENERATION (KW)

784.9866

823.892

842.59513

EQUIPMENT TO BUY OR
SELL POWER (KW)

453.366

1535.424

213.006

SIZE OF THE AUXILIARY
BOILER (KW)

808.984

0

1272.860

NON APPLICABLE

TOTAL COST ($)

501947.8

897664.7

465587

BACK
PRESSURE
STEAM
TURBINE

POWER GENERATION
(KW)

569.3922

294.3078

300

16683.79

23192.35

11600.24

12934.02

HEAT
GENERATION (KW)

1594.2982

824.06184

840

46714.612

64938.58

32480.672

36215.256

EQUIPMENT TO BUY OR
SELL POWER (KW)

184.025

1429.707

86.3609

31838

38216

3400.723

2720

SIZE OF THE AUXILIARY
BOILER (KW)

0

0

1275.904

75793

0

0

0

TOTAL COST (3$)

432497.57

858915.2

420415.25

29175373

27612920

12283546

13674547

Table 35. Summary of the systems capacities and the auxiliary equipments for all the users and all the technologies
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BUILDING | HOTEL | HOUSEHOLD | CITY A CITYB | HOSPITAL H(().I_SFI;I;'?L
Main Cycle Purchase Cost ($) 1869546 1548622 778840.1
W Auxiliary Equipments Purchase Cost ($) 286331.3 45859.28 10668.81
Z Fuel Cost ($) 17054570 | 14101130 | 7068412
% Total Operational Cost ($) NON APPLICABLE 22750098 | 22390510 | 8078193
(',_) Fuel Cost Per Unit Of Energy Generated ($/kW) 156.4103 156.083 156.4104
% Main Cycle P‘ggﬂ:fgtggséﬁgvf”“ of Energy 17.1459 | 17.1414 | 172342
Total Cost ($) 24905970 | 23984990 8867702
w Main Cycle Purchase Cost ($) 28413.67 32355.550 30498.89
% Auxiliary Equipments Purchase Cost ($) 15271.55 7840.966 18923.31
x Fuel Cost ($) 248017.9 | 3126973 377921.9
E Total Operational Cost ($) 458262.6 857468.2 416164.84 NON APPLICABLE
8 Fuel Cost Per Unit Of Energy Generated ($/kW) 209.7490 244.9630 297.7544
= Total Cost ($) 501947.8 897664.7 465587
Main Cycle Purchase Cost ($) 50431.24 30650.47 31095.93 666366.3 | 860011.83 503282.4 547372.4
'h‘:J % Aucxiliary Equipments Purchase Cost ($) 2195.627 7512.434 17949.54 482916.3 | 53948.165 12635 328935
é é Fuel Cost ($) 412754 233279.6 283378.3 11819140 | 15453330 9194792 10252000
H:J E Total Operational Cost ($) 379870.7 820752.3 371369.78 28026090 | 26698960 11767629 12798240
§ <§E Fuel Cost Per Unit Of Energy Generated ($/kW) | 190.76389 208.5889 248.57745 186.4264 175.345 208.5889 162.9026
2 ;| Main Cycle P emerasa iy e 233079 | 27,4059 27.2771 105107 | 97583 | 114172 8.6976
Total Cost ($) 432497.57 | 858915.2 420415.25 29175373 | 27612920 12283546 13674547

Table 36. Summary of the costs of all the technologies applied to the users
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10.2 Analysis For Each Technology

10.2.1 Back Pressure Steam Turbine

The back pressure steam turbines used in this study have a net output power between 500 kW —
56 MW, with the important characteristic that the steam turbine outlet pressure is higher than the
atmospheric pressure. These steam turbines were used for all the users, which means the small
users (with a power demand lower than 5 MW) and the big users (power demand higher than 5
MW). The calculations show that the optimal heat to power ratio of the back pressure steam
turbines required to supply the energy demand of all the users is 2.8. This implies that the back
pressure steam turbine generates 2.8 times more heat than power per unit of fuel consumed.

For all the users the dimensioning of the steam turbine was in some grade related with the
maximal heat to maximal power ratio of the users. The user which present the highest maximal
heat to maximal power ratio is the household (9.7493) and in this case the back pressure was
designed to supply more power that the maximal demand (38% more) buying the excess, but the
heat demand is too high that the steam turbine supply only 39.70% of the heat peak, requiring the
use of auxiliary boiler. The users which have maximal heat to maximal power ratios lower than
the heat to power ratio of the respective plants are the Hospital (2.1648), the City B (1.1675) and
the Hotel (this is the lowest ratio, 0.4778, indicating the high power demand in relation to the
heat demand). For these users the steam turbine was designed in order to satisfy the maximal heat
demand, but taking into account that the power generation is in all the cases different that the
maximal power demand, it was needed buy or sell power from/to the grid.

Two users present a maximal heat to maximal power ratios close to the heat to power ratio of the
plant (2.8). In the first case, the City A the ratio is a bit lower than the heat to power ratio of the
turbine and it is designed smaller than the maximal user power and heat demands, requiring
auxiliary equipments. In the second case, the Building the ratio is a bit bigger than the heat to
power ratio of the turbine, although the turbine is designed to supply the maximal heat demand
and the output power exceeds the power demand. This is because for commercial users the power
sold has a better price than for industrial users and therefore it is more expensive for the industrial
users design a big turbine and sell power excess than design a small turbine and buy power from
the grid.

The calculations demonstrate that for the optimal heat to power ratio defined in the pre model
(2.8) the best turbine inlet conditions were 8.3 MPa (Turbine inlet pressure) and 500°C (Turbine
inlet temperature). These optimal turbine inlet conditions were obtained for all the users.

The electrical efficiency of the back pressure steam turbines obtained for all the users was close
to 21%. This electrical efficiency is clearly lower than normal steam turbines because in those the
turbine outlet pressure is the atmospheric pressure and therefore the steam expansion and the net
output power are higher than for the back pressure steam turbine (where the turbine outlet
pressure is higher than the atmospheric).

The energy utilization factor was in the same way similar for all the users, taking a value close to
80%. This represents the advantages of use cogeneration against the conventional technologies,
because it is explicit that four fifths of the input fuel energy is transformed in different forms of
energy like heat and power, against maximal 40-50% of the conventional systems.

191



The partial load for the back pressure steam turbines is made with the steam flow mass control,
this decrease the isentropic efficiency of the turbine, the net output power and increase the heat to
power ratio of the plant. For all the cases was observed that the steam turbine worked at partial
load only in the periods where the power demand is lower than the maximal power demand,
forcing the turbine to generate less electricity. In these cases is cheaper to work at partial load
that buy power from the grid. For all the cases the minimal partial load was the 75% of the
nominal load. In any case was required the use of heat pumps, and the auxiliary boiler was
preferred in all the cases of heat peak. This is due the high purchase cost of the heat pumps in
comparison with the auxiliary boilers.

According with the costs of the back pressure steam turbines it is observed that:

The purchase cost of the main cycle of the plant for the small cases are 3.5% - 12% of the
plant total costs (11.665% for the building, 3.56% for the hotel and 7.39% for the household),
and for the big cases are 2.2% - 4% of the plant total costs (2.28% for the City A, 3.11% for
the City B and 4.09% for the Hospital)

The main cycle purchase cost per unit of energy generated is a parameter highly related with
the capacity of the plant. For small users this parameter was between 23.30-27.27 ($/kW) and
for big users between 9.75-11.41 ($/kW), making evident that the purchase cost of the turbine
decrease with a non linear tendency when the size increase

The fuel cost of the system depends on the capacity of the plant and the portion of it in the
energy supplied. For users which supply the most of the maximal power demand (>50%), the
fuel cost are higher than 67% of the total plant cost (95.43% for the Building, 67.4% for the
household and 74.85% for the hospital). For users which supply less than the half maximal
power demand the fuel costs are between 27-56% of the total costs (27.16% for the hotel,
40.51% for City A and 55.96% for City B). This explains that the fuel costs are the most
important factor if the plant supplies the most portion of the power demand.

The fuel cost per unit of energy generated (heat and power) is related with the fuel and the
capacity of the plant. For industrial users this parameter was between 175.34-208.58 ($/kW),
for commercial users between 190.76-208.58 ($/kW) and for residential users 248.77 ($/kW)
The costs of buy auxiliary energy (heat and power) depend on the capacity of the plant. For
users which supply the most of the maximal power demand, these costs are between 0-20.9%
of the total cost (0% for the Building, 20.9% for the household and the hospital). For the other
users it represents 40-68% of the total costs (68.39% for the hotel, 55.55% for City A and
40.72% for City B).
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10.2.2 Gas Turbine

The gas turbines used in this research have a simple open cycle configuration, with natural gas as
fuel. The gas turbines were studied for the big demand users, which mean, the Vienna General
Hospital and the cities A and B, both of 100.000 inhabitants, where the maximal heat and power
demands exceed 122 MW and 55 MW respectively.

The results show the use of gas turbines that supply more than 45% of the power peak, (69% for
the city A, 45% for the city B and 85% for the Hospital) and almost the complete heat demand. In
the case of the Hospital and the City B, the gas turbine supplies the complete heat demand in all
the periods, but in the City A the gas turbine supplies the 64% of the heat peak, requiring the use
of an auxiliary boiler.

The heat to power ratios of all the gas turbines exceed the unity, taking values close to 2.55,
making clear that the gas turbine system generates more heat than power for a given fuel
consumption. This characteristic makes ideal the employ of gas turbines in big demand users
(more than 5 MW power demand) where the heat demand is double bigger than the power
demand, for example in small cities and towns.

It is interesting observe that for the users which present a maximal heat to maximal power ratio
lower than the heat to power ratio of the plant (For City B this factor is 1.1675, for the Hospital is
2.1648 and the heat to power ratio of the plant is 2.5540) the gas turbine is dimensioned to supply
the maximal heat demand, and the maximal power demand is satisfied buying power from the
grid. In City A, the maximal heat demand to maximal power demand ratio is higher than the heat
to power ratio of the gas turbine and therefore it is required the use of auxiliary equipments to
buy heat and power.

The electrical efficiency for all the users is lower than 24% due the high power consumption of
the air compressor, which was in all the cases bigger than 70% of the power generated by the
turbine. The high pressure ratios used in the air compressors (for the entire cases equal and bigger
than 21.6) explains the elevated power consumptions and also indicates the necessity of use high
technology compressors. The elevated turbine inlet temperatures help to increase the cycle
efficiency and the power generation, but in the same way obligate to use high technology
materials (special alloys) and air cooling. In all the cases this temperature was bigger than
1230°C, but it is important make clear that the state of the art in this temperature is approximately
1400°C.

According with the literature the excess of air coefficients calculated for these gas turbines are
between the normal limits 3-15, the excess of air is ever bigger than the unity in order to avoid
high gas temperatures, although the excess of air is inversely proportional to the electrical
efficiency.

It was observed that in all the cases and during all the periods, the gas turbines work at the

maximal load allowed in each period. In any case the gas turbines work at a load lower than 94%
of the nominal output power.
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The energy utilization factors calculated for all the turbines show that the losses of energy along
all the cycle are lower than 19% and are the heat wasted to the ambient at the exit of the heat
recovery steam generator, the heat losses in the combustion chamber, the increase of the entropy
in the air compressor and the turbine and the pressure losses in the combustion chamber and the
heat recovery steam generator.

In any case was required the use of heat pumps, and the auxiliary boiler was preferred in all the
cases of heat peak. This is probably due first the gas turbine supplies the complete heat demand
and second the high purchase cost of the heat pumps in comparison with the auxiliary boilers.

