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Full Name : [Hani Mohammed Al Saed]

Thesis Title : [Multi-Period Optimization of Organic Rankine Cycles (Orc) Design
Under Waste Heat Load Variability]
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Date of Degree : [December 2021]

The overwhelming availability of waste heat in industry indicates the inefficiencies current
practices used in the industrial sector. Besides the extra money the facilities are paying to
operate, it also adds an additional environmental impact. This impact is not just from excess
CO; production but also from a steady source of high temperature air flowing into the
atmosphere. Interests has been shown in low-grade waste heat recovery by Organic
Rankine Cycle (ORC). ORC is similar to a typical Rankine Cycle but differs in terms of
the type of working fluid. Which is here a low temperature boiling refrigerant.

In practice, operating facilities in Oil and Gas sector often operate on forecasted plans and
schedules that impose different plant loads over the plant life cycle. Consequently, the
waste heat generated within these facilities would be fluctuating along with plant loads.
This kind of load changes results in difficulty for designing a proper ORC size for waste
heat recovery. Under-sizing of the ORC will minimize the waste heat recovery efficiency,
while over-sizing will make the ORC run at partial loads when the plant is running at lower
loads. Operating the ORC at partial loads would lower the efficiency of the turbo-expander
and the pump and therefore lower the efficiency of ORC cycle and minimize the power

generation.
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In order to maximize the waste heat to power conversion in addition to maximizing the
economic benefit throughout the life cycle of the project, the optimum sizing of the ORC
should be identified from the beginning using optimization techniques. In this work, a
multiperiod simultaneous design and off-design optimization model is developed to
identify the optimum ORC size subject to all process constraints.

A case study is analyzed and solved for compression gas facility that is driven by
combustion gas turbines (CGT) and generate waste heat, flue gases, though the combustion

exhaust.
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CHAPTER 1
INTRODUCTION

The well-known severe consequences of the global warming are deriving many
environmental protection initiatives. CO, emission and other GHG emissions due to
industrial expansion and advancement are presenting difficult challenges for all industrial
sectors. Therefore, reducing the CO2 emissions from these industrial sectors become first

priority of all other tasks.

1.1 Industrial Waste Heat

Industrial waste heat refers to energy that is generated in industrial processes without being
put to practical use. The exact quantity of industrial waste heat is poorly quantified, but
various studies have estimated that as much as 20- 50% of industrial energy consumption
is ultimately discharged as waste heat [9]. While some waste heat losses from industrial
processes are inevitable, facilities can reduce these losses by improving equipment
efficiency or installing waste heat recovery technologies. Waste heat recovery entails
capturing and reusing the waste heat in industrial processes for heating or for generating

mechanical or electrical work.

For many cases, a such system can be improved to reduce the amount of energy wasted for
its operation. A major example is a distillation column where high-grade energy is supplied
at the reboiler and then rejected at lower grade in the overhead condenser. This amount of
waste heat cannot be avoided; however, it can be converted into useful energy using the

available technologies.



The most abundant form of this wasted heat in Oil & Gas industries lies within medium to
low temperature range. The share volume of this low grade wasted heat makes this
temperature range very important in energy recovery. There are many different methods
and technologies that can be used to recover, store, transport and consume this energy.
These different types of technologies allow the facility to utilize this purchased energy to

offset costs elsewhere.

The overwhelming availability of waste heat in industry demonstrates the inefficiencies
and the inefficient practices used currently in the industrial sector. The industrial energy
consumption in the US is consist of one-third of the total energy consumption of the
country [9]. In addition to the environmental impact, this wasted energy increases the
industrial facility operating cost. This impact is not just from excess CO; production but

also from a steady source of high temperature air flowing into the atmosphere.

1.2 Waste Heat Measures & Classifications

The quantity, or heat content, is a measure of how much energy is contained in a waste
heat stream, while quality is a measure of the usefulness of the waste heat. Although the
quantity of waste heat available is an important parameter, it is not alone an effective
measure of waste heat recovery opportunity. It is also important to specify the waste heat
quality; As determined by its temperature. The waste heat temperature is a key factor
determining waste heat recovery feasibility. In order to enable heat transfer and recovery,
it i1s necessary that the waste heat source temperature is higher than the heat sink
temperature. Moreover, the magnitude of the temperature difference between the heat

source and sink is an important determinant of waste heat’s quality. The source and sink



temperature difference influence the rate at which heat is transferred per unit surface area
of heat exchanger, and the maximum theoretical efficiency of converting thermal from of

the heat source to another form of energy.

Carnot efficiency for waste heat streams in equation (1.1), is a measure of heat quality,
simply the supply temperature of the waste heat stream. It is the theoretical maximum
efficiency one can get when the heat engine is operating between two temperatures. In this
case, the two temperatures are the waste heat supply temperature, heat source, (Tn) and the
ambient temperature, heat sink, (Tc). From Carnot efficiency, the higher the supply

temperature, the higher the efficiency.

Tc
Nearnot =1 —— (L.1)

Th

Multiplying Carnot efficiency by the available waste heat quantity would give a
comprehensive measure of the waste heat capability to be converted to useful form of
energy. Figure 1 illustrate the waste heat Carnot efficiency as a function of the temperature
difference between heat source and heat sink [9]. For fixed ambient temperature, the higher
the heat source temperature, the higher the Carnot efficiency and therefore the higher the

work potential.



Carnot Efficiency of Heat Engine
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Figure 1 Carnot efficiency as a function of temperature

The waste heat can be classified in terms of quality as follows:

e Low grade waste heat, less than 232 °C
e Medium grade waste heat, between 232 °C and 650 °C

e High grade waste heat, greater than 650 °C

Low temperature waste heat is more dominant than medium and high temperature waste
heat. Figure 2 below demonstrates relatively a typical waste heat quantity, quality, and

work potential for US [9].
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Figure 2 Waste heat quantity, quality, and work potential for US

Although low grade waste heat has a very low conversion efficiency, its huge quantity
would still make it more attractive to be pursued. As illustrated in Figure 2, low grade
waste heat has the highest work potential among the other classified waste heat. It’s clear
that from the demonstrated trend in Figure 2 that lower temperature waste heat within the

classified low grade waste heat range (<232°C) is expected to be more dominant.

1.3 Industrial Waste Heat Sources

Industrial waste heat is the heat generated in a process by way of fuel combustion or
chemical reaction, and then “dumped” into the environment even though it could still be
reused for some useful and economical purposes. Usually, this low-grade waste heat gets
rejected to the environment through air and water coolers. The essential quality of heat is
not the amount but rather its “value”. For that, Carnot Cycle efficiency is used as a measure
of waste heat quality. The strategy of how to recover this heat depends in part on the

temperature of the waste heat stream, heat duty, and economics involved.

5



Low grade waste heat is widely available in oil and Gas industries. Generally, this low-
grade waste heat is rejected to the environment through air and water coolers. The list

below provides some of the low-grade waste heat sources in typical industrial facilities:

. Poorly recovered flue gases from fired heaters and boilers
. Reactor effluent streams

. Excess low-pressure steam

. Hot product streams to storage

. Separation equipment overhead streams

. Compression inter-stage streams

1.4 Waste Heat Recovery

Waste heat can be recovered in various ways. Following are common methods for waste

heat recovery.

. Direct heating source
. Upgraded by some technologies for use as heating source
. Converted to useful work

1.4.1 Direct Heating

Waste heat can be used as direct heating source to heat part of the process or to preheat the
boiler feed water to save energy and reduce GHG emissions. Additional capital cost is
required for new heat exchanger area to achieve this kind of waste heat recovery. Heat
exchanger approach temperature is a very important factor in recovering the waste heat.
The lower the approach temperature the larger the service area of the heat exchanger the

higher the investment cost. High investment cost makes this option less attractive except



for the high-quality waste heat which leads to high approach temperature and lower

investment cost.

1.4.2 Waste Heat Upgrade

Waste heat can be upgraded in terms of quality before being used as heating source. Vapor
compression heat pump is one method used for upgrading the waste heat to a desirable
temperature before using it as heat source. The heat pump convert the low-grade heat at
the lower temperature to higher temperature heat by using a compressor. Petroleum
refining and petrochemicals have been have been using heat pump in different applications.

Figure 3 shows a typical closed cycle heat pump.