In relation to the costs of the system, the results exhibit that:

e The main cycle purchase costs represent maximal the 9% of the total cost of the plant (8.65%
for City A, 6.65% for City B and 8.9% for the Hospital)

e The main cycle purchase cost per unit of energy generated (heat and power) is in the three
cases very similar (17.14 - 17.21 $/kW), demonstrating that for similar thermodynamics
conditions (pressure ratio, turbine inlet temperature) the purchase cost of the equipments have a
linear relation with the size

e The fuel cost of the systems are in the three cases higher than 58% of the plant total cost
(68.475% for the City A, 58.79% for the City B and 79.71% for the Hospital), making evident
that the fuel consumption and the fuel cost are the most important factors to take into account
in the design of gas turbine cogeneration systems

e The fuel cost per unit of energy generated (heat and power) is other parameter that show cost of
the fuel consumption in terms of the plant capacity and allow a clear comparison with other
technologies. For the three cases this parameter remains almost constant 156.08 - 156.41 $/kW

e The costs due auxiliary heat or power bought are parameters which describe the capacity of
the plant to produce the energy required. In the case of City A these costs are 22.869% of total
costs, in the City B are 34.5586% of total costs and in the Hospital 11.3864% of total costs.
This indicates that the turbine more adequate to the user energy demand is the gas turbine of
the Hospital, followed by the turbine of the City A and finally the turbine of the City B

e The auxiliary equipments purchase cost is the lowest cost among the design and operational
cost of the plant. In the case of the city B and the Hospital, which do not use auxiliary boiler,
the auxiliary equipments purchase cost is maximal 0.19% of the total cost. In the case of the
City A, which needs equipment to buy/sell power and auxiliary boiler, this cost represents the
1.15% of the plant total cost
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10.2.3 Micro Gas Turbine (MGT)

The micro gas turbines studied here had a recuperated cycle, with sizes between 30-250 kW and
with natural gas as fuel. The micro gas turbines were employed to satisfy the energy demand of
the small users (with a power demand lower than 5 MW).

The optimal heat to power ratios calculated for the household and the building was the same
value (1.974931), and for the hotel (which present a very high power consumption in comparison
with the heat demand) this value was 1.8202089; this explains that the MGT for the hotel
generate more power than the MGT for the building or the household, using the same amount of
fuel.

The maximal heat to maximal power ratio of the small users (building, hotel and household) is
very different and therefore the systems employed are special for each one. The household
present a much higher maximal heat to maximal power ratio (9.7493) than the heat to power ratio
of the micro gas turbine system (1.9749), and the micro gas turbines are designed in order to
satisfy more than the maximal power demand (96% more) but only 39.83% of the heat demand,
requiring equipment to sell electricity and auxiliary boiler. The building presents a ratio (2.88)
bigger than the heat to power ratio of the MGT, and the plant is designed to supply 71.9% of the
power peak and 49.24% of the heat peak, requiring also auxiliary equipment. The hotel is the
only case where the maximal heat to maximal power ratio (0.4778) is lower than the same of the
MGT (1.820289), and therefore the system is designed to satisfy the complete heat peak and only
the 26.25% of the power peak, doing necessary the purchase of power.

The electrical efficiency of the systems are lower than 25.5% due (as well as the gas turbines) the
high power consumption of the air compressor, which in all the cases represent between 62-65%
of the power generated by the micro turbine. There are losses in the combustion chamber, the air
pre heater, the water heater and the turbine which decrease the electric efficiency. The optimal
pressure ratios for the MGT were between 5.17-5.38 (5.17 for the building and the household and
5.38 for the hotel) in all the cases lower that the state of the art (5.5-6). The optimal turbine inlet
temperatures were between 1175-1223° C, which shows that the MGT should have special alloys
or ceramic materials and need the use of cooling (these technologies are the state of the art in
MGT).

The air pre heater for all the MGT should have an efficiency of 80%, which signifies a good
quality pre heater but not the best one, because the contact area becomes it very expensive. It can
be seen that the excess of air in the MGT is at least double higher than it in the industrial gas
turbines; this is because the combustion chamber inlet temperature in the MGT is much higher
than the same in the gas turbines and therefore less energy from the fuel is needed to produce the
equal turbine inlet temperature and energy generation.

The power and heat control used in this system consists in the use of different number of MGT in
accord with the energy demand. The size of the MGT calculated were between 32-37 kW and the
number of those were 12 for the building and the hotel and 13 for the household. It was found
that the number of MGT in service in a period for all the users is related with the heat demand to
power demand of the respective period. Then the maximal number of MGT in service was in
winter for all the users and the minimal in summer.
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The energy utilization factors calculated for the MGT (69-71%) is lower than the EUF for the
industrial gas turbines (81%), because a portion of the heat rejected by the cycle is used for itself
in the air pre heater making the regeneration and therefore is energy not used for heating, like in
the gas turbines, which use almost all the heat rejected.

Making a technical comparison between the results of the MGT obtained with the models and
MGT without regeneration (with the same net output power, the same pressure ratio and the same
turbine inlet temperature), the next differences were found:

e [t is essential the use of the regenerative cycle in MGT because without it the low pressure
ratios in the air compressor do not allow to obtain a good electrical efficiency (for the entire
cases lower than 16%)

e The fuel consumption for MGT without regeneration is almost double than for MGT with
regeneration making it double expensive in operational costs

e The heat to power ratio for MGT without regeneration is 233% higher than for MGT with
regeneration, increasing the useful heat and the energy utilization factor but also the energy
from the fuel and become this type of MGT in a good technology for users with a high heat
demand to power demand ratio

In accord with the costs calculated for the MGT, it is concluded that:

e The MGT purchase cost was 5.66% of the total cost for the building, 3.6% for the hotel and
6.55% for the household

e The MGT purchase cost per unit of energy generated (heat and power) was very close for all
the cases, between 24.05-25.34 ($/kW)

e The fuel cost depended on the type of user (commercial or residential) and on the capacity of
the plant; for the building this cost was 49.41% of the total cost, for the hotel 34.83% and for
the household 81.17% of the total cost

e The fuel cost per unit of energy generated was maximal in the household (residential user)
with 297.7544 ($/kW), followed for the hotel (commercial user) with 244.963 ($/kW) and
finally the building (commercial user) with 209.749 ($/kW)

e The costs due the purchase of power and the auxiliary boiler operation were 41.88% of the
total cost for the building, 60.68% for the hotel and 8.21% for the household. In this last cast
are much lower than the others because this system buys almost half of the power generation

e The purchase cost of the auxiliary equipments were for these systems 1-4% of the total costs
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10.3 Analysis for Vienna General Hospital with and without
Trigeneration (Using Back Pressure Steam Turbine)

The Vienna General Hospital is an user who demands an almost constant power during all the
periods (14.6 MW — 15 MW), a variable heat (8.7 MW — 32.5 MW) and a highly changeable
cooling (minimal in winter with 2.521 MW and maximal in summer with 13.784 MW). The
maximal heat to maximal power ratio is calculated as 2.1648 and the maximal heat to maximal
cooling ratio is 2.355.

It was found for both systems that the optimal heat to power ratio is the same 2.8 and the best
turbine inlet condition to satisfy this parameter were 8.3 Mpa (Turbine inlet pressure) and 500°C
(Turbine inlet temperature). The electrical efficiency of both systems is equal 21.05%, indicating
that the use of trigeneration (with refrigeration equipments) does not increase the power
generation in comparison with the fuel consumed.

The sizes calculated for the steam turbine with and without trigeneration are 12.93 MW and 11.6
MW, which supply 86.22% and 77.33% of the power peak respectively, requiring in both cases
the use of equipment to buy power from the grid. The two systems were designed to supply the
entire heat peak.

The powerful advantages of trigeneration appear if it is observed the use of the heat generated by
the steam turbine. In the case without trigeneration, the back pressure steam turbine is designed to
supply the entire heat peak (32.5 MW) in winter, and in the other periods the turbine works at full
load satisfying completely the heat demand. But it is evident that the heat demand in the other
periods is lower than the heat generation and a lot of heat is wasted, especially in summer (0% of
the heat generation is wasted in winter, 52% in spring, 73% in summer and 16.41% in autumn).

When trigeneration is applied to this user with the cooling demand it is observed that a portion of
the heat generated and a very small percentage of the power generated by the steam turbine is
used to generate cooling with the absorption chillers. The most interesting aspect is that the heat
available from the steam turbine to let run the absorption chillers is maximal in summer, where
the cooling demand is also maximal.

The results show that using the back pressure steam turbine and 38 absorption chillers (each one
with 362.74 kW of cooling generation), the power demand, the heat demand and the cooling
demand are entirely satisfied (using 7 absorption chillers in the first period, 25 in the second, 38
in the third and 9 in the fourth).

The chillers make use of the heat wasted by the steam turbine, taking in all the period between
53-100% of these heat (100% of the heat wasted is used for the chillers in winter, 64% in spring,
74% in summer and 53% in autumn), which represent between 10-56% of the total heat
generated by the steam turbine (the chillers use 10.3% of the total heat generated in winter,
36.82% in spring, 56% in summer and 13.25% in autumn). A small amount of power is also
required to run the chillers, 1.2% of the total power generated in winter, 4.3% in spring, 6.5% in
summer and 1.5% in autumn.
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Therefore the total heat wasted by the trigeneration system is maximal 20% of the total heat
generated (0% wasted in winter, 20% in spring, 19.7% in summer and 11.78%). The energy
utilization factor is, although lower for the system with trigeneration than the system without it,
and that is because the COP for absorption chillers of single effect is lower than the unity. That
means that the absorption chillers consume more units of energy (in form of heat) than the units
of cooling generated. Therefore is better use absorption chillers of double effect.

About the economy of the trigeneration systems is deducible that:

e The main cycle purchase costs for both systems are close to 4% of the total cost of the
plant

e The absorption chillers purchase costs are for the trigeneration system the 2.3% of the
total cost of the plant

e The fuel costs are again the most important factor for both system, because these
represent more than 74.85% of the total plant costs

e The fuel cost per unit of energy generated (in the case with trigeneration is heat, cooling
and power generation) is clearly lower for the trigeneration (almost 22% cheaper) than for
the system without absorption chillers and this infers that if both systems generate the
same energy the trigeneration system saves the 22% of the fuel cost in comparison with
the normal system

e The main cycle cost per unit of energy generated (in the case with trigeneration is heat,
cooling and power generation and it does not include the cost of the absorption chillers) is
also lower for the trigeneration system (almost 24%) than for the normal system. This
demonstrate that if both systems generate the same amount of energy, the main cycle
equipments will be cheaper with the use of absorption chillers than without them

e Anyway the absorption chillers purchase costs is more than 58% of the main cycle

purchase cost, and that becomes it very expensive in design costs, but at the same time
very cheap in operational costs
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10.4 Analysis for each user

10.4.1 Small Users

The small users have a power demand lower than 5 MW and the technologies in comparison are
the back pressure steam turbine and the micro gas turbine.

10.4.1.1 Building

The building is a commercial user demands almost a moderate constant power during the year
(with a minimal to maximal power demand equal to 69.71%) and a power demand average of
460.83 kW. The heat demand has an average of 698.6 kW but it is very changeable (wit a
minimal to maximal power demand equal to 10%) and the maximal heat demand to maximal
power demand ratio is 2.883.

The micro gas turbine option requires the use of 12 units, which supply 71.9% of the power peak
and 49.24% of the heat peak, requiring auxiliary boiler and power purchase. The heat to power
ratio of the MGT i1s 1.97; the electrical efficiency is 23.42% and the EUF 69.67%. The MGT
purchase cost was 5.66% of the total cost, the fuel cost was 49.41% of the total cost and the costs
due the purchase of power and the auxiliary boiler operation were 41.88% of the total cost. The
purchase cost per unit of energy generated (heat and power) was 24.0294 ($/kW) and the fuel
cost per unit of energy generated 209.749 ($/kW).

The back pressure steam turbine was designed to supply the maximal heat demand and the output
power exceeds the power demand, requiring equipment to sell power to the grid. The heat to
power ratio is 2.8, the electrical efficiency is 21.05% and the EUF is 80%, This option has a
purchase cost of the main cycle equal to 11.665% of the total cost; the fuel cost is 95.43% of the
total cost and does not have costs due auxiliary equipments. The main cycle purchase cost per
unit of energy generated is 23.30 ($/kW) and the fuel cost per unit of energy generated (heat and
power) is 190.76 ($/kW).