Waste heat in

Evaporator

Expansion
valve

Condenser

Useable heat out

Figure 3 Closed cycle heat pump

The lower temperature heat source is transferred to the working fluid in the evaporator.
While the electrical /mechanical energy is used in the compressor to raise the pressure of
the vapor existing the evaporator. Higher grade heat with higher temperature is emitted

from the condenser. Pressure of the vapor is decreased using a throttle valve to lower the

7



temperature and convert it to cooled liquid to transfer the heat to low grade heat source.
The main problem with the using of the heat pump is that it uses expensive external
electrical energy to convert the low-grade heat to higher grade heat. As a rule of thumb,
one unit of high-grade electrical energy can generate 2-4 units of high-grade thermal

energy.

Thermo-compressor is another method for upgrading waste heat in the form of wasted
excess steam. To compress low or intermediate pressure waste steam into medium pressure
steam Thermo-compressor uses high pressure steam. Figure 4 illistate a thermo-
compressor in which high pressure steam enters as a high velocity fluid and entrains the
low-pressure steam from the suction. The resultant mixture is compressed and produced as
a medium pressure steam. The major advantage of thermos-compressor is the higher

reliability and less compression power consumption.

r\_/ DISCHARGE
MOTIVE —» e S TE AM
STEAM NLP
HP /_\

SUCTION STEAM
Ip

Figure 4 Thermo-compressor diagram

1.4.3 Waste Heat to Useful Work

Waste heat can be utilized in absorption refrigeration system to generate cooling medium
to the minimize the energy used by a typical vapor compression system. The absorption
refrigeration system differs fundamentally from vapor compression system only in the

method of compressing the refrigerant. An absorber, generator and pump in the absorption



refrigerating system replace the compressor of a vapor compression system. Figure 5 shows

the schematic diagram of a vapor absorption system.

RECTIFIER R — |

y

GENERATOR CONDENSER
HEAT
EXCHANGER éb
A

. | 4

ABSORBER EVAPORATOR

_O

Figure 5 schematic diagram of a vapor absorption system

Waste heat can be also utilized in Organic Rankine Cycle (ORC) to generate electricity.
The ORC applies the principle of the steam Rankine cycle, but uses organic working fluids
with low boiling points, instead of steam, to recover heat from a lower temperature heat

source. The simple Organic Rankine Cycle follows the scheme shown in Figure 5.

Process stream that contains source of heat, enters a heat exchanger(s) recovery system
where heat is transferred to a buffer stream (Thermal Oil). The buffer stream that carries
the heat, enters the system through the network of heat exchanger(s), in which heat is
transferred to the working fluid and the buffer stream temperature returns to its original

feed temperature. Typically, there are two stages of heat exchange: one occurs in a



preheater, where the temperature of the working fluid is raised to its bubble point, and the
other in an evaporator, where the working fluid is vaporized. After isobaric heat addition,
high-pressure vapor is expanded in the turbine which is connected to a power generator.
The exhaust vapor of organic fluid from this process is superheated, which is a result of
the characteristic retrograde shape of the working fluid saturation line. The superheated
stream of exhaust gasses may be sent directly to the condenser, where it is cooled and
condensed. However, if economically feasible, exhaust from the turbine may lead to
another heat exchanger- regenerator which recovers part of the sensible heat of superheated
vapor and transfers it to the working fluid stream entering the preheater. After leaving the
condenser, the working fluid enters the pump, where its pressure is increased and returned

directly, or through the regenerator, to the preheater, and this cycle will repeat.
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RIGENERATOR

temperature

COOLING MEDIA
8 JAIR OF WATER;

CONDENSER
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Figure 6 Organic Rankine Cycle (ORC) schematic diagram
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1.5 Waste Heat Recovery Challenges

Costs of heat recovery equipment, auxiliary systems, and design services lead to long
payback periods in certain applications. Material constraints and costs certain applications
require advanced and more costly materials. Overall material costs per energy unit
recovered increase as larger surface areas are required for more efficient, lower temperature
heat recovery systems. Moreover, equipment costs favor large scale heat recovery systems

and create challenges for small scale operations.

Heat transfer rates for low temperature differences between the waste heat source and heat
sink, in recovery equipment, lead to reduced heat transfer rates and require larger surface
areas. Moreover, gaseous components can condense as hot streams cool in the recovery
equipment, leading to potential corrosive and fouling conditions. The additional cost of
materials that can withstand corrosive environments often prevents low temperature

recovery.

Furthermore, many facilities have limited physical space in which to access waste heat
streams. This is often making waste heat recovery a difficult task. Besides, some gaseous
waste heat streams are discharged near atmospheric pressure limiting the ability to
transport them to and through recovery equipment without additional energy input. In many

cases this will make the waste heat recover impractical.
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CHAPTER 2
ORC BACKGROUND

Gas and steam cycles are well-known for their use in large-scale stationary power
production. Open-cycle gas turbines (often combined with steam cycles) are widely used,
especially when low-cost natural gas is available, while the steam cycle is the preferred
solution when the characteristics of the energy source, usually coal or nuclear, requires a
closed cycle power plant. However, there are a variety of energy sources for which neither
the gas cycle nor the steam cycle can provide technically and / or economically viable
power generation solutions. When the temperature and/or thermal power available for the
power source is limited, it is attractive to use different types of prime movers, usually

known by the acronym ORC (Organic Rankine Cycle).

In 1935 Professor Luigi D’Amelio, was the first to use an organic fluid in actual turbine
system at the university of Naples [10]. He was also the earliest to examine the benefits of
higher molecular mass fluids in reducing turbine rotational speed and number of stages

rather than focusing just on equilibrium vapor pressure.

12



2.1 Working Principle

The Organic Rankine Cycle (ORC) applies the principle of the steam Rankine cycle, but
uses organic working fluid with low boiling point, instead of steam, to recover heat from
a lower temperature heat source. The simple subcritical Organic Rankine Cycle follows

the scheme shown in Figure 7.
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Figure 7 Simple subcritical Organic Rankine Cycle schematic diagram

Waste heat stream enters the evaporator directly or a heat exchanger(s) recovery system
where heat is transferred to a buffer stream (Thermal Oil). In the second case, the buffer
stream that carries the heat enters the system through the evaporator, in which heat is
transferred to the working fluid and the buffer stream temperature returns to its original
feed temperature. In both cases the working fluid evaporation occurs in two stages (5-1).
The first stage is the preheating where the working fluid is temperature is raised up to its
bubble point at the operating pressure. In the second stage the saturated liquid is evaporated
at given operating pressure. The generated high pressure organic vapor is then expanded
in turbo-expander (1-2) that is connected to a power generator. The exhaust vapor from the
turbo-expander is in step 2 is a superheated vapor, which a result of the characteristic
retrograde shape of the working fluid saturation line. Figure 8 illustrates the temperature-

entropy diagram for a typical ORC.
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Figure 8 Typical ORC temperature-entropy diagram

The superheated stream of the exhaust gases is condensed in the condenser (2-4).
However, in some cases, if economically feasible, the exhaust for the turbo-expander
stream is integrated with subcooled fluid to the evaporator, stream 5, to transfer some of
its heat to stream 5 and contributes to preheating process before it gets condensed. After
leaving the condenser, the working fluid enters the pump to increase its pressure back to

the evaporation pressure and the cycle will repeat.

2.2 ORC Manufacturing

ORC technology has gained a lot attention from many industries around the world. In the

section some of the major ORC manufacturing company will be presented.

2.2.1 Ormat
The company was founded in 1964 by Lucien and Dita Bronicki with the help of National

Preparedness Leadership Initiative (NPLI) to implement Lucien's work and to practice the
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patented novel cycle. The company is a leader in power business utilizing renewables. This
company designs, builds, owns and operates recovered energy-based power plants and
geothermal energy primarily using the ORC of their design and manufacturing. Its original

technology is covered by about 100 US patents.

2.2.2 Turboden

Turboden was created in 1980 by Mario Gaia with the goal of studying, engineering,
producing, and maintaining ORC turbogenerators [11]. Turboden is a privately held
corporation. United Technology Corporation bought 51 percent of Turboden's stock in
2009. The UTC quota was purchased by Mitsubishi Heavy Industries in 2013. The
management is still in the hands of the Italian quota holders. Turboden, is similer to Ormat,

a big renewable energy player that builds its own turbines.

2.2.3 Atlas Copco

Atlas Copco Group is an international group combined of companies located in Sweden.
They focused on compressor design and other industrial equipment. Turbines
manufacturing is one of their product. Therefore, they manufacture ORC units as of 2012.
They have manufactured a 22.5 MW for geothermal energy and 2 MW using n-butane an
134a as a working fluid respectively. Moreover, they have bulit a 3.6 MW and two 22.5

MW plants utilizing isobutane in 2015[8].
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2.2.4 Exergy

an Italian company firm that specializes in radial outlow turbines. Claudio Spadacini
started the firm as a power plant providing engineering services in the late 1990s, and after

2005, it became an ORC power plant supplier.

2.2.5 General Electric

GE developed a 3 kW ORC In the 1970s for mobile homes. currently GE has two ORC
product lines. In 2010 GE Energy Infrastructure purchased a subsidiary of Calnetix Inc. to
construct the Clean Cycle 125 kW ORC units. The cycle is used to recover exhaust heat
from GE Jenbacher gas engines and different other applications. As of beginning 2011,
more than 100 ORC systems have been constructed [8]. GE Power system purchased Roto
flow In 2000 [13], which is a producer of radial expanders that are used in industry process
and power plants using geothermal. GE today has the ORegen ORC line of merchandise

for waste heat recovery [5].

2.2.6 GMK

GMK is based in Germany founded by the University of Rostock in. from 2000, around 30
ORC units have been manufactured with a capacity of up to 2 MW. Most units have a
capacity of 40 kW and use a superior expander that directly drives the 50 Hz electrical

generator.

2.2.7 AQYLON

AQYLON is a global leader in the design and manufacturing of Organic Rankine Cycle
(ORC) solutions, which transform heat into electricity and thermal power from renewable

sources (biomass, geothermal, solar) or from waste heat created by industrial processes,
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engines or gas turbines. Founded in 2009 in Paris by Pierre Convert and Guillaume
Jeangros, both alumni from the leading French research institute Ecole Polytechnique,
AQYLON represents a new vision for ORC technology integrating innovative fluids,
implementing new architectures and offering cycle-accurate design simulation. Beyond the
typical equipment manufacturer business model AQYLON becomes an Energy Service

Company (ESCO), selling cost-saving electricity solutions to industrial clients.

2.3 ORC Working Fluids

The main task in designing ORC system is the selection of appropriate working fluid for
the operating conditions of the waste heat source. This task is very crucial in attaining
optimal operating condition for power generation and maintain small capital investment
and safe operation. The right working fluid allows for an appropriate volumetric flow rate,
which is essential for optimal turbine sizing for all power levels [14], while also
determining the right type and capacity of the turbine. pumps, heat exchangers and
regenerator in advanced cycles. Xi et al. [26] predicted that hydrocarbons (HCs) are
generally the best choice as working fluids for ORCs due to their high coversion efficiency
based on data from experiments and environmental factors, low cost and ability to great
environmental compatibility, especially alkanes with high molecular weight, are always
stable and their explosive and flammability properties can be prevented by the addition of
flame retardants. The choice of the working fluid is mainly influenced by the heat source
and cooling medium temperatures and general cycle performance. The following are the
important considerations for selecting a working fluid for ORC application summarized by

Chintala et al. [7]. These includes:
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e Capability to dissolve in lubricant oils
e Ecological and Safety factors

e Easiness to handling

e Plentiful availability, and

e Economic factors.

2.3.1 Working Fluid Classification

ORC working fluids have been classified in recent literature as wet, isentropic, or dry. Dry
fluid is an organic fluid with high molecular mass and showing a positive slope of saturated
vapor line on the temperature-entropy (T-S) diagram as shown in Figure 9. Wet fluid is an
organic fluid with low molecular mass that shows a negative slope on the T-S diagram as
illustrated in Figure 9. Isentropic fluids are normally have medium molecular mass that
show infinite or almost vertical line on the T-S diagram as illustrated in Figure 9. The
dryness of the fluid is measured by the slope m=dT/dS and thus the fluid is dry if m>0, wet

fluid if m<0, and isentropic fluid if m=0.
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Figure 9 ORC working fluids classification

Wet fluids require superheating due to their high vaporization enthalpies that can be

attributed to the presence of hydrogen bonds in some fluids like water, ammonia, and

ethanol. Therefore, wet fluids are not good choice for ORC application.

The isentropic and dry fluid are common for subcritical ORC. They can be expanded from

the saturation condition without forming liquid droplet at the turbine exhaust. This makes

them suitable for ORC application. Extra superheating at the inlet of turbine would make

the outlet vapor more supper heated and would require a larger condenser. Instead, the

generated supper heat vapor at the outlet of the turbine without any superheating at the inlet

can be used in a regenerator to pre-heat, to some extent, the subcooled liquid to the

evaporator and save some service area in the evaporator and improve the overall ORC

efficiency in some application.
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Since the efficiency of the ORC is highly dependent on the selected dry working fluid
and they are for a fixed working state inaddition the life of the turbine [2], a process of
optimization of the probable working fluids is required to select the appropriate
working fluid. fluid simultaneously with ORC Architecture and the turbine selection.
[4], therefore, identified 13 basic guidelines for the selection of working fluids, which

are shown below:

¢ Fluid Thermodynamic performance.

e Positive/isentropic saturation vapor curve
e Fluid with high vapor density

e Fluid with low viscosity

e Fluid with high conductivity

e Fluid with reasonable evaporating pressure
e Positive condensation pressure

e (reat stability temperature

e Suitable melting point

e Qreat safety level
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CHAPTER 3
ORC DESIGN OPTIMIZATION

3.1 Literature Review

ORC design, mathematical modeling, and optimization have been an interesting topic for
many researchers. With the current stringent environment regulation, it become a viable
option to recover waste heat from different industries and generate a green power. The
power generated from ORC technology is a carbon free comparing to the conventional way
of power generation. Furthermore, to pursue ORC optimization problems, a well-defined
mathematical model is required. Alireza Javanshir et al. has developed simple
mathematical models for subcritical, supercritical, and trans critical ORCs [3]. These

models become readily available for any future optimization work.

Many researchers have invested in optimizing operation of the ORC unit by studying the
off-design behavior of the unit. Astolfi M. et al. has presented a techno-economical analysis
of'a geothermal ORC with novel “Emeritus” heat rejection units in hot climates [16]. They

included the part-load operation of the ORC for the whole plant optimization.

In the past few years, using the ORC technology to recover waste heat from Gas Turbines
have gained a lot of attention. This move was justified by the potential economical added
value as well as the energy efficiency improvement that’s associated with green power

generation and the CO; emission reduction from the conventional power generation.

Design and off-design analysis of the ORC system coupled with Gas turbine was
investigated by Alberto Benato et. al. [1]. They invested in optimizing the design of the

ORC itself by selecting the best-fit working fluid that will ensure the maximum power
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generation, hence maximum efficiency, during design and off-design capacity operation.
Moreover, optimizing the off-design operation of ORC engines with different heat
exchanger architectures in waste heat recovery application was investigated by
Chatzopoulou and his team. They concluded that ORC with plate heat exchanger can

slightly generate more power for similar heat source conditions [18].

Many recent studies exist for maximizing the efficiency of the ORC system. One example
is the work of Steven Lecompte et al. They developed a thermo-economic optimization
using multi-objective technique for subcritical and transcritical ORC cycles for waste heat
recovery [23]. In addition, Techno-economic analysis of ORC in gas compression stations
taking into account actual operating conditions was investigated by M.Bianchi et. al. They
have considered two ORC configurations, direct and indirect, taking into account the effect
of the gas compression cycle on the ORC [17]. They came up with the optimum ORC

design configuration for a gas compassion facility located in North America.

Multiperiod optimization is a technique used to solve the optimization problem over the
whole panning horizon. It can be used either for operation or design problems. A clear
example to illustrate this technique is the optimize of a boilers steam system that required
to be operated on different process demand due to seasonal effect. Guohui Chena et al.
have published a Multiperiod Optimal Operational Planning of Boiler Steam System using
Line-up Competition Algorithm [12]. Similar technique can be undertaken to formulate an

ORC multiperiod optimization problem.