The best option for the building is the steam turbine because it offers the lowest total cost, the
most adequate heat to power ratio and it supplies the entire energy demand, generating lower fuel
and operational costs than the micro gas turbine option, but it should be clarified that the fuel oil
cost is cheaper than the natural gas cost for this user.

10.4.1.2 Hotel

The hotel is a commercial user who has the lowest maximal heat to maximal power ratio for all
the users in this research (0.477). It presents a high changing power demand (minimal to maximal
power demand equal to 26.38%) with a maximal demand equal to 1.724 MW. The heat demand
is also unsteady (minimal to maximal power demand equal to 36.43%) with a maximal demand
equal to 744 kW.

The micro gas turbine option (with a heat to power ratio equal to 1.82 and an electric efficiency
equal to 25.24%) needs the use of 12 units of 37.718 kW each one; the heat to power ratio of the
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MGT is bigger than the maximal heat to maximal power ratio of the user (0.4778), and therefore
the system is designed to satisfy the complete heat peak and only the 26.25% of the power peak,
doing necessary the purchase of power. The MGT purchase cost was 5.66% of the total cost, the
fuel cost was 49.41% of the total and the costs due the purchase of power and the auxiliary boiler
operation were 41.88% of the total. The MGT purchase cost per unit of energy generated (heat
and power) was 25.34 ($/kW) and the fuel cost per unit of energy generated was 209.749 ($/kW).

The back pressure steam turbine (electrical efficiency equal to 21.05% and heat to power ratio
equal to 2.8) was designed to satisfy the maximal heat demand (do not need auxiliary boiler), but
the power generation is only the 17% of the power peak, and requires high power purchase. The
main cycle purchase cost of the of the plant was 3.56% of the total cost, the fuel cost was 27.16%
of the total and the cost of buy auxiliary energy (heat and power) was 68.39% of the total. The
main cycle purchase cost per unit of energy was 27.27 ($/kW) and the fuel cost per unit of energy
generated (heat and power) was 190.76 ($/kW).

For this user is interesting infer that although the best option from economical viewpoint is the
steam turbine, it presents operational costs (in proportion to the total) due the power purchasing
and the auxiliary boiler higher than the MGT. But it is important to observe that the operational
cost per unit of energy generated is lower for the MGT than for the steam turbine and that the fuel
oil is much cheaper for this user than the natural gas.

10.4.1.3 Household

The household is a residential user and has the highest maximal heat to maximal power ratio for
all the users of this research (9.749). It has a very constant power demand with an average of
209.95 kW and a minimal to maximal demand of 93.37%. The heat demand is highly unsteady,
with a heat peak of 2.115 MW (in winter) and a minimal to maximal demand of 15.07%.

The MGT system used for this user (with a heat to power ratio equal to 1.974931 and an
electrical efficiency equal to 23.42%) uses 13 units of 32.818 kW each one to generate more than
the maximal power demand (96% more) but only 39.83% of the heat demand, requiring
equipment to sell electricity and auxiliary boiler. The MGT purchase cost was 6.55% of the total
cost, the fuel cost was 81.17% of the total and the costs due the purchase of power and the
auxiliary boiler operation were 8.21% of the total. The MGT purchase cost per unit of energy
generated (heat and power) was 24.0294 ($/kW) and the fuel cost per unit of energy generated
was in the household (residential user) with 297.7544 ($/kW).

The steam turbine applied in this case (electrical efficiency equal to 21.05% and heat to power
ratio equal to 2.8) was designed to supply more power that the maximal demand (38% more)
buying the excess but only 39.70% of the heat peak, requiring the use of auxiliary boiler. The
main cycle purchase cost was 7.39% of the total cost, the fuel cost was 67.4% of the total and the
costs of buy auxiliary energy (heat and power) were 20.9% of the total. The main cycle purchase
cost per unit of energy generated was 27.27 ($/kW) and the fuel cost per unit of energy generated
(heat and power) was 248.77 ($/kW).
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For this user the best option is the back pressure steam turbine because it has the lowest total cost,
the fuel cost is much lower than for the MGT and also the operational cost. Additionally the
steam turbine has the lowest fuel price per unit of energy generated (although the main cycle
purchase cost per unit of energy generated is a bit higher than for the MGT). Both systems
supply the maximal power demand, but the MGT generates more power and of course consumes
more fuel, that for this user has the highest price.

10.4.2 Big Users

The big users have a power demand bigger than 5 MW and the technologies in comparison are
the back pressure steam turbine and industrial gas turbine.

10.4.2.1 City A

The City A has 100.000 inhabitants, the ambient conditions of Detroit City and in this research is
considered as an industrial user. The City A has a moderate steady power demand, with a peak
power of 44.35 MW and a minimal demand to maximal demand ratio of 74.69%. On the other
hand it has a high unsteady heat demand, with a heat peak of 122.498 MW and a minimal
demand to maximal demand ratio of 16.83%.

The back pressure steam turbine option (with an electrical efficiency of 21.05% and a heat to
power ratio of 2.8) generates less than the maximal user power and heat demands, requiring
auxiliary boiler and power purchase. The main cycle purchase cost was 2.28% of the total cost,
the fuel cost was 40.51% of the total and the costs of buy auxiliary energy (heat and power) were
55.55% of total. The main cycle purchase cost per unit of energy generated was 10.51 ($/kW) and
the fuel cost per unit of energy generated (heat and power) was 186.42 ($/kW).

The gas turbine option (with a heat to power ratio of 2.55 and an electrical efficiency of
23.041%) generates 69% of the power peak and 64% of the heat peak, requiring the use of
auxiliary boiler and power purchase. The main cycle purchase costs represent 8.65% of the total
cost, the fuel cost 68.475% of the total and the costs due auxiliary heat or power bought 22.869%
of total cost. The main cycle purchase cost per unit of energy generated (heat and power) was
17.14 ($/kW) and the fuel cost per unit of energy generated (heat and power) was 156.41 ($/kW).
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It is clear that the option which is more adequate to the energy demand of the user is the gas
turbine system; this option generates the most energy required and uses smaller auxiliary
equipments than the steam turbine option. In addition the natural gas is cheaper than the fuel oil
for this user and therefore the fuel cost, the operational cost and the total cost of the system are
much lower for the gas turbine than for the steam turbine (the total cost of the gas turbine is 17%
cheaper than the cost of the steam turbine).

10.4.2.2 CityB

The City B with 100.000 and the climatic conditions of Oklahoma City is considered also an
industrial user. It has a variable power demand with a peak of 55.609 MW and a minimal to
maximal demand ratio of 59%. The heat demand is highly variable with a peak of 64.925 MW
and a minimal to maximal demand ratio of 27.63%. In comparison with the City A, the City B
presents a lower heat demand (the average heat demand is 61% of the average heat demand for
the City A) because the ambient temperature is higher all the periods and presents also a higher
power demand (the average power demand is 15% higher than the average power demand for the
City A) probably explained because the use of refrigerant equipments in summer.

The back pressure steam turbine used to serve to City B (with a heat to power ratio equal to 2.8
and an electrical efficiency equal to 21.05%) produces the maximal heat demand, but only 41.7%
of the power peak and requires power purchase.

The main cycle purchase cost was 3.11% of the total cost; the fuel cost 55.96% of the total and
the cost of power purchase 40.72% of the total cost. The main cycle purchase cost per unit of

energy generated was 9.75 ($/kW) and the fuel cost per unit of energy generated (heat and power)
was 175.34 ($/kW)

The gas turbine option (with a heat to power ratio equal to 2.55 and an electrical efficiency equal
to 23.041%) produces the maximal heat demand and 45.7% of the power peak and requires also
power purchase. The main cycle purchase cost was 6.65% of the total cost, the fuel cost was
58.79% of the total and the cost of power purchase was 34.5586% of total costs.

The main cycle purchase cost per unit of energy generated (heat and power) was 17.14 ($/kW)
and the fuel cost per unit of energy generated (heat and power) was 156.083 ($/kW).

As well as for the City A, in this case the best option is again the gas turbine, because it produces
the maximal heat demand (as well as the steam turbine) but generates more power than the steam
turbine because the heat to power ratio is lower. Therefore a smaller power purchase is required
and the fuel cost, the operational cost and the total cost is lower for the gas turbine than for the
steam turbine. In this case the natural gas is also cheaper than the fuel oil.

10.4.2.3 Hospital

The Vienna General Hospital is a user who demands an almost constant power during all the
periods (14.6 MW — 15 MW) and a variable heat (8.7 MW —32.5 MW).
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The back pressure steam turbine (heat to power ratio = 2.8 and electrical efficiency = 21.05%)
offers a system which satisfies the maximal heat demand and 77.33% of the power peak. The
main cycle purchase cost was 4.09% of the total cost, the fuel cost was 74.85% of the total and
the power purchase cost was 20.9% of the total cost. The main cycle purchase cost per unit of
energy generated was 11.41 ($/kW) and the fuel cost per unit of energy generated (heat and
power) was 208.58 ($/kW).

The gas turbine (heat to power ratio = 2.55 and electrical efficiency = 23.04%) offers a system
which supplies 85% of the power peak and the complete heat demand. The main cycle purchase
cost was 8.9% of the total cost, the fuel cost was 79.71% of the total and the power purchase cost
was 11.3864% of total cost. The main cycle purchase cost per unit of energy generated (heat and
power) was 17.23 ($/kW) and the fuel cost per unit of energy generated (heat and power) 156.41
($/kW).

In this case the gas turbine represents the best option, because taking into account that the natural
gas is cheaper than the fuel oil, this system supplies the entire heat demand and more power than
the steam turbine. This means a smaller amount of power purchased and lowers operational and
fuel costs. In addition the fuel cost per unit of energy and the purchase cost per unit of energy are
much lower for the gas turbine than for the steam turbine.

10.5 Conclusions

Analyzing the results, it was interesting to observe that when an energy system is designed to
satisfy the specific energy demand (power, heat and cooling) of a user, two aspects are essential.
In the first place the specific characteristics of the user and in the second place the economy and
the technical attributes of the energy system technology.

The specific characteristics of the user include the size of it in terms of power, heat and cooling
consumption during the year, the location of the user in the world, the climatic conditions
(moisture and temperature) and the category of the user in the energy generation market
(commercial user, industrial user and residential user). In this research the maximal heat to
maximal power ratio was a parameter used to classify the users in accord with the priority of the
energy required and it was very useful to determine preliminary the most adequate technological
option.

The economy of the energy system technology includes the purchase costs of it in relation with
the size, the maintenance cost, the fuel cost, the operational costs, the purchase cost of auxiliary
equipments and the cost to sell or buy power (although these last depends on the type of user).
The technical attributes refers principally to the size of the system, the heat to power ratio of the
system, the electrical efficiency, the energy utilization factor and the thermodynamic operation
conditions.

Generally was found that for almost all the cases the operational costs due fuel, power purchase
and auxiliary boiler represented between 87-97% of the total plant cost demonstrating the
importance of the fuel choice and the choice of the technology which save more fuel and buy less
power and auxiliary heat.
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The prime movers of the energy systems (micro gas turbines, industrial gas turbines and steam
turbines) were dimensioned according with the relation between the heat to power ratio specific
of the technology and the maximal heat to maximal power ratio of the user. In some cases, if the
maximal heat to maximal power ratio of the user was lower than the heat to power ratio of the
system, the prime mover was designed to satisfy the entire heat peak and a percentage of the
power peak. In the opposite situations, the prime mover was designed to satisfy less than the heat
and power peak, needing the use of auxiliary boiler and power purchase.