Furthermore, single period optimization of ORC powered by gas turbine was investigated

by Sonia L. Gomez-Alaez et al. and a performance model was developed [22]. They came
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up with an optimum design and optimum part-load operation of an ORC system during
seasonal changes, however they considered a small gas compression variation utilizing

annual simulation technique.

ORC sizing multiperiod optimization problem, considering the existing technologies, has
been overlooked in the academic research. On the other hand, the development of new
efficient ORC designs is being intensively pursued in the academic research. Moreover,
operation optimization of the ORC has been also investigated in the academic and

industrial research.

Most of available ORC optimization for multiperiod are either design optimization or
operation optimization. The design optimization is performed to meet the objective of the
optimum design by identifying the independent design parameters such as operating
pressures, heat exchangers minimum approach temperatures, and equipment sizing. On
the other hand, operation optimization is performed after the design parameters have been
already fixed to identify the optimum operating parameters to maximize the ORC net
power generation. Xianglong Luo et al. in their recent publication have proposed a method
for simultaneous design and off-design ORC optimization [27]. In their work, they have
conventional compared two step optimizations, design then off-design for given periods,
and simultaneous design and off-design ORC optimization. They have shown and proved
the superiority of the simultaneous design and off-design ORC optimization method. In
their work the changing parameter over the time periods was the sink temperature and they
treated the waste heat source as fixed overall the periods. In fact, in the industry if the waste
heat comes from a stack of a combustion engine, which solely dependent on production

demand, the main changing variable across the optimization periods would be the waste
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heat itself. Moreover, the sink temperature would be a secondary variable that depends on

the season change.

This opens an opportunity to pursue practical industrial ORC sizing optimization problem

using multiperiod technique.

3.2 Problem Definition

Many industrial facilities are using combustion turbine/engine as driver to generate
mechanical power to run their heavy rotating machineries. These kinds of drivers generate
a waste heat source with their exhaust gases being at high temperature. In many cases, the
generated waste heat is utilized in a waste heat recovery system to generate high-pressure
steam or to heat a thermal oil system. A common practice is to collect the flue gases in Hot
Oil Recovery Heater (HORH). A portion of hot oil is used for process heating demand
within the plant while the remaining is planned to be dissipated in ORC to generate power
to improve the overall plant energy efficiency. In the current practice, the remaining portion
of the hot oil, other than the one used for internal process heating, is cooled down in a set
of air coolers to meet the hot oil return temperature. This kind of waste heat recovery set
up is usual designed to handle all range of predicted forested facility production rate.
Consequently, at some point of the forecasted period, the combustion drivers would be
running at partial loads. Thus, the waste heat source quantity and quality would vary
accordingly with plant loads. Practically, in almost all industries the temperature of the
waste heat is controlled by hot oil recovery system by absorbing any small temperature
variation due to the plant load variation. It’s important to avoid hot oil temperature change
to process heating to avoid any process upset. Therefore, the hot oil system usual equipped

with air coolers to control the hot oil return temperature.
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Its desirable to come up with an economically optimum ORC size that can handle the
wasted hot oil for the available forecasted operating demands. The forecasted demand can
be translated into different hot oil loads at multiperiod with different periods’ lengths. The
hot oil supplied at fixed temperature to meet the process heating demand and must be

returned at certain return temperature.

3.3 Problem Description

Many industrial facilities contain rotating equipment such as compressors which are driven
by combustion gas turbines (CGTs). The waste heat from the exhaust of the CGT is
collected through a hot oil circuit in HORHs. The facility will operate according to given
forecasted demand plan. The amount of the produced hot oil from the HORHs depends on
the forecasted facility load. The hot oil will always be produced at fixed temperature to
meet the process heating demand. Part of the produced hot oil will be used for the process
heating demand while the other part will be available for the ORC unit. Figure 10, present

the block flow diagram of the CGT waste heat recovery and hot oil system.
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Figure 10 Block flow diagram of CGT waste heat recovery and hot oil system

The forecasted demand can be translated into different hot oil production rate. Since the
supplied temperature and return temperatures are fixed, each hot oil production rate can be
converted into hot oil heat load. The ORC will be operating at fixed hot oil inlet and outlet
temperatures. Depending on the size selection of the ORC, it will operate at some period
on full load and at some other period at partial load. At some point of operation, the hot oil
duty may become more than what the ORC can dissipate, in other wards waste heat is more
that the design capacity. In that case, part of the extra heat load can be diverted to the
existing set of air coolers to dissipate the heat and maintain the desirable hot oil return
temperature. This kind of setup will have additional degree of freedom for the ORC sizing

optimization problem.

It worth mentioning that this kind of optimization problem can be generalized to solve wide

range of ORC multiperiod design optimization problem. In this case, the problem is
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extended to include operation optimization in addition to the design problem. Moreover,
the operation and design problem can be solved simultaneously to ensue solution
optimality. Therefore, the problem in hand become a simultaneous multiperiod design and

operation optimization problem.

The designing of an ORC that utilizes excess hot oil in a CGT-HORH system is a

capacity planning problem that may be stated as follows:

Given a planning horizon of N; years, INTERVALS = (t|t = 1,2,3, ..., N;) represents a
set of the horizon discretization into annual counterparts. The hot oil flow rate available
for ORC at any given interval is denoted by M no, While the hot oil supplied (T} ys) and
returned (T yg) temperatures are assumed constant. Moreover, a design capacity basis for
the system, denoted by C 4., can be defined as the heat duty of the hot oil stream used as

basis for the design of the ORC system.
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The ORC consists of an evaporator, expander, condenser, and pump with the following

decision variables:
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e ORC design Capacity basis (C )

e Design evaporation pressure (Pgyp, des)

e Design Condensation pressure (P ong des)

e Working fluid circulation rate (71, £, 4es)

e Evaporator design approach temperature ( AT o), £up,des)
e Condenser design approach temperature ( AT 4y, cond,des)
e Evaporator operating pressure (Pgyp,op)

e Condenser operating pressure (Pong,op)

It is desired to design the ORC with design capacity to yield the minimum net present value

(NPV over the planning horizon.

3.4 Mathematical Modeling

The following component of the ORC will be modeled alone then, all the components will

be interconnected in a single mathematical model to solve for the optimization decision

variables.
e Evaporator
e Condenser
e Expander
e Pump

3.4.1 Evaporator Modeling

The evaporator absorbs the heat from the waste heat source to generate high pressure vapor.
In this work Shell & Tube was selected for this kind of large industrial application. For the
subcritical ORC application, the evaporator was modeled by splitting the service area into
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two parts. The first part is for preheating the working fluid to its bubble point temperature

while the second part is for evaporating the working fluid at the bubble point temperature

as shown in the diagram below.
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Figure 11 Evaporation process diagram
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A kettle type shell & tube heat exchanger is designed for this application where the working

fluid is placed in the shell side while the thermal oil placed in the tube side. The evaporator

is modeled as two heat exchangers, preheater and evaporation, to have more accurate

results for heat exchanger service area calculation.
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Figure 12 Typical ORC temperature-entropy diagram

Figure 12 Typical ORC temperature-entropy diagram shows working fluid single phase

heat transfer taking place between point 5 and 6 while the phase change taking place
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between point 6 and 1. The overall heat transfer coefficient is calculated for both single

phase heat transfer and phase changer heat transfer as described below.

Energy balance for the preheater and the evaporator are illustrated by equation (1) and (2)

at any given time period t respectively.

Qph,t = wa,t(h6,t - h5,t) = wa,tcp,wf,t(T6 —Ts) (3.1
Qevp,t = wa,t(hl,t —het) = wa,t Ywrt (3.2)
Qevp,total,t = Qph,t + Qevp,t (3.3)

The heat exchanger design equations for preheater and evaporator are given by equation

(6) and (7) respectively at any given time period t.
Qph = Uevp Aevp F ATLMTD,ph (3.4)
Qevp = Uph Aph F ATLMTD,eup (3.5)
The design total evaporator duty is given below:
Qevp,total,des = Caes = Uges Ades F AT mrp,des (3.6)

Qevp,total,des = Qevp,total,t (3'7)

Design overall heat transfer coefficient is calculated based on the tube outside diameter,

using the following expression at any given time period t:

Do In (Do/D; 1171
Uges = [(1/hi + R¢; )(D,/D;) + 20’0 Po/Pd o Rfo + h_o] (3.8)

2 Ktube
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ATy yrp, 1s a logarithmic average of the temperature difference between the hot and cold

streams at each end, A and B, and calculated at any given time period t as follow

AT 4—ATpg

ATy yrp = —ln( AT o/ATg) (3.9)

F, is a correction factor to allow for the deviation from perfect counter-current flow in the

heat exchanger.

The heat transfer coefficient is calculated for both single phase heat transfer and phase

change heat transfer as described below.
Tube side Single Phase Heat Transfer

For the inner flow in circular tube heat transfer coefficient, h;,, Petukhov and Kirillov
correlation [15] is used for turbulent flow for the thermal oil, given by equation (10). The
correlation is within 5 to 6 % error according to author for the range of 10* < Re < 5x10°

and 0.5, Py <200.

f
Ny: = (Z)Re? - (3.10)
1.07+12.7 (g)z(Pﬁ—l)

Where f is given by equation (9),
f = (158 [nR, — 3.28)72 (3.11)

Equation (10) and (11) are used for both preheater and condenser for inner circular tubes

flow heat transfer coefficient.

hy = Ny, % (3.12)
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Where,

N, 1s the Nusselt number for the tube side fluid
k., is the thermal conductivity of the tube side fluid

d;, is the tube inside diameter

Shell side Single Phase Heat Transfer

Shell side single phase heat transfer coefficient is calculated by Bell Delaware Method [20]

using the fowling equations for preheater shell flow.

The tube bank heat transfer coefficient, h,, is given by the following equations.

ho = higearUc JL 8 IR Js) (3.13)

Where,

higear> 18 the ideal heat transfer for ideal tube bank multiplied by correction factors to

account for devation from idealities in a baffled heat exchanger.

0.14
Rigear = J Cp Gs Pr_2/3 (.L:_SW) (3.14)
. 1.33 \¢
j=a (PT /Do) (Re) (3.15)
= (3.16)

a=—————-—-
1+0.14 (Re)%4

Where a4, a,, and a3 are correlation constants based on layout angle and Reynolds

number and available in [20].
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Correction factor for baffle window flow (] )

The factor is correlated using a single parameter, Fc, the fraction of tubes in cross flow

between the baffle tips as shown in equation (15).

Je = 0.55 + 0.72F, (3.17)

Correction factor for baffle leakage (] )

J, = 0.44(1 — 1) + [1 — 0.44(1 — r5)]exp (—2.2r)) (3.18)

The correction factors J, explain the effects of the tube-to-baffle and shell-to-baffle

streams leakage on heat transfer and correlated based on the following area rations.

Ssb
R vrn (3.19)
r = % (3.20)

Correction factor for bundle bypass effects (] 5)

S5
J; =exp[—C (STZ) (1-3/2rg)] forrg<0.5 (3.21)
Jg =1.0 for rg > 0.5

Where,

C; =1.35 for Re < 100

=1.25 for Re > 100
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The correction factors J, express bypass flow on heat transfer effect of the bundle and

depends on the ratio of bypass flow area to cross-flow area, and the number of pairs of

sealing strips.

Tss = ss/Nc (3-22)

Correction factor for laminar flow (] )

The correction factor J, adjusts for the fact that in laminar flow the heat transfer coefficient
declines with downstream distance, which in the present context is interpreted as the

number of crossed tube rows.

Jr = (10/N.)%'®  for Re < 20 (3.23)

Jr=1.0 for Re > 100

For 20 <Re <100, J is calculated by linear interpolation between the above values.

The correlating parameter is the total number, N, of tube rows crossed in the entire
exchanger, i.e., in the inlet, outlet, and central baffle spaces, and in the baffle windows.

The detailed calculation of the N, is given in [20].

Correction factor for unequal baffle spacing (] ;)

The correction factors ], depend on the inlet baffle spacing, B, the outlet baffle spacing,

B,.t» the central baffle spacing, B, and the number of baffles, n,. They are calculated from

the following equations.

_ =D +Bin/B) T+ (B /BT

Js (np—1)+(Bin/B)+(Bout/B) (3.24)
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Where,

n =0.2 for Re > 100

= 1.0 for Re <100

For Bi, = By, = B equation (22) gives J¢ = 1.0.

Shell side Phase Change Heat Transfer

Kettle reboiler include boiling on the external surfaces of the tubes installed in horizontal
bundles. Heat transfer coefficient for boiling on tube bundle involve convection circulation
effect along with nucleate pool boiling phenomena. The average boiling heat transfer

coefficient, hj, can be approximated using Palen method [19] as shown below.
hb = hanb + hnc (325)

where h, is a heat-transfer coefficient for liquid-phase natural convection and F, is a factor
that accounts for the effect of the thermosyphon-type circulation in the tube bundle. The
bundle convection factor is correlated in term of bundle geometry by the following

expression [19].

0.785D,,

0.75
C1(P1/Dy)?D, ]

F,=1.0+01] —~1.0 (3.26)

Where,

Dy, bundle diameter (outer-tube-limit diameter)
D,, tube OD

Py, tube pitch
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C1=1.0 for square and rotated square layouts

=0.866 for triangular layouts

The coefficient h,,. can be roughly approximated as Palen suggested [19] as 250 W/m?2. K

(44 Btu/h.ft>.°F) for hydrocarbons and 1000 W/m?.K (176 Btu/h.ft>.°F) for water and

aqueous solutions.

Nucleate pool boiling phenomena have been extensively studied and many heat transfer

correlations have been projected for this regime. For this work the Mostinski correlation is

used which is in accordance with the principle of corresponding states and expressed as

follows [20].

hap = 0.00622 PY*°G*7F,

Where,

h,;, heat transfer coefficient for nucleate pool boiling [Btu/h.ft*.°F]
P, fluid critical pressure [psia]
g, heat flux [Btu/h.ft?]

F,, pressure correction factor

The pressure correction factor is expressed by the following equation

F,=18P%7 +4pl* 4+ 10pPL°

p

Where,

P. = P/P,. , reduced pressure
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3.4.2 Condenser Modeling

Condenser is used to condense the superheat vapor from the expander outlet at low
pressure. The condensation pressure is selected based on the available colling medium
temperature to make sure that proper condensation will take place. Since the inlet vapor to
the condenser is superheated, the condenser must be capable of providing precooling duty

as well as condensation duty.

Energy balance for the condenser is illustrated by equation (29) at any given time period.
Qconat = wa,t(h4,t - h2,t) (3.29)

QCond,t = wa,th,wf,t(TZ - TB) + wa,t Ywr3t (330)

The heat exchanger design equation for condenser is given by the following equation at

any given time period t.

Qcond = Ucond Acond F ATLMTD,C(md (33 1)

Design overall heat transfer coefficient is calculated based on the tube outside diameter,

using the following expression at any given time period t:

Do In (Do /Dy) -1

2 Ktube

1
Ugs = [(1/hi + R )(D,/D;) + + Rgo + ™

(3.32)

In this application a shell and tube heat exchanger is used to provide precooling and
condensation for the superheated vapor. The condensation will take place in the shell side

on a horizontal tubes bundle. For a circular tube bundle used in shell-and-tube condenser
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Kern [14] proposed the following modified Nusselt’s equation for estimating average heat

transfer coefficient.

3 _ 1/3
h, = 1.52 [W] (3.33)
* w

Where,

p,» Density of condensate

py» Density of vapor

k;, Thermal conductivity of condensate
K, , Viscosity of condensate

g, Gravitational acceleration

I'*, Modified condensate loading
W, Condensate rate

L, Length

n;, Number of tubes in a bundle

To account for the superheating of the inlet vapor, the following modification to equation

(28) is applied.
h Cpy(Ty—Tsat) 1/4
il G (3.35)

Where,

hyy, 1s the heat transfer coefficient calculated from equation (33)
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For tube side heat transfer coefficient, the previously described tube side single phase

heat transfer coefficient is used, equation (10) to (12).

3.4.3 Expander Modeling

The expander is the key component of an ORC which can be designed depending on the
size of the plant and the working fluid properties. The main function of the expander is to
expand the saturated high pressure organic vapor to the condensation pressure. The work
of expanded vapor is then recovered and converted to electrical power using electrical

generator attached to the expander.