The optimal micro gas turbines calculated to serve the small users (power demand <5 MW)
presented the highest electrical efficiency of all the prime movers (23.42%), the lowest heat to
power ratio (1.97) and the lowest energy utilization factor (69.71%). This implies that the MGT
are a very good option if the user demands only a bit more heat than power. Although the MGT
had the highest fuel cost per unit of energy generated for all the small users and it is because the
lower heat to power ratio in comparison with the other technologies. It is essential the use of the
regenerative cycle in MGT because without it the low pressure ratios in the air compressor do not
make economically attractive this option.

The optimal back pressure steam turbines calculated to serve all the users presented the lowest
electrical efficiency of all the prime movers (21.05%), the highest heat to power ratio (2.8) and a
good energy utilization factor (80%). The back pressure option is ideal for users which demand
more heat than power and it becomes cheaper if the size increase. A disadvantage in comparison
with other technologies is that the turbine outlet temperature can not be too high (less than 300-
350°C), because the electrical efficiency and the net output power decreases.

The optimal industrial gas turbines calculated to serve the big industrial users (City A, City B and
the Vienna General Hospital) had a normal electrical efficiency (23.041%) a medium heat to
power ratio (2.55) and the highest energy utilization factor for all the users (81.89%). This option
needs high technology air compressors to make elevated pressure ratios (21.66), special alloys
and air cooling to allow high turbine inlet temperatures (higher than 1200°C) and a heat recovery
steam generator (HRSG) to produces steam. The use of this equipments make this option
expensive in terms of purchase cost per unit generated in comparison with other options, but it
should be observed that the design costs are never higher than 13-13% of the total costs. In terms
of the fuel cost per unit of energy generated, the gas turbine for big users is the best option to
save fuel and to generate energy with the quality desired.

The small users (power demand <5MW) which are residential users (the household) and
commercial users (the hotel and the offices building) have higher fuel and power prices than the
industrial users (City A, City B and Vienna General Hospital). The back pressure steam turbine
was the technology which best serve the small users from the economical viewpoint. It generates
for the three cases the most energy demand (heat and power) and used smaller auxiliary boilers
and less power purchase than the micro gas turbine option. In addition the steam turbine
presented for all the small cases the lowest total cost, the lowest fuel cost, the lowest fuel cost per
unit of energy generated and the lowest operational cost in comparison with the MGT.

For all the big industrial users the best option was the gas turbine, which generates almost all the

heat peak and a high percentage of the power peak using smaller auxiliary equipments than the
steam turbine. The total cost, fuel cost, fuel cost per unit of energy generated and operational cost
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were much lower for the gas turbine than for the steam turbine. The purchase cost per unit of
energy generated is although higher for the gas turbine than for the steam turbine. It should be
clarified that the low price of the natural gas consumed by the gas turbines is an important factor,
which makes that this option become the cheaper and save more fuel than the steam turbine.

Comparing the gas turbine option for the two cities with the same number of inhabitants but with
different ambient conditions, it results a bigger turbine for the City A, which had higher energy
consumption per inhabitant (heat and power) than the City B. Anyway the thermodynamic
conditions of the gas turbine for both cities were almost equal and the purchase cost per unit
generated and fuel cost per unit generated remained constant in both cases.

For the Vienna General Hospital the comparison of systems with and without trigeneration option
show big advantages of trigeneration to make use of the heat wasted by the steam turbine in a
better way than without it. Improving the capacity of the system to satisfy the entire power, heat
and cooling demand without the use of auxiliary equipments. The solution of the models
indicates that the use of compression chillers is not convenient from the economical viewpoint;
this fact can be compared with the models of the energy systems that include electrical heat
pumps, which —according tom the results of the models- don’t contribute to reduce the total
annualised costs. The preference for the absorption chillers can be justified if it is taken into
account that there is a big availability from heat in summer and a big demand of cooling power,
and the absorption units take profit of both aspects, using the heat that in other case would be
wasted and supplying the cooling power required. It was also clear that is more convenient the
use of absorption chillers of double effect, because they have a COP bigger than the unity and
that contributes to increase the energy utilization factor (EUF).
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Appendix A

List of Symbols and Abbreviations

The square root of the relation between the standard ambient temperature and the

temperature in any period
Annual fixed charge rate
Carbon dioxide emissions per kilogram of fuel

Maintenance factor

Mass flow rate

Concentration of absorber fluid

Operational cost

Specific heat ratio

Thermal efficiency of a CHP system
Duration of each period of time

Total efficiency of the conventional Energy System
Log mean temperature difference

Fuel factor in the stoichiometric relation
Constant coefficients that involve thermodynamic and economic parameters
Constant values used for the modelling of the equipments. a and b are numerical
subscripts

Combined Heating, Cooling and Power
Combined Heat and Power

Coefficient Of Performance

Specific heat

Coefficients of cost for the equipment x
Energy Utilisation Factor

Fuel power for a boiler

Fuel power for a conventional Energy System
Fuel power for a CHP system

Fuel power for a power plant

Factor of update

Enthalpy

Heat Dissipation Ratio

Heat Recovery Steam Generator

Low Heating Value of the fuel

Correction factor for partial load operation
Stoichiometric air-fuel ratio

Molecular Weight; Megawatts

Rotary speed of the gas turbine

Number of units of the equipment i

Cooling (kW)
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ORC

5 ROS

s

S Q@ 888 N
w S O

>3
a

Subscripts
1,2,...
a

abs
AC
ACO
AH
AR
AR
atm

B

BY

C

CC
CCH
CG
CHP
cond
cs
CTA

CTB

Dew

Organic Rankine Cycle

Pressure

Heat (kW)

Gas constant of the air

Pressure ratio

Entropy

Temperature

Work (kW)

Steam Quality

Size of each one of the equipments of the Energy System
Function of design cost for the equipment i

Total costs to minimise

Design costs

Operational costs

Correction factor for the COP; factor for calculating the dew point
Boiler thermal efficiency

Electrical efficiency

Heat to Power Ratio

States or points of a cycle

Air

Absorption; Absorber

Absorption Chiller

Air Compressor

Additional heat produced in a period

Absorption Refrigeration

Additional refrigeration produced in a period

Atmospheric

Boiler

Electricity bought from the utility grid in a period

Conventional System; compressor

Compression Chiller

Combustion chamber

Connection to the Grid

Combined Heat and Power system

Condenser

Concentrated solution

Cooling tower operation, due the absorption units operating during each period.
Here are included water consumption, chemical treatment, cleaning and
maintenance and fan power.

Cooling tower operation, due the compression units operating during each period.
Here are included water consumption, chemical treatment, cleaning and
maintenance and fan power

Demand

Dew Point
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ds
Elec.
ER
EV

FH

full
fw

gen
GT
HP
MB
MC
md
MGT

Ref
Refri
Reg
I

S
sat
SH
st
ST
t

T
whs

Superscripts
b;

Dissolved solution

Electrical chiller

Electrical Refrigeration

Evaporator

Fuel

Feedwater Heater

Full Load

Feed water

Gases

Generator

Gas Turbine

Heat Pump

Main Boiler

Compressor of the micro gas turbine

Water mass flow from feed water heater for heating (district heating)
Micro Gas Turbine

Turbine of the Micro gas turbine

Net

Period of time

Portion of the total air that is not burned

Pump

Produced electric power, heat or cooling for the trigeneration option in a period
Preheater

Partial Load

Power Plant

Refrigeration fluid

Refrigeration

Regenerator

Pressure ratio in the gas turbine (relation between the pressure at the outlet and at
the inlet of the turbine)

Power sold to the utility grid in a period
Saturation

Superheater

Steam

Steam Turbine

Total

Trigeneration; gas turbine (without compressor)
Water heat source

Constant exponents that involve thermodynamic and economic parameters
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Appendix B

Particular Information

Conventional Energy

Cogeneration Energy

System System
Work Demand 1 1
Heat Demand D o
. 1 A 1
Fuel Energy Required —+—=
Me s Tche
. 1 (1 4 1
Fuel Mass Flow Required — —+—
Ho\7. 7 Newe Hy
(1 +4p )(77 U )
ici — 1+ 4
Total Efficiency Ao, (1+ A5 Wiew
. .. H 1 4 )7,
Total Carbon Dioxide Emissions < [—+—Dj o
Hy (7. 75 Newe Ho

Table 37. Summary of the comparison between Conventional Energy System and Cogeneration Energy System
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Steam Gas Micro gas Combined Diesel ) Stirling Fuel
Turbines Turbines Turbines Cycle Engines Gas Engines | Engines Cells
Electric Efficiency 15-35% 15-45% 20-30% 35-45% 30-50% 25-45% 21-28% 40-70%
Size (MW) 0.2-100 0.5-200 0.025-0.25 4-100 0.05-5 0.05-5 0.003-1.5 0.2-2
Heat to power ratio 2-10 1.25-3.5 1.25-3 0.5-1.67 0.4-1.25 1.42-2 0.58-0.84 0.5-1.25
- 7
Footprint (m"/KW) <0.009 0.0018-0.57 0.014-0.14 - 0.002 0.002-0.029 - 0.056-0.37
CHP Installed cost
(€/KW) 800-1000 700-900 500-1.300 500-1500 800-1500 800-1500 2.400 >3000
Operation and Maintenance
cost (€/KWh) 0.004 0.002-0.008 0.002-0.01 - 0.005-0.008 0.007-0.015 0.004-0.011 0.003-0.015
Availability 0 0 o o o o o o
95-100% 90-98% 90-98% 77-85% 90-95% 92-97% 85-90% >95%
Hours between
overhauls > 50.000 30.000-50.000 5.000-40.000 - 25.000-30.000 24.000-60.000 5.000-25.000 10.000-40.000
Star-up Time 1 hr.- 1 day 10 min.-1 hr. 60 sec. - 10 sec. 10 sec. - 3 hrs.-2 days
Fuel Pressure (Mpa) - 0.83-3.45 0.275-0.69 - <0.035 0.0069-0.31 - 0.0035-0.31
g?om ;21 > II\SI?otuzl > Diesel and Natural gas Hydrogen,
Fuels All £3s, £, All . . . £35S, All Natural gas,
Propane, Propane, residual oil biogas, propane Propanc
Distillate oil Distillate oil P
. Moderate Moderate Moderate Moderate Low to
Noise to high Moderate Moderate to high to high to high moderate Low
NO, Emissions
(Kg/MWh) 0.82 0.14-1.82 0.18-1 0.82-2 1.35-13.5 1-12.7 - <0.009
Direct heat, hot Direct heat, hot
Uses for Heat Recov. LP-HP steam, water, LP-HP Direct heat, hot | water, LP-HP gg;nvra;ei;rlﬁ g:;n‘fa(tiz’trliﬁ Hot water, LP- Hot water, LP-
ses for Heal BECOVELY | District heating | steam, District water, LP steam | steam, District heatin, heatin, HP steam HP steam
heating heating cating cating
Useable Temperature for | - 4, 260-600 205-345 70-300 80-480 150-260 max. 600 260-370

CHP (°C)

Table 38. Comparison between the different cogeneration technologies [1][2][3]
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Water - LiBr Ammonia - Water | Water - Silicagel

Cooling Power (KW) 50-5000 200-1000 50-1050
Working fluids Water/Water-Libr Ammonia/Ammonia- Wat'e‘r/Water-

water silicagel
Coefficient of
performance (COP) 0.68 0.45-0.6 0.4-0.62
Temperature of heat 85140 R0-160 55-100
source (0C)
Temperature of heat 20-45 20-45 25-50
rejection (0C)
Temperature of cooling 6 30 5
(0C)
Specific weight
(Kg/KW) 8-20 35-50 37-71
Specific area (mZ/KW) 0.01-0.03 0.025-0.04 0.02-0.08
Partial load (%0) 10-100 10-100 100
Electricity required
(Kwe/KW) 0.06-0.08 0.08-0.1 0.07-0.09
Specific primary energy
required (kWhe/kWh) 0.35-0.5 0.55-0.7 0.55-0.7
Specific investment cost
(Only the refrigerant i i i
equipment) (DM/KW) 130-300 800-2500 700-3200
(Year 1997)

Table 39. Trigeneration systems with absorption refrigeration [4]