The power generated WT‘t in any time period t from the vapor expansion to the desired

outlet pressure is calculated using the following equations.
WT,t =hye—hy (3.36)

Equation (36) calculate the turbine power consumption as the actual enthalpies difference

at inlet and outlet conditions.
Wre = (haise = hae) * 0y, (3.37)

Equation (37) calculate the turbine power consumption as the difference between outlet

isentropic enthalpy and inlet actual enthalpy divided by pump isentropic efficiency.

The expander isentropic efficiency, 1., plays a very important role in off-design

performance as the load varies from the design point.

The generated power from the expander is calculated at each time period. The expander

outlet temperature is also estimated using the enthalpy and pressure difference. Predicting
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turbine out let temperature is important to properly estimate the condenser area
requirement. Because the electrical generator has high efficiency and small variation
relative to the expander, the generator efficiency is neglected and expected not to have a

major impact on the optimization result.

3.4.4 Pump Modeling

A typical centrifugal pump is required to provide the desired working fluid evaporating

pressure and establish circulation flow rate.

ORC pumps are usually variable speed multistage centrifugal pumps and their design is
relatively common because of their wide use in both the petrochemicals and refinery fields.
Depending on the cycle configuration, fluid selection and cycle design parameters, the
pump might show a consumption which is relatively small compare to the turbine gross
power output. Therefore, the pump efficiency will have a minimal effect on the ORC
efficiency during off-design operation. The effect is even more negligible for large size

industrial application.

The power requirement W p, in time period ¢ to pump the working fluid to the desired

discharge pressure is calculated as follows.

WP,t = hp,out,t - hp,in,t 3.1)

Equation 1 calculate the pump power consumption as the actual enthalpies difference at

inlet and outlet conditions.

. h, : —h, :
_ piis,out,t p,in,t
Wpp = —————= (3.2)

Npe
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Equation 2 calculate the pump power consumption as the difference between outlet

isentropic enthalpy and inlet actual enthalpy divided by pump isentropic efficiency.

WP,t — (Pout,t_Pin,t) wa,t (33)

Pwre Mpe

Equation 3 is another representation for pump power consumption using pump inlet and
outlet pressure difference, mass flow rate and density of the working fluid along with pump

isentropic efficiency.

The pump power consumption is calculated at each time period with fixed pump efficiency.
The pump outlet temperature is also estimated from the pumping effect using the enthalpy
and pressure difference. Predicting pump out let temperature is important to properly

estimate the preheating area requirement.

3.4.5 ORC Off-design Modeling

ORC off-design model is very crucial in order to assess the ORC performance along the
life cycle at different waste heat load. During ORC off-design operation evaporation
pressure, temperatures, and working fluid mass flow rate can change to accommodate the
waste heat load change. These variables change is mainly effecting the following

parameter:

Preheater overall heat transfer coefficient

Evaporator overall heat transfer coefficient

Condenser overall heat transfer coefficient

e Expansion turbine efficiency
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e Pump efficiency

e Pressure drop

In this study, pump efficiency change will be neglected due to the relatively small impact

on the ORC overall efficiency.

The off-design performance of the heat exchangers (preheater, evaporator, and condenser)

is predicted using the following relation at any given time period.

Up = Uges (mwf‘t )n (3.38)

mwf,des
Where the exponent n is given below,

n = 0.63 for the preheater

= 0.56 for the evaporator

= 0.57 for the condenser
These exponent values were obtained for each heat exchanger from calculating the overall
heat transfer coefficient at different flow rates and then correlating the results using

equation (38) to solve for the exponent n.

The cycle pressure drop, APy, including main heat exchangers are assumed at the design

rated point and estimated at off-design operation by the following simple relation.

AP, = AP, (.mwf'f )2 (3.39)

My f,des

The off-design expansion turbine efficiency is predicted using the following correlation

proposed by [21].
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Where a, b, c, d, e, and f are regression coefficients given in Table 1.

Table 1 Off-design efficiency correlation regression coefficients of the [21]

Number of stages
Coefficients
1 2 3
a 0.245 0.418 0.548
b 1.632 1.066 0.937
c -1.940 -0.568 -0.609
d 0.033 0.057 -0.056
e -1.085 0.000 -0.043
f 2.112 0.035 0.228

The above off-design efficiency correlation can be further simplified for the purpose of the
simultaneous design and operation optimization. Under the assumption of the fixed
evaporation pressure control during off-design operation or even small evaporation
pressure change, along with the constant outlet pressure of the expander due to fixed
cooling water supply temperature, the specific enthalpy change factor in equation (40) can
be neglected. Therefore, equation (40) can be further simplified to the following

correlation.

X 2
&=A+B(."0ut)+c(."out) (3.41)

p Vout,d Vout,d

Where, correlation coefficients are given by the following relation
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A=a+b+c (3.42)
B=d+f (3.43)
C=e (3.44)

3.4.6 Economic Modeling

The economic model is based on the estimated purchased cost of each individual equipment
including evaporator, condenser, expander, generator, pump, piping, and instrumentation.
The purchased cost of each individual component is escalated using the Chemical

Engineering Plant Cost Index (CEPCI).

The purchased cost of the heat exchanges, pump, and turbine are calculated using the

correlations of Turton et al. [25], as shown below.
loglng = K, + K;log,,(A) + K3[lOg10(A)]2 (3.45)

C 2 , 1s the base cost at ambient pressure using carbon steel, while A is the capacity/size of
the equipment, service area for the heat exchanger and power for pump and turbine. The
equipment correlation coefficients K , K, , and K3 for CEPCI of the year 2001 are given

in Table 2.
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Table 2 Turton et al. [25] Equipment correlation coefficients

Correlation coefficients
Equipment
K1 K2 K3
Heat Exchangers 4.1884 -0.2503 0.1974
Pump 3.3892 0.0536 0.1538
Turbine 2.7051 1.4398 -0.1776

The base cost for the generator is calculated from Toffolo et al. correlation [24] based on

the power generated, P and CEPCI for the year 1993.

p )0.94

0 _
Cp = 1,850,000 (37555

(3.46)

The estimated base cost form both correlations are modified from the base CEPCI to the

CEPCI for the year 2020 according to the following table.

Table 3 CEPCI for the used correlation reference year and study year

Year CEPCI
1993 359.2
2001 394
2020 596.2

The modified base cost can be obtained from the calculated base cost at the correlation

reference year using the following equation.

0 0 CEPCI
Cp,2020 = Cp,Ref (CEPC,Z::;)) (3.47)
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After obtaining the modified base cost for ambient pressure and carbon steel as a material
of construction, the bare module cost, Cgy, can then be calculated by multiplying the
modified base cast by the bare module cost factor, Fgy, which depends on the operating

pressure and specific material of construction as illustrated below [25].
Cpy = 62,2020 Fpy (3.48)
FBM=B1+B2 FMFp (349)

Where B4, B,, Fy, and F), are factors related to specific equipment operating pressure

and material of construction and available in [25].

The total bare module cost is calculated by adding all the individual equipment bare module
cost multiplied by some factor to account for instrumentation and piping cost as shown
below. In this study a 3% of the total equipment cost are used as a factor for piping an

instrumentation cost.

Cry = 1.03%}Cpy; = CAPEX (3.50)
Project Net Present Value (NPV)
The NPV calculation consist of the three following components:

e C(Capital investment (CAPEX)
e Operating cost (OPEX)

e Revenue (Rev)

The ORC capital investment is calculated as illustrated above in USD, while the operating

cost is estimated as 5% of the estimated capital investment. The capital investment is

47



assumed to be incurred in the beginning of the year and the operating cost is incurred at
the end of each year. Revenue is also generated at the end of each year. Therefore, revenue
and operating cost must be converted to present worth to compare it with capital investment

at some discount rate (i) and known project life cycle (n).

NPV project = ReViorpy — OPEX (o1 py — CAPEX (3.51)
Reveorpy = 57| () (Poens X P X Pearigy)] - (3.52)
Where,
j=1ton

Pgenj, 18 the power generation per year
Pyqriff, is the power tariff

The total operating power is converted to present worth using the following equation.

OPEX o py = (“gfg;l) (CAPEX % 0.05) (3.53)

Where CAPEX can be estimated using equation (50).