211




Trigeneration

Trigeneration

Conventional (electrical (absorption
Energy System refrigeration) refrigeration)
Work Demand 1 1 1
Heat Demand AD AD AD
Cooling Demand QRefri. QRefri. QRefri.
TOta| WOFk 1+ QRefri. 1+ QRefri‘ 1
Produced (COP),,.. (COP),,..
Total Heat Qkei
A A Ap + 25—
Produced D P (COP),«
Hef_slt to power A
ratio ) o a4 Qrens
(Cogeneration 14 SRefr. ® " (COP),q
System) (COP)EIec‘
lefri., 1 =+ 7QREM' 1
FUEI Energy UB [1+ (COP)EIec.J-FﬂD?7e (COP)EleC
Required — Newp
118 Nerp
Fuel Mass Flow N RS T, L4 Sna 1
- : (COP)EIec. o (COP)EIEC T
1.5 Hy NeweHu
( )( ) 1_i—ﬂ’D +QRa fri.
e . 1+ 2o + Qperi N5 Hy Qrei
Energy Utilisation L
Qreii j (cop) Tchp (1 +Ap + Qge 1i. )
5 1+ +/1D A Elec.
Factor 7 ( (COP)EIec. g Tewp
1 QRefri.
QRefri. +
Total Carbon Hco, |:773 (1 + (COF’) j + /1D77e:| p (COP)EIec. IUCOZ
. . .- . Elec. Co,
Dioxide Emissions Ty Newe Hy Newe Hy

Table 40. Summary of the comparison between the different options to produce heating, cooling and power
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Pressure-enthalpy diagram for the refrigerant HCFC-123 [5]
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Heat pumps T P hs hg St Sy
in cascade Steps (0C) | (Kpa) | (kJ/kg) | (kJ/Kkg) | (kJ/kgK) | (kJ/kgK)

5 Outlet | 110 977,71 316,4 4439 1,3533 1,6862

) Inlet 55 247,33 260 416,2 1,1974 1,6662
. Outlet 65 329,62 265,5 419,2 1,2136 1,6681

Inlet 10 50,57 209 385,8 1,0323 1,6567

3 Outlet | 110 977,71 316,4 443.9 1,3533 1,6862

Inlet 70 377,81 271 422,1 1,2297 1,6701

3 5 Outlet 80 489,93 2822 4279 12614 1,6742
Inlet 40 154,48 238,7 404,1 1,1316 1,6598

| Outlet 50 212,61 2492 410,2 1,1646 1,6627

Inlet 10 50,57 209 385,8 1,0323 1,6567

A Outlet | 110 977,71 316,4 443.9 1,3533 1,6862

Inlet | 77,5 | 459,86 | 279,35 426,5 1,25355 1,6732

3 Outlet | 87,5 | 589,19 | 290,6 | 432,15 1,28485 1,6774

4 Inlet 55 247,33 254,6 4132 1,1811 1,6644
5 Outlet 65 329,62 | 265,5 419,2 1,2136 1,6681

Inlet | 32,5 | 119,665 | 230,9 399,5 1,10565 1,6582

. Outlet | 42,5 | 167,705 | 2413 405,6 1,13985 1,6606

Inlet 10 50,57 209 385,8 1,0323 1,6567

s Outlet | 110 977,71 316,4 443.9 1,3533 1,6862

Inlet 82 51506 | 2844 429,1 1,2677 1,6751

A Outlet 92 65547 | 2957 434,6 1,2988 1,6792

Inlet 64 320,57 | 2644 418,6 1,2104 1,6677

. 3 Outlet 74 420,04 | 2755 424.5 1,2424 1,6717
Inlet 46 187,63 245 407,8 1,1514 1,6615

5 Outlet 56 254,77 | 2557 413,8 1,1843 1,6647

Inlet 28 101,92 2264 396,8 1,0917 1,6574

: Outlet 38 144,51 236,6 402.,9 1,1249 1,6593

Inlet 10 50,57 209 385,8 1,0323 1,6567

Table 41. Thermodynamics characteristics of the refrigerant HCFC-123 for different number of heat pumps in
cascade
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COMPONENTS PURCHASE COSTS
C,, ma
Air Compressor Zyco =FU, 0| —"——|r -In(r,)
Cia —Maco

*

Combustion C,, Ma (CouT-Coy)

Z :FU o —_— 1 23713724

Chamber CCH ccH P, [+e ]
sz -
P,

C.,, m .

Turbine ZGT FUGT i) I .ln(rt),[1+e(C33T3 C34)]
Cy, Ny

Heat Recovery

(SSH (SEV éPH * % 1.2
Steam : =FU ¢ + + +C,,mg+C,, m
Generator o e 41H(ATLM)SH J [(ATLM)EV 1 {(AT'—M)pH H p Mst+Cyy Mg
Feedwater .
Heater Zey =FUL,C Qpy

Auxiliary Boiler

% 0.8 l—C Ce3
Zg =FUCq Qe 1+(62J
1 =748

Connection
to the grid

ZCG =FU CGC71YC(]66

Table 42. Equations for calculating the purchase costs for the components of the gas turbine pre-model
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COMPONENTS CONSTANTS
: $
Air Compressor C, = 39.5K— C,=09
s
Combustion C, = 25.6% C,, =0.995 |cu-[oomsy] | C,, =264
s
: $ 1
Turbine C, = 266.3K— C,=092 |C,= 0.036- C, =544
s
C,, =|3650 $ $
kij C,, =| 11820, -
K s
Heat Recovery
Steam Generator
$
C, =|658 —c
()
Feedwater c —(104-5
Heater ol KW
Aucxiliary Boiler Cq =560 5 s Ce, =09 Cy =7
(kw)*
Connection $
. C,, =[1000
to the grid n { (kw )0-6}

Table 43. Constants used in the equations for the purchase costs of the components of the gas turbine pre-model
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COMPONENTS FACTOR OF UPDATE

Air Compressor FUaco =1.24
Combustion _
Chamber FUccr = 1.24
Turbine FUsr=1.24
Heat Recovery _
Steam Generator FUnrse = 1.24
Feedwater _
Heater FUpy = 1.28
Auxiliary Boiler FUas = 1.28
Connection _
to the grid FUce =128

Table 44. Factors of update for the components of the gas turbine pre-model

COMPONENTS DESIGN VARIABLES
Air Compressor r;\a, ra 7 aco
Combustion Ma. E,sz
Chamber P,
Turbine Mg, 1, T,, et
Heat Recovery oo * *
Steam Generator Mg, Mst, Qs Qey > Qi
Feedwater :
Heater Qe
Auxiliary Boiler éAB M n
Connection .
to the grid Yee

Table 45. Design variables for the components of the gas turbine pre-model
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Cr ($/KWh)

Can

_ Cay Cs ($/KWh)
Natural Gas| Fuel Oil | ($/KWh) | ($/KWh) | (=08, Fuel
oil)
Period 1 0,100256202{0,080204961
COMMERCIAL Period 2 0,028334942 0’02093491 0,100552818 0,080442254 0.026168638
USER Period 3 0,104112209|0,083289767|
Period 4 0,099069738| 0,07925579
Period 1 0,109390229(0,087512183
RESIDENTIAL | Period 2 16 032947607(0,027913214]0,109713868|0,087771095| 0,034891517
USER Period 3 0,11359754510,090878036
Period 4 0,10809567 (0,086476536
Period 1 0,055926755(0,044741404
INDUSTRIAL | Period 2 0,015584218| 0,02093491 |0,0560922190,044873775|0,026168638
USER Period 3 0,05807778410,046462227
Period 4 0,0552649 |0,04421192
Table 46. Coefficients used in the equation of operation costs for the gas turbine pre-model
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TYPE OF
CONSTRAINT CONSTRAINT
Yo 20 | Que 20| 50 | my 20| Wor 20| Qor 20| Agr 20
Wy, >0
Non negativity BY1 WBY2 20 WBY3 20 WBY4 2 0 Tl ZO T2 20 T3 20
Wg, >0 | Wg, >0 [ W20 [Wg, >0 | T,20 | T,=0 | r.>0
Qa1 20| Qa2 20| Qi3 201 Qy, 20| 120
. maC,,(T,-T,)
ms =
Neen (H, +h, )- (L+1)CpgT +LC,,T,
W, = m; (L+1)C,T, +(r;1a— Lmy jcpan —(ma+ mi ]cpgn - macpa(T2 -T)
Thermod;_/namics Qgr =M C,, (T, -T,)
Equations Q " " . . .
Agr = 2L Mg+ M =Ma+Ms =m;
WGT
1 Va—l i
T2=T1{1+n—{(r)ya —1}} T, =Tl -7y 1- 17971
’ L (rt) 7g
r,=>1.5 r, <30
) T,>T, T, 2T, T, 2T, T,2T,
Physical " "
Constraints T, <1400°C Ma > M;
(WGT +QGT)S mf(Hu +hf)
[\NGT _WBYI +WSI]= [\NDEMAND ]1 [QGT + (DAHI]Z [QDEMAND]
Demand [W WBYZ +Wsz]_ [VVDEMAND] [QGT +QAH2]Z [QDEMAND]
ReqUIrements [VV WBY3 +WS3] [\NDEMAND] [QGT + QAH}]Z[ DEMAND]
[VVGT BY 4 +WS4] [VVDEMAND] [QGT + (?AH4:|2 [ DEMAND]
Capacity of the W <56MW Qe <130 MW Yo £ 56 MW
equipments
Value of W S YCG WBY2 SYCG WBY3 SYCG W S YCG
operational W, <VYeq W, <VYgq W, <VYeq W, <Y
variables Qi< | Que<0u | Qun<Qe | Qui<Qu

Table 47. Constraints used in the gas turbine pre model

219




COMPONENTS DESIGN VARIABLES NOTE
Air Compressor r;a’ M7 Defined in the pre model
Combustion ~ P .
Ma, =, T
Chamber P, 4 Defined in the pre model
Turbine r;1 -1 T Ty Defined in the pre model

Heat Recovery
Steam Generator

* *

mga mStanH aQEv aQSH

Defined in the pre model

Feedwater :
Heater Qi Defined in the pre model
. . To evaluate in the complete
Auxiliary Boiler Qs> as model
Connection Y To evaluate in the complete
to the grid ce model
Cascade Heat Pump Q...n To evaluate in the complete
HP> ' 'HP

System

model

Table 48. Design variables for the complete gas turbine model
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n

=1.1

N, 0,
Ma ®
[1—3} / {Tzl { LAR“AL\/T [rc - I]PARTIAL [770 ]PARTIAL
Tl PARTIAL Tl FULL r;]a 51 [rc - 1:|FULL [UC ]FULL
FULL
1 1,148717949 1,160869565 | 0,961111111
0,951672862 1,151282051 1,134782609 | 0,957777778
0,832713755 1,156410256 1,060869565 0,94625
0,691449814 1,161538462 0,966666667 0,92
0,559479554 1,164102564 0,858333333 0,884375
0,453531599 1,166666667 0,765217391 0,85
I
n,y/©,
Ma Q]
|:T3} / {1—3} { LARHAL\/_I [rc - I]PARTIAL [77c ]PARTIAL
T PARTIAL T FULL [f:”la} S, [rc - 1]FULL [770 ]FULL
FULL
1 1 1 1
0,951672862 1,002564103 0,975 0,9925
0,832713755 1,012820513 0,925 0,97625
0,691449814 1,025641026 0,845833333 | 0,957777778
0,559479554 1,030769231 0,756521739 | 0,936666667
0,453531599 1,035897436 0,673913043 0,905
n
=0.95
n,v0,
Ma 0
[1—3} /{Tzl [ LART,AL\/il [rc - I]PARTIAL [77c ]PARTIAL
Tl PARTIAL Tl FULL r;]a 51 [rc - 1:|FULL [UC ]FULL
FULL
1 0,861538462 0,858333333 | 0,976363636
0,951672862 0,871794872 0,841666667 0,97952381
0,832713755 0,892307692 0,808333333 0,985
0,691449814 0,915384615 0,756521739 0,9748
0,559479554 0,935897436 0,682608696 | 0,956363636
0,453531599 0,946153846 0,613043478 0,93