3.4.7 Problem Formulation

The problem is formulated to includes both design and off-design performance behavior of
a subcritical ORC to recover the waste heat from the supplied hot oil. The objective
function is minimizing the NPV of the ORC installation. This require obtaining the
optimum process design variables, PDV, and then obtain the optimum process operation

variables, POV, in all discretized time periods.
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Objective Function:

The process design variables (PDV) include the following decision variables:

max NPVProject (PDVORC: POVi) (i € t)

ORC design Capacity (C g.)

Design evaporation pressure (Pgyy des)

Design Condensation pressure (Pcong des)

Working fluid circulation rate (11, ,qes)

Evaporator design approach temperature ( AT g £up, des)

Condenser design approach temperature ( AT gy cond,des)

(3.54)

All of the process design variables will be determined first and then be fixed across all time

periods. These parameters will have direct effect in the ORC CAPEX, OPEX, and

Revenue. On the other hand, process operation variables (POV) will have direct effect in

the Revenue only. The process operation variables include the following decision

variables:

Evaporator operating pressure (Pgyp,op)
Condenser operating pressure (Pcong op)
Working fluid circulation rate (1i,,f,0p)
Evaporator design approach temperature ( AT 4 £up,op)

Condenser design approach temperature ( AT g, cond,op)
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Constraints:

Design capacity constraint

The design capacity depends on the forecasted waste heat availability. Thus, the design
capacity should not exceed the maximum value of the waste heat availability. Also, it

should not be less than the minimum value of the waste heat availability.

WHav,min < CDes < WHav,max (355)

Pressure constraints

Because we are dealing with subcritical ORC, the design and operating evaporation
pressure should not exceed the critical pressure of the working fluid component in use.
Moreover, the evaporation pressure should be high enough to run the expander and

generate work. This condition is to limit the search space to a reasonable viable value.
PEvp,lim < PEvp,des < PC (3-56)
PEvp,lim < PEvp,op,i < PC (i € t) (3-57)

The design and operating condensation pressure correspond to condensation temperature
that should be greater than the cooling water supply temperature for the condensation to
take place. In addition, the condensation pressure should be low enough to run the expander
and generate work. Similarly, this condition is to limit the search space to a reasonable

viable value.
PDeW,CWT < Pcond,des < Pcond,lim (358)

PDeW,CWT < Pcond,op,i < Pcond,lim (i € t) (359)
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Ppew,cwr 1s the working fluid dew point pressure at the cooling water supply temperature

Approach temperature constraints

Minimum approach temperature for both evaporator and condenser at design conditions
must be confined within a reasonable acceptable industrial design limit to avoid any
thermodynamic laws violation at operating condition and provide reasonable heat
exchanger size at design stage. In addition, an upper limit is used for the design case using

the industrial design practice and heuristics to achieve proper design.

ATmin,limt < AT ATmax,limt (3 60)

<
app,Evp,des —

ATmin,limt < AT < ATmax,limtf (361)

app,cond,des

Heat exchangers capacity limit constraints

Heat exchangers capacity limit constraints are applicable for both evaporator and
condenser at operating conditions for each time periods. It is there to make sure that during
change of other operating parameters such as pressure and mass flow rate, the design

service area of both evaporator and condenser are not exceeded at any time period.

AEvp,des = AEvp,i (l € t) (362)

Acond,des = Acond,i (i € t) (363)

Where Agyp, ges and Ag,p; include the service area of both preheating and evaporation

segments as described in the evaporator modelling section.
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3.4.8 Solution Approach

The mathematical design of this problem includes many process design variables including
many sizing parameters for the ORC equipment. However, all of the process design
variable will be dictated by some main decision variables, where other process variables

can be calculated as function of those decision variables.

The equipment size such as evaporator, condenser, pump, expander, and generator will be
determined based on the selected optimum ORC design Capacity (C4.5) for all possible
operation conditions along the life cycle. In other words, select optimum quantity of the
produced hot oil from the forecast as a design basis for the ORC. The equipment will be
sized based on the selected optimum design basis and will be fixed along the life cycle of
the ORC project. Consequently, the designed ORC will be running at the design conditions
in all of the discretized time periods where the produced hot oil is equal to or greater than
the selected optimum design basis. On the other hand, the design ORC will be running at
off-design conditions, partial loads, at any discretized time period where the produced hot
oil is less than selected optimum design basis. The design and operating process variables
will be solved simultaneously in order to find the optimum objective function while
satisfying all the process constraints. Figure 13 gives an overall solution approach for the

simultaneous design and off-design problem.

52



Inputs: Tywin, Twrouts
WFE, Muo .t » Tewin

|

Discretise MHg_t

I

Solve simultaneously for design
and operating variables

l

Outputs: optimum design configuration and
optimum operating variables for all time
periods

Figure 13 Solution approach of the simultaneous design and off-design problem

53



CHAPTER 4
CASE STUDY

In this chapter an industrial design waste heat recovery problem will be formulated and
solved using the proposed formulation and optimization technics. The case study will cover

the problem details and any major assumptions to arrive to the final solution.

4.1 Problem Background

In practice, operating facilities in Oil and Gas sector often operate on forecasted plans and
schedules that impose different plant loads over the plant life cycle. Consequently, the
waste heat generated within these facilities would be fluctuating along with plant loads.
This kind of waste heat availability changes have triggered a problem in designing a proper
ORC size for waste heat recovery. Under-sizing of the ORC will minimize the waste heat
recovery efficiency, while over-sizing will make the ORC run at partial loads when the
plant is running at lower loads. Operating the ORC at partial loads would lower the
efficiency of the turbo-expander and therefore lower the efficiency of ORC cycle and
minimize the power generation as well as the ORC utilization. In order to maximize the
economic benefit throughout the life cycle of the project, the optimum sizing of the ORC

should be identified from the beginning using optimization techniques.

In this case study, an optimization model is developed to identify the optimum ORC size
that utilize the waste heat from multiple combustion gas turbines (CGTs) used to run sales
gas compressors subject to all process constraints and energy price. The compressed sales
gas quantity is varied in yearly basis based on planned sales gas demand forecast. Part of

the waste heat is collected though waste heat hot oil recovery heaters (HORH) from each
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CGT exhaust, while the remaining is diverted to a bypass stack directed to the atmosphere.
A portion of hot oil is used for internal process heating demand and the remaining is
currently dissipated in a set of air coolers. The plane is to use the wasted heat in the air
coolers in an ORC to generate power to improve the overall plant energy efficiency. Figure
14, illustrates the configuration of a single CGT/sales gas unit attached to a hot oil waste
heat recovery heater while, Figure 15 present the block flow diagram of the CGT waste

heat recovery and hot oil system.

Fuel —s] .
Combustion
chamber Siles Giié
inlet
N
Compressor ’ Turbine Sales Gas
\ Compressor
Fresh Exhaust Sales Gas
' air gases outlet
Hot oil Hot oil
inlet outlet
17150 1 239 °C
205 °C
Exhaust Gas to atmosphere

Figure 14 Single CGT/sales gas unit attached to a hot oil waste heat recovery heater
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Returned
Hot Qil

Exhaust

» HORHs e
Waste Process
Heat Heating

(exhaust) supplied
Hot Oil
CGTs
ORC

Air Cooler

Figure 15 Block flow diagram of CGT waste heat recovery and hot oil system

4.2 Problem Description

A sales gas compression facility that uses combustion Gas Turbines (CGTs) to drive their
sales gas compressors to meet pipeline pressure requirement. The plant runs based on
known 20 years forecasted sales gas demand. The CGTs produce a medium quality waste
heat from the exhaust gases. The medium quality waste heat is collected in Hot Oil
Recovery Heater (HORH). A portion of hot oil is used for process heating demand within
the plant while the remaining is planned to be dissipated in ORC to generate power to
improve the overall plant energy efficiency. Currently the remaining portion of the hot oil,
other than the one used for internal process heating, is cooled down in a set of air coolers
to meet the hot oil return temperature.

Its desirable to come up with an economically optimum ORC size that can handle the
wasted hot oil at the available forecasted operating demands. The forecasted demand can

be translated into different hot oil production rate at multiperiod with different periods’
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lengths. The hot oil supplied at fixed temperature, controlled by stack by-pass, to meet the
process heating demand and must be returned at certain return temperature. The hot oil
produced at temperature of 238.9°C and must be returned to the HORH at a temperature
of 156.8°C. Table 4, presents the 20 years forecasted extra hot oil production rate and the

correspondent wasted energy rates at fixed supply and returned temperatures.