Table 49. Parameterization of the performance gas turbine map
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TYPE OF

CONSTRAINT CONSTRAINT
Integer Variables npp Nppi Ngp2 Npp3 Npp4
Yoo 20 Qup 20 Qupr 20 W,r >0 N =0
I:’IHZO I’;szO I’:]HZO I’:]MZO
Nyp; 20 Ny, 20 Nipy =0 Nyps 20
Non negativity Wor, 20 Wor, 20 Wor; 20 Wy 20
QGT] >0 QGT2 >0 QGT3 >0 QGT4 >0
We,, >0 Wy, 20 W,y >0 Wy, 20
W, >0 W, >0 W, >0 W, >0
Qui 20 Qu>20 Qs 20 Quia 20
On Design
Parameters o
(Defined in the ma,my, £, Ty, T, Ty Wer , Qer s Ao
pre model)
Physical (WGT1+QGT1)Sm“(Hu+hf) (WGT2+QGT2)Smf2(Hu+hf)

Constraints

(WGT4 "'QGM)S mf4(Hu +hf)

< +
[Wen (anl WHP) W51+W51] [ DEMAND]
[WGTz _(anz WHP) We, +Wsz] [ DEMAND]
[\NGTS_(nHPS WHP) W33+W53] [ DEMAND]
Demand [\NGT4_(nHP4 Wy ) - W, +Ws4] [ DEMAND]
Requirements [ GTl+(nHP1 QHP)+QAH1]Z[QDEMAND]
[ GT2 +(nHP2 ‘QHP)"‘QAHZ]2 [QDEMAND]
[QGT3 +(nHP3 'QHP)+QAH3] [ DEMAND]
[ ora + Ny 'QHP)+QAH4]— [QDEMAND ]4
ngﬁ%%:;ttshe 2kWSQ S2MW | Qy <130 MW Y. <56 MW

Table 50. Constraints for the complete gas turbine model (1% Part)
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TYPE OF

CONSTRAINT
CONSTRAINT
_T _ _T _
1<| =2 <0.45 1<| =2 <0.45
_Tl I Period 1 _Tl I Period 2
_T _ _T _
1<| =2 <0.45 1<| =2 <0.45
Off Design _Tl Period 3 _Tl _IPeriod 4
Constraints i n l - N i
1.1<| —— <0.95 1.1<| —— <0.95
_nn V®l JPeriod 1 _nn V®l I Period 2
n n
11| —— <0.95 11| —— <0.95
_nn VG)I — Period 3 _nn V®l - Period 4
WGT] = f(mf]j WGT2 = f(mfZJ WGT3 = f(mf3) WGT4 = f(mf4j
QGTl = f(m“j Qsrz = f(mfzj Qers = f(m”) Qgrs = f(mmj
(mfj gm”s(mfj
MAXIMALIN
Off Design RIS WEATHER |
Constraints * * *
my <Mz <| My
MAXIMALIN
PRODUCING 75% OF WEATHER 2
NOMINAL POWER
(mf <mi3 < (mf j
MAXIMALIN
PRODUCING 75% OF WEATHER 3
NOMINAL POWER
(mf <SMig < (mf j
MAXIMALIN
PRODUCING 75% OF WEATHER 4
NOMINAL POWER
Nppy < Npp Nppy < Nip Nps S Nip Npps < Nip
Value of We; <Yeo We, <Yeo We; < Vo Wg, <Yeo
operational
variables W, <VYee W, <VYeq Wss <Y Ws, <Yeq
QAH] S QAB QAH2 S QAB QAH3 S QAB QAH4 S QAB

Table 51. Constraints for the complete gas turbine model (2" Part)
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Tz} . . * :
[f m| o | [r.-1 *
- PARTIAL [ mem [[r _:!P]ARTIAL [’EC ]F]ARTIAL (TC3) Mma 7 . 1, (TC4) (TCZ) mrs War QGT
2 ™)’ e I (kg/s) (kg/s) | &KW) (KW)
Period 1,000 1,046 1,050 0,988 1443,026 | 250,603 | 0,850 | 23,843 | 0,860 | 781,854 | 741,772 | 4,08202 | 35394,316 | 126542,889
eTO 0,952 1,048 1,024 0,982 1373,288 | 251,217 | 0,844 | 23,291 | 0,860 | 747,064 | 739,455 | 3,67474 | 25777,578 | 116270,606
0,833 1,057 0,967 0,967 1201,627 | 253,295 | 0,832 | 22,042 | 0,860 | 660,412 | 734,099 | 2,69026 | 3068,956 | 90816,936
Period 1,000 1,003 1,004 0,999 1526,402 | 233,771 | 0,859 | 22,843 | 0,860 | 833,263 | 769,052 | 4,14463 | 34911,777 | 132521,207
el;o 0,952 1,006 0,979 0,992 1452,635 | 234,368 | 0,853 | 22,299 | 0,860 | 796,587 | 767,004 | 3,73588 | 25065,549 | 122409,016
0,833 1,016 0,928 0,976 1271,056 | 236,730 | 0,839 | 21,198 | 0,859 | 704,059 | 763,036 | 2,74946 | 1986,646 | 97190,364
Period 1,000 0,976 0,976 0,996 1560,107 | 224,971 | 0,857 | 22,234 | 0,860 | 855,999 | 781,152 | 4,11542 | 33597,351 | 133697,226
e;lo 0,952 0,980 0,952 0,990 1484,711 | 225,865 | 0,852 | 21,721 | 0,860 | 818,362 | 778,398 | 3,72007 | 24066,001 | 123878,617
0,833 0,992 0,905 0,978 1299,122 | 228,634 | 0,841 | 20,695 | 0,859 | 723,223 | 773,081 | 2,75672 | 1613,363 | 99095,856
Period 1,000 1,029 1,032 0,992 1474,957 | 243,921 | 0,853 | 23,450 | 0,860 | 801,420 | 752,265 | 4,10686 | 35204,807 | 128913,031
e';].lo 0,952 1,032 1,006 0,986 1403,676 | 244,529 | 0,848 | 22,901 | 0,860 | 765,912 | 750,057 | 3,69897 | 25495,627 | 118704,563
0,833 1,041 0,952 0,970 1228,217 | 246,721 | 0,835 | 21,711 | 0,860 | 677,047 | 745,227 | 2,71366 | 2634,016 | 93347,161

Table 52. Example of a part load table of the gas turbine in a case similar to Detroit City
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FACTORS

COMPONENTS PURCHASE COSTS COEFFICIENTS OF UPDATE
Micro gas $
= C =|1000—
turbine unit Zuer = CuarWier MeT [ kw} !
$
C,=560———
0.8 1-C,, . ) { (kW )OAS }
Auxiliary Boiler | Z,5 = FU ,;C,, Qg 1+(1_77AB] Co =09 FUxg = 1.28
Cyu=7
(E:?Sscét;?; Zeo =FUCo ey C, = {1000 (kvi)“} FUcc =1.28

Table 53. Equations, coefficients and factors of update for calculating the purchase costs for the components of the
micro gas turbine model

COMPONENTS

DESIGN VARIABLES

Micro gas turbine

* *

Wier (mf ,Ma, rcﬁTl’TZ’T4’T5j

unit
Auxiliary Boiler Qs> a8
Connection Y
to the grid ce

Table 54. Design variables for the components of the micro gas turbine model
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TYPE OF

CONSTRAINT CONSTRAINT

Integer Variables Nycr Nyeri Nyera Nyvcrs Nyvcrs
YCGZO QABZO maZO mfZO WGTZO QGTZO /,LGT ZO
Qn 20| Qe 20| Qe 20| Qupy 20| T, 20 | T,20 | T,20
Non negativity (w,, >0|Wg, >0 W, >0|W,,>0| T,20 | T,>0 | T,>0
QAHIZO Qpuz 20 Quiz 20 Qans 20 cmO rtZO NMRreg 20

Nyeri 2 0 ‘ Nygrs 2 0 Nyers 20 | Nygrs 2 0

I;']f macpa(T4 _T3)

- Neen (Hu +hf )_(L+1)CpgT4 + LCP3T4

*

Wyer =mi(L+1)C T, +(ma— mejcpan —(ma+ mecpgTs -maC,(T,-T)

*

_ _ C
Thermodynamics Quer =M: Cy (T -T,) T, = (1 ~ Mreg )I’z + peg Ts {C_ng
Equations pa
ﬂ, :Qi * * * * *
er WGT mg+mnb :ma+mf :mt
1 7a~l
T, =T<1+—|(r.) . — 1
’ l{ +77¢ |:(C)7 1}} T =T I-nyer| 1 P
()7
r.=1.5 r,<6
Mieg 2 0.7 Mreg < 0.8
Ty 2300°C T, <310°C
Physical T <1400°C * .
Constraints ‘- Ma > My
T, 2T, LT,
T, =T, T, >T,

(WGT +QGT)Sr:]f(Hu +hf)

Table 55. Constraints used in the micro gas turbine model (1% Part)
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TYPE OF

CONSTRAINT CONSTRAINT
[(nMGTl 'WMGT )_WBI +W51 ] = [VVDEMAND ]1
[(nMGTZ “Wyer )_WBZ +Wsz]: [WDEMAND ]2
[(nMGT3 “Wier )_WB3 +W53] = [\NDEMAND ]3
Demand [(nMGT4 “Wyer )_WB4 +Ws4] = [WDEMAND ]4

Requirements

Nyeri * Quer )"‘ QAH]]Z [QDEMAND ]1

[
[(nMGT2 ’ QMGT )+ QAH 2 ] e [QDEMAND ]2
(

Nyers - QMGT )+ QAH3 ] 2 [QDEMAND ]3

MGT 4 'QMGT )+ QAH4]2 [QDEMAND ]4

—
5

Capacity of the 30kW<W, o <250kW
equipments
Q. <12MW Yo <3MW
Val f Nyt < Nyer Nyer2 < Nyer Nyers < Nyer NyeT4 < Nyer
alue 0

operational Wq, <Y W, <Y W, <VYeg We, <Y

variables WSl < YCG WSZ < YCG Ws3 < YCG Ws4 S YCG
Qui1 SQue Quz SQue Qans Qs Qans Qs

Table 56. Constraints used in the micro gas turbine model (2™ Part)
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COMPONENTS PURCHASE COSTS

Cyy i T, —Cgs P, —Cyg
1-C TCu) | | (PG
Main Boiler Zys = FU s -Cq, - (Qs )™ .[p{“j ] 1+cgs.e[ Cor j][e[ Coo ]]

1=17vg
B k 1 C C94 (TZ_C%J
ack pressure Zo =FU. -Co-(W. ) |14 —=2 | |.|14C,. e &
steam turbine ST s1*Cor - Wsr) 1-7g »
Feedwater
Heater Zey =FU Gy Qpy
C(y}
- . 0.8 1- C62
Auxiliary Boiler Zpg =FU5CqQug| 1+
1=17pg
Connection 06
. Z.. =FU.C.Y,
to the grid ce cemmee
Table 57. Equations for calculating the purchase costs for the components of the back pressure steam turbine pre
model
COMPONENTS CONSTANTS
FUyg = 1.28 | Cu =360 (kvj)o_x C,=08 | Cy,=09 | C,=7

Main Boiler
Cys =5 | Cy =866K | Cy, =10.42K | Cyo =28bar | Cy, =150bar

$
FUsr = 1.28 C91 =3000—~ C,, =0.7 C,. =095
Back pressure steam o (kw)"’ ” ”
turbine
C,, =3 Cys =5 C,, =866K C,, =10.42K
Feedwater _ _ §
Heater FUy =1.28 C, = 10.4( kWJ
Aucxiliary Boiler FUpp=1.28 | Cy {560('(\,\/&;)0_5;} Cp =09 Cy=7
Connection $
= C,, =|1000—>——
to the grid FUcc = 1.28 " { (kW)‘“’}

Table 58. Coefficients and factors of update for calculating the purchase costs for the components of the back
pressure steam turbine pre model
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COMPONENTS DESIGN VARIABLES
Main Boiler Qus
Back pressure steam
) W
turbine st » Asr
Feedwater 0
Heater FH
Auxiliary Boiler Quss s
Connection Y
to the grid ce

Table 59. Design variables for the components of the back pressure steam turbine pre-model
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TYPE OF

QMB >0 QFH >0 YCG >0 QABZO
F:HstZO Wgr 20 Qs 20 A 20
Non negativity W,,, >0 W,,, >0 W, >0 W,,.>0
W, >0 W, >0 W, >0 W, >0
QAHIZO QAHZZO QAH3ZO QAH420
Thermodynamics nsHy
Equations
Qsr = A5t -Wy; Qsr = Qrw
Physical
ysica (WST +QST )S QMB 2.8< ﬂST <54

Constraints

Demand
Requirements

[\NST —Way, +W31 :[\NDEMAND ]1

[(EST 'WGT )"' QAH] ] = [ DEMAND ]1

[VVST —Wagy, +Ws, ] = [VVDEMAND ]2

[(ﬂ'ST 'WGT )+ QAH 2 ]Z [QDEMAND ]2

[VVST _WBY3 +WS3]: [VVDEMAND ]3

[(ﬂ'ST 'WGT )+ QAH3 ]2 [QDEMAND ]3

[VVST —Way, +Ws4 ] = [VVDEMAND ]4

[(/IST 'WGT )+ QAH 4 ] = [QDEMAND ]4

. <130 MW W, <56 MW
Capacity of the Que ST
equipments Qs <130 MW Y. <56 MW
WBYI < YCG Way, <Yeq Ways < Yo WBy4 < YCG
Value of
operational We, < Yoo W, <Yeo We; < Vee We, < Voo
variables
QAHI < QAB QAHZ < QAB QAH3 < QAB QAH4 < QAB

Table 60. Constraints used in the pre model of the back pressure steam turbine
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COMPONENTS

PURCHASE COSTS

c T,—Css P2 —Cgs
1-C, | Sl
o Zys =FUyg - Cy - ol 8 [ [1+C et et
Main Boiler Me e Car(Que) [ (1—UMBJ [ ® ]!
Cg4 T270%
Back pressure c 1-C,; (C j
- Z. =FUg -C,, - W )™ |14+ —= 41+C, -0
steam turbine ST st Cor Wy ) [ (l—nST »
Feedwater
Heater Zp, =FUL,C5,Qp,

Auxiliary Boiler

C63
1-C
ZAB = FUABcﬁl /?\g 1"’( 62J
1 =18

Connection _ 06
to the grid ZCG - FU CGC71YCG
Cascade Heat _
Pump System Zrp = CrpQup
Table 61. Equations for calculating the purchase costs for the components of the back pressure steam turbine pre
model
COMPONENTS CONSTANTS
FUus =128 | Cu 5360 | Cp =08 | Cu=09 | Cy =7
Main Boiler
Cys =5 | Gy =866K | Cy, =10.42K | Cyo =28bar | Cy, =150bar
$
= C,, =3000 = =
Back pressure steam | "UsT =128 o o) C,, =0.7 C,; =0.95
turbine
C,, =3 Cys =5 C, = 866K C,, =10.42K
Feedwater $
= C,=104
Heater FUpn =128 ! (kW)
.. . $
Auxiliary Boiler FUp =128 |Cg {560('(\/\/)0_8} C, =09 Cy, =7
Connection $
= C, =[1000—>—
to the grid FUce = 1.28 { (kw )" }

Cascade Heat Pump
System

Cop =516

(kW ),

Table 62. Coefficients and factors of update for calculating the purchase costs for the components of the back
pressure steam turbine pre model
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COMPONENTS DESIGN VARIABLES NOTE
Main Boiler Qus To evaluate in the complete model
Back pressure steam Ast Defined in the pre model
turbine W, To evaluate in the complete model
Feedwater .
Heater Qry To evaluate in the complete model
Auxiliary Boiler Qas> s To evaluate in the complete model
Connection Y, To evaluate in the complete model
to the grid 6 p
Cascade Heat Pump .
System QuesNip To evaluate in the complete model

Table 63. Design variables for the complete gas turbine model
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COMPONENTS

OPERATIONAL
VARIABLES

DESCRIPTION

Back pressure steam
turbine system

WST 1 ’WST 2 ’WST 3 ’WST 4

Power generation of the steam
turbine in each period at
partial load

NstisMst25Ms135M5T4

Isentropic efficiency of the
steam turbine in each period
at partial load

Connection
to the grid

WBY 1 ’WBY 2 ’WBY 3 ’WBY 4

Power bought by the system
in each period

WSI ’WSZ ’W83 ’WS4

Power sold by the system in
each period

Auxiliary Boiler

QAHI’QAH27QAH37QAH4

Heat generated by the
auxiliary boiler

Cascade Heat Pump
System

Nep1s Mapas Nipss Nipg

The number of cascade heat
pump system in service
(These variables are indirectly
related with the power
generation of steam turbine in
each period, although they do
not appear in the operation
cost function)

Table 64. Operational variables for the complete model of the back pressure steam turbine system
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e
Integer Variables Npp Ngpy Ngp2 Ngip3 Npp4
Que =0 Qry 20 Yo 20 Que 20
Wg; >0 Qup 20 W, >0 Ny >0
Nsr; 20 Nsr, 20 Nsr3 20 Nsrs 20
Agri 20 Agr2 20 Agr3 20 Agrs 20
Non negativity Nypy 20 Ny, 20 Nyps 20 Ny 20
Wer, 20 Wer, 20 Wer; 20 Wr, 20
W, 20 Wg,, 20 Wgy; 20 Wgy, 20
W, 20 W, >0 W, 20 W, >0
Quni 20 Q220 Qs 20 Qs 20
On Design Parameters [ZST ]fu” , [77$T ]fu” ,h,,h,,h; ,h,. h,
WSTI '(1+;LST1)SQMB WSTz'(l"'ﬂsn)SQms
Physica| WST3 '(1+/13T3)SQMB WST4 '(1+/13T4)SQMB
Constraints h, - [775T1 '(h -h, )]S hs h, _[775T2 '(hz —h, )]S hss
hz - [775T3 '(hz - h3' )] < h3s hz - [775T4 '(hz - h3' )] < h3s
[Wsn (anl 'WHP)_WBH +W51]: [VVDEMAND ]1
[Wers = (Nipy “Wip ) =Wy, +Wo; ]= Woeymo |
Wers = Moy - Wigp )= Weys +Wss = Woeyao |
Demand [WST4 - (nHP4 'WHP) Y4 +Ws4] [WDEMAND]
Requirements [ W)+ (0, - QHP)+QAH1]Z[ pemano )
[(Asr2 Wer2)+ (0 - Qup )+ Quir2 ]2 [Qouano |
[(Rsrs - Wers) + (Mo - Qup )+ Quina ]2 [Qoewano |
[(Rsrs - Wera) + (Nps - Qup )+ Q]2 [Queano s
Capacity of the Que <130 MW W <56 MW
equipments 14w <Q,, <2MW | Q,, <130 MW Yo <56 MW

Table 65. Constraints for the complete model of the back pressure steam turbine system (1* Part)
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TYPE OF

CONSTRAINT CONSTRAINT
Lo (e ool v | o e (e e
nsHy \ sty A hy =y nsHy A\ s, \ Dy =,
Lo P o (o | R P (o
neHy A\ sr3 A h, —hy neHy A\ 7514 \ Dy =y
e = J Wy, S J W,
o WST +(‘J 'WSTl) o WST +(‘] 'WSTz)
Nery = J 'WST3 n _ J 'WST4
ST3 = ST4 —
Off Design Wer +(‘J 'WSTs) Wer +(‘] ‘WST4)
Constraints
h, —h h, —h
/zsnzé_l isn:#_l
st '(hz - h3') USSP '(hz - h3')
h, —h h, —h
/15T3 = 2 . -1 lsm = 2 : -1
USE '(hz h, ) Nst4 '(hz h, )
0.75-Wg; <Wgr, 0.75-Wg; <Wq,
0.75-Wg; <Wg;, 0.75-Wg; <Wg;,
Wr, W, Wr, <Wg; Wiy <Wg; Wir, Wy

Value of
operational
variables

Nsti = [’75T ]full Nsty < [773T ]full

Msty < [775T ]full Nsra < [’75T]fu|l

Nipr <Ny Nppy <Ny Nips < Npp Nips < Nip
Way, £V Way, <YYo Ways £ VYeg Way, <Y
We, <Veo We, <Yeo We; < Ve W, <VYeo
Qunt < Qg Qanz < Qus Quns <Qus Quns < Qs

Table 66. Constraints for the complete model of the back pressure steam turbine system (2" Part)

235




OBJECTIVE

FUNCTION Total annualised costs (1) = Design costs (®p) + Operational costs (Dp)
(MINIMISE)
DESIGN COSTS
(@p) O, =p-y- [ZMB +lg+lpy +Lpg+ L +(nAc Lnc )+ (ncc Lo )]

OPERATIONAL
COSTS (®o)

O, = [(cf m j(sooo hours)}

4
+ z [CBYWBY + CSWS + CAH QAH + (CCTA “Nac ’YAC )+ (CCTC “Nee ’ch )]Atn

n=l1

Table 67. Objective function of the pre model of the trigeneration system

OBJECTIVE
FUNCTION
(MINIMIZE)

Total annualised costs (®@1) = Design costs (®p) + Operational costs (Do)

DESIGN COSTS
(®p)

D, :(/7"//'[ZMB tlg + Ly +Lpg + L +(nAc 'ZAC)+(ncc 'ch)]

OPERATIONAL

COSTS (®o)

(Do = Z|:Cf mf+CBWB +CSWS +CAHQAH +(CCTA MNpc 'YAc)+(CCTc “Nee 'ch ):|Atn

n=

Table

68. Objective function of the complete model of the trigeneration system
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COMPONENTS

PURCHASE COSTS

Main Boiler

1-C,,

ZMB = FUMB 'C81 '(QMB)sz ’ 1+(
1=7ys

Back pressure
steam turbine

_c O\ [Lj
ZST = FUST ‘C91 '(WST )ng ) 1+[93j ) 1+C95 € o

1=n¢

Feedwater
Heater

Ly =FUg,Cy,Qpy

Auxiliary Boiler

c
1—C 63
ZAB :FUABCGI ?\BS 1+£ ézj
1=7 g

Absorption
Chillers

C C
ZAC (CACI 'YAc +CAC2 'YAc e +CCT1 'ch m)

Compression
Chillers

C C
ch = (Ccc1 'ch +Ccc2 'ch ? +CCT1 'YCTz m)

Connection
to the grid

ZCG =FU CGC71YCOG6

Table 69. Equations for calculating the purchase costs for the components of the back pressure steam turbine pre

model
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COMPONENTS CONSTANTS
o FUws = 1.28 | Cu =360W C,=08 | C,=09 | C,=7
Main Boiler
Ces =5 C, =866K | C, =10.42K | Cyo =28bar | Cy, =150bar
$
Back pressure steam | FUsr =128 | Cy =3000 W) Cy, =0.7 Cy; =0.95
turbine C, =3 Cp=5 C, =866K | G, =1042K
Feedwater $
= C, =104 —
Heater FUry = 1.28 51 (kwj
Auxiliary Boiler FUp =128 |Cqy= 560(@3)08} Cp =09 Cu=7
Absorption Chillers | Cae, =23.0179($/kW) | C,q, = 104'8{(kw$)°-”} Cpcy =032
. $
Cooling Tower Ceri = 6-9651{“(\/\/)_0_33} Cer, =033
i $
Coanrﬁ)”rﬁasrsgon Ceer =20.8077(8/kW) | Cee, = 62.62{ (kw)‘““} Cec; =—0.36
Connection $
= C, =|1000-—>
to the grid FUce = 1.28 [ (kw) }