Table 4 20 years forecasted excess hot oil rate and wasted energy rates.

Forecasted Extra Hot Oil Wasted
Year Production Rate | Energy Rate
(kg/s) (MW)

Year 1 203.7 40
Year 2 203.7 40
Year 3 203.7 40
Year 4 203.7 40
Year 5 254.6 50
Year 6 254.6 50
Year 7 254.6 50
Year 8 280.1 55
Year 9 280.1 55
Year 10 280.1 55
Year 11 280.1 55
Year 12 305.6 60
Year 13 305.6 60
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Year 14 331.0 65
Year 15 356.5 70
Year 16 356.5 70
Year 17 407.4 80
Year 18 407.4 80
Year 19 407.4 80
Year 20 407.4 80

The economic details used for this ORC design problem including electricity tariff, yearly

discount rate, OPEX, and operating hours per year are given in Table 5.

Table 5 Economic details used for this ORC design problem

Description Unit Value

Electricity tariff $/MWh | 0.13

Yearly discount rate % 6

OPEX % 5% of the CAPEX
Operating hours per year | Hours 8400

ORC process and equipment related information is given in Table 6.

Table 6 ORC process and equipment related information

Description Unit Value

Cooling water supply temperature °C 30
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Cooling water return temperature °C 40
Hot oil production temperature °C 238.9
Hot oil return temperature °C 156.8
ORC turbine isentropic  design

% 75
efficiency
ORC pump design efficiency % 75
Used working fluid - Cyclopentane

Given the above forecasted waste heat rates and economic factors, its desired to design a
waste heat recovery ORC that would grantee the maximum Net Present Value (NPV) for
a project life cycle of 20 years. This requires obtaining the optimum process design

variables (PDV) first and fix it across all discretized time periods, then obtain the optimum

process operation variables (POV) for all discretized time periods.

4.3 Problem Constraints

1. Design capacity constraint (Cp,;):

The design capacity depends on the forecasted waste heat availability. Thus, the
design capacity should not exceed the maximum value of the waste heat

availability. Also, it should not be less than the minimum value of the waste

heat availability. Thus,

40 < Cpes < 80
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2. Pressure constraints:
Evaporation pressure should not exceed the critical pressure of the working
fluid, cyclopentane, and should be high enough to run the expander and
generate useful work. In this specific problem the working fluid correspondent
dew point pressure at the cooling water supply temperature is less than the
atmospheric pressure. Thus, the minimum condensation pressure is limited to
the atmospheric pressure to avoid vacuum at the condenser. In addition, the
condensation pressure should be low enough to run the expander and generate

useful work.

15 < Ppyp ges < 45 (4.2)
15 < Ppypopi < 45 (i€t (4.3)
1.01325 < Peonages < 4 (4.4)
1.01325 < Peonaopi < 4 G ED (4.5)

3. Approach temperature constraints:
Minimum approach temperature for both evaporator and condenser at design
conditions must be confined within a reasonable acceptable industrial design
limit to avoid any thermodynamic laws violation at operating condition and

provide reasonable heat exchanger size at design stage.

3 < AT g vpdes < 25 (4.6)

3 < ATapp,cond,des < 25 (47)
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4. Evaporator and Condenser Operating Capacity constraints:
The evaporator and condenser capacity constraints applicable at operating
conditions for each time periods after obtaining the optimum design service
areas for both evaporator and condenser. It is there to make sure that during
change of other operating parameters such as pressure and mass flow rate, the
design service area of both evaporator and condenser are not exceeded at any

time period.

AEvp,des = AEvp,i (i € t) (48)

Acond,des = Acond,i (i € t) (4-9)

4.4 Major Assumptions

With the intention of solving such a wide industrial problem, many related assumptions
need to be highlighted and discussed thoroughly in order to get the essence of the problem
and arrive at acceptable reasonable solution. The following are the list of the major
assumptions pertaining to the described multiperiod simultaneous design and off-design

optimization problem:

e Hot oil is supplied at fixed temperature and must be returned at fixed temperature.
This optimization problem is quoted from real industrial problem where the hot oil
supply to the ORC system is only part of the total produced hot oil and the rest of
it is used in process heat. Therefore, temperature variations are not recommended
to avoid any process upset. However, the load of the hot oil, flow rate, can change

based on the plant load.
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e (Cooling water is supplied to the ORC at fixed temperature.

e Design capacity of the ORC including all the individual equipment capacity, cannot
be exceeded at any time period. It means if the produced hot oil from the waste heat
to the ORC is more than the selected design capacity, which is a decision variable,
the extra hot oil should be handled by air cooling system to maintain the hot oil
return temperature as shown in Figure 15.

e Turbo-expander efficiency is varying during off-design operation however, pump
efficiency is considered to run at fixed efficiency. This is a valid assumption since
the power consumption for the pump is much less than the power produced for the
turbine and therefore pump efficiency variation would have minimal or almost no

effect on optimization result.

4.5 Solution Approach

The mathematical design of this problem includes many process design variables including
many sizing parameters for the ORC equipment. However, all of the process design
variable will be dictated by some main decision variables, where other process variables
can be calculated as function of those decision variables.

The equipment size such as evaporator, condenser, pump, expander, and generator will be
determined based on the selected optimum ORC design Capacity (C4.5) for all possible
operation conditions along the life cycle. In other words, select optimum quantity of the
produced hot oil from the forecast as a design basis for the ORC. The equipment will be
sized based on the selected optimum design basis and will be fixed along the life cycle of
the ORC project. Consequently, the designed ORC will be running at the design conditions

in all of the discretized time periods where the produced hot oil is equal to or greater than
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the selected optimum design basis. On the other hand, the design ORC will be running at
off-design conditions, partial loads, at any discretized time period where the produced hot
oil is less than selected optimum design basis. The design and operating process variables
will be solved simultaneously in order to find the optimum objective function while
satisfying all the process constraints Figure 16 gives an overall solution approach for the

simultaneous design and off-design problem.

Inputs: Tymin s Twrroues
WF, wa,t,i ’ TCWI;?

|

Discretise wa,t_i

|

Solve simultaneously for design
and operating variables

|

Outputs: optimum design configuration and
optimum operating variables for all time
periods

Figure 16 Solution approach of the simultaneous design and off-design problem

4.6 Results and Discussion

The problem was solved simultaneously for design and operating variables using the

described solution technique for the given objective function.

Table 7 Optimization results for objective function

Description Value Unit

Present Value of Electricity Sales 107.12 MMS
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Present Value of OPEX 5.75 MMS

Total CAPEX 10.02 MMS

NPV 91.35 MMS

Table 7 shows the optimization results for the objective function. Table 8 shows the
optimization results for the obtained design variables while, Table 9 shows the
optimization results for the operating variables for all the discretized time periods.
Although, the ORC is running at partial load at the time period T3, the ORC has slightly
higher overall efficiency than the design point. This is because that the turbine
efficiency at this point, with a load of approximately 92 %, has an efficiency of only
0.8% less than the design point of 75%. In summary, the rate of reduction in supplied
waste hear is higher than the rate of reduction in turbine efficiency in addition to having
extra capacity in the evaporator to increase the evaporation pressure have contributed

to the slight improvement in the overall ORC efficiency.

Table 8 Optimization results for the design variables

Design Variables Value Unit
Design Capacity (Cpes) 60 MW
Design Evaporation Pressure (P, des) 31.28 bar
Design Condensation pressure (P ond des) 1.013 bar
Working fluid circulation rate (11,,f,ges) 100.3 Kg/s
Evaporator design approach temperature 4.58 °C
(AT gpp,Evp,des)
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Condenser design approach temperature 6.01 °C
(AT gpp,cond,des)
ORC Power Net Generation 10.30 MW
ORC Overall Efficiency 17.17 %
Table 9 Optimization results for the operating variables
Time Period
Operating Variables T1 T2 T3 T4 Ts Ts T7
Available Waste Heat | MW | 40 50 55 60 65 70 80
Evaporation Pressure | bar | 32.54 | 31.99 | 31.75 | 31.53 | 31.53 | 31.53 | 31.53
Evaporator Approach | °C 2772 | 3.51 | 3.89 | 