Table 70. Coefficients and factors of update for calculating the purchase costs for the components of the back

pressure steam turbine pre model
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COMPONENTS PRE MODEL COMPLETE MODEL
Main Boiler Que Que
Back Pr. steam Turbine Wq, A W, (Ag is defined in the pre model)
Feedwater Heater Qi Qi
Auxiliary Boiler Qs> a8 QugsMas
Absorption Chillers YoacsNac YacsNac
Compression Chillers YeesNec Yee s Nec
Cooling Towers | N YerisYers
Connection to the grid Yoo Yeo

Table 71. Design variables for the pre model and the complete model of the trigeneration system
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COMPONENTS

PRE MODEL

COMPLETE MODEL

DESCRIPTION

Back pressure
steam turbine

W, (Power generation
of the steam turbine in

WST 1 ’WST 2 ’WST 3 ’WST 4

Power generation of the
steam turbine in each
period at partial load

system all the plerl(()ids at full Isentropic efficiency of
oad) NstisMst2Mst35Mst4 the steam turbine in each
period at partial load
Heat generated by the
Feedwater ;
Heater QFWlaQszanw3aQ|:W4 QFWI’QFWZ’QFW35QFW4 feedwater heater in each
period
Power bought by the
Connectlon WBYI ’WBYZ ’WBY3 7WBY4 WBYI’WBYZ ’WBY3 ’WBY4 System in efCh p}érlod
to the grid

WSI 9WS2 7WS3 ’WS4

WSI 7WSZ 9WS3 9WS4

Power sold by the system
in each period

Auxiliary Boiler

QAH]’QAHZ’QAH3’QAH4

QAH]’QAH25QAH3’QAH4

Heat generated by the
auxiliary boiler

Absorption
Chillers

r]ACI ’ r]ACZ 2 r]AC3 ’ nAC4

nACl ’ r]ACZ 2 r]AC3 ’ nAC4

The number of
absorption chillers in
service in each period of
time

Compression
Chillers

nCCl ’ nCCZ’ nCC3 b I’]CC4

r]CCI ’ nCCZ ’ nCC3 ’ r]CC4

The number of
compression chillers in
service in each period of
time

Table 72. Operational variables for the pre model and the complete model of the trigeneration system

Ce ($/kWh C
e ( ) Cev Cs ($/k'\o\/Uh) Ccra Ccrc
Natural Gas| Fuel Oil ($/kWh) | ($/KWh) | (n.=08, Fiel |($/KWh) |($/kWh)
oil)
Period 1 0,1002562 | 0,0802049
Period 2 0,1005528 | 0,0804422
0,0283349 0,020934 0,026168 | 0.0220 | 0.0059
Period 3 0,1041122 | 0,0832897
Period 4 0,0990697 0,079255

Table 73. Coefficients of the operation cost function for the pre model and the complete model of the trigeneration

system
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TYPE OF

CONSTRAINT CONSTRAINT
Que =0 Qry 20 Yoo 20 Que 20
Me >0 W >0 Qg 20 At 20
WBYI 20 Wey, 20 Wegy; 20 Wey, 20
Non negativity W, 20 W, 20 W,, 20 W,, >0
QAleo QAHZZO QAH320 QAH420
Y 20 Yoo 20 Ny 20 Nee 20
Npc; 20 Nacy 20 Npc; 20 Nacy 20
Neey 20 Neey 20 Nee; 20 Necy 20
COP,. = YLC =0.68 COP,. = Y& =4.5
AC cc
1 1
ch :YAC |1+ COPAC YCT2 :ch |1+ COPcc
Thermodynamics W (1 B )
. * A1+
Equations Mgt = H o QST = ﬂ“ST 'WST
ngMy
QST :QFWI +(nAC1 'QAC) QST :Qsz +(nAcz 'QAC)
QST = QFW3 + (nA03 'QAC) QST = QFW4 + (nAC4 'QAc)
Physical
Consytraints (WST +Qqr )S Qus 28< g <54

Power Demand
Requirements

[VVST _(nACl 'WAC )_(ncm 'ch )_WBYI +W51]: [WDEMAND ]1

[\NST _(nACZ 'WA(:)_(nccz 'ch )_stz +W52]: [\NDEMAND]z

[\NST - (nAC3 'WAC )_ (ncc3 'ch )_WBY3 +Ws3]: [WDEMAND ]3

[\NST _(nAC4 'WAC)_(ncc4 'ch )_WBY4 +Ws4]: [\NDEMAND]4

Table 74. Constraints used in the pre model of the trigeneration system (1* Part)
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TYPE OF
CONSTRAINT

CONSTRAINT

Heat Demand
Requirements

[(ZST 'WST )_(nACI 'QAC )"’QAHl]2 [ DEMAND ]1

[(/15T 'WST )_(nAcz 'QAc )"‘QAHz]2 [ DEMAND ]2

[(ZST 'WST )_(nAC3 'QAC )+QAH3]Z [ DEMAND ]3

[(/15T 'WST )_(nAC4 'QAc )"‘QAH4]2 [ DEMAND ]4

Cooling Demand
Requirements

[(nACI Yac )"‘ (ncc1 Ye )]: [ODEMAND ]1

[(nACZ Yac )"‘ (nccz Yec )] = [ODEMAND ]2

[(nAC3 Yac )+(ncc3 Ye )]: [ODEMAND ]3

[(nAC4 Yac )"‘ (ncc4 Yec )] = [ODEMAND ]4

Integer Variables

r‘IACI’ nAC2’nAC3’nAC4

nCCl > nCCZ 2 nCC3 > nCC4

Qus <130 MW W, <56 MW
Capagity of the Qs <130 MW Yoo 56 MW
equipments
< <
300kW <Y, <4000 kW 300 kW < ¥e < 4000 kW
WBYI S YCG WBYZ < YCG WBY3 < YCG WBY4 S YCG
WSI < YCG WSZ < YCG WS3 < YCG WS4 < YCG
Value of
0perati0na| QAHI < QAB QAHz < QAB QAH3 S QAB QAH4 < QAB
variables
r]ACI S r]AC r]ACZ S nAC r]AC3 S r]AC nAC4 S r]AC
r]CCI < nCC nCCZ S nCC nCC3 S nCC nCC4 < nCC

Table 75. Constraints used in the pre model of the trigeneration system (2 Part)
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TYPE OF

CONSTRAINT CONSTRAINT
Qus 20 Qry 20 Yo 20 Qu 20
M =0 WSTZO QSTZO ﬂ,STZO
Wer, 20 Wer, 20 Wsr; 20 Wery 20
Qpw1 20 Qw220 Qrws 20 Qrwa 20
Nsr1 20 Nsry 20 Nsr3 20 Nsrs 20
Asr 20 Asry 20 Asr3 20 Asr4 20
Non negativity |\ _ >0 W,,, >0 Wy, 20 W,,, >0
W, >0 W, >0 W, >0 W, >0
Q1 20 Quiz 20 Qa3 20 Quia 20
Yo 20 Yee 20 Npc 20 Nec 20
Nac; 20 Nac, 20 Nac; 20 Nacy 20
Neey 20 Nec, 20 Nees 20 Necy 20
QST] 20 QSTZZO QST320 QST420
On Design
Parametgrs [ﬂ’ST ]full’[nST ]mll’hl’hzahssaha'ah4
Y Y
COP,. =% =0.68 COP,. =-% =45
AC cc

Thermodynamics

1 1
o e '{H(COPAC ﬂ Yor2 e '{H[copcc

)

Equations Qqry = Asr, “Wer, Qsry = Asrs Wer,
Qsrs = Agry “Wors Qcrs = Asra “Wer,
Qsr = Qewr + (M *Quc) Qsr = Qruz + (Mucs -Quc)
Qsr = Qs +(Nacs - Quc) Qsr = Qrwa T (Mucs -Quc)
W, -(1+ Agr,) < Que Wer, - (1+ A¢r, ) < Que
Physical Wers - (14 Ar5) < Que Wer, - (14 Asr4) < Que

Constraints

h, - [775T1 '(hz - h3')] <h,

h, - [775T2 '(hz - h3')]S hy

h, _[ﬂsn ‘(hz - hs')]S hy,

h, - [775T4 '(hz - ha')]S hs

Table 76. Constraints used in the complete model of the trigeneration system (1% Part)
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TYPE OF
CONSTRAINT

CONSTRAINT

Power Demand
Requirements

[\NST _(nACI 'WAC)_(nCCI 'Wc )_WBYI +W51]: [\NDEMAND ]1

[\NST - (nACZ 'WAC )_ (nccz 'ch )_WBYZ +Wsz]: [\NDEMAND ]z

[WST - (nAC3 ‘WAc )_ (ncca 'ch )_sta +Ws3 ] = [WDEMAND ]3

[\NST - (nAC4 'WAC )_ (ncc4 'ch )_WBY4 +Ws4]: [\NDEMAND ]4

Heat Demand
Requirements

[(/15T1 'WSTI)_(nACI 'QAc )+QAH1]2[ DEMAND]]

[(an 'WSTz )_ (nACZ ) QAC )"’ QAH 2 ] 2 [QDEMAND ]2

[(/15m 'W5T3)_(nAcs 'QAC)+QAH3]Z[ DEMAND ]3

[(Zsm 'WST4 )_ (nAC4 ) QAC )"’ QAH 4] 2 [QDEMAND ]4

Cooling Demand
Requirements

[(nACI Yac )"‘ (ncc1 Ye )]: [ODEMAND ]1

[(nACZ Yac )"‘ (nccz Yec )] = [ODEMAND ]2

[(nAC3 Yac )+(ncc3 Ye )]: [ODEMAND ]3

[(nAC4 Yac )"‘ (ncc4 Yec )] = [ODEMAND ]4

Integer Variables

r‘IACI’ nAC2’nAC3’nAC4

nCCl > nCCZ 2 nCC3 > nCC4

Capacity of the
equipments

Qus <130 MW Wy, <56 MW

Q,s <130 MW Yoo <56 MW

300kW <Y,c <4000kW 300 kW <Y, <4000 kW

Table 77. Constraints used in the complete model of the trigeneration system (2™ Part)
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TYPE OF
CONSTRAINT CONSTRAINT
Lo P o U | L P o b
neHy \ sty A Dy, —hy neHy \ s, Ay, =
L P e e L e oo (9
neHy N\ 71srs A h, —hy msHy A\ 7srs A0, —hy
n _ J 'WSTl n _ J 'WSTz
sT1 = sT2 =
WST +(J 'WSTI) WST +(J 'WSTz)
n _ J 'WST3 n _ J 'WST4
sT3 ST4 =
Off Design Wor +(3-Wers ) Wer +(3-Wer,)
Constraints h, —h, h, —h,
ﬂ*sn = -1 ﬂ“STz = -1
st '(hz h, ) Mst2 '(hz h, )
h, —h h, —h
ﬂSTSZA_l /ﬁtsm:#_l
USE '(hz - h3') Nsta '(hz - h3')
0.75-Wg; <Wq;, 0.75-W¢; <Wq,,
0.75 - Wy W, 0.75-W¢g; <Wq;,
Wsr, <Wg Wsr, <Wg; Wsrs W, Wyr, <Wgp
Nt = [’73T ]full Nsty < [775T ]full Nst3 < [775T ]full Nsrs < [’75T ]full
Value of Naci S Npc Naca SNyc Nacs < Npc Naca SNpc
operational
variables Neey < Nee Neeo < Nee Nees < Nee Neca < Nee
Wey, Yo Ways <VYeq Way s < Vo Ways < Yo
Ws, <Yeq Ws, <Yq W, <V W, <Yq
QAHI S QAB QAH2 S QAB QAH3 S QAB QAH4 S QAB

Table 78. Constraints used in the complete model of the trigeneration system (3™ Part)
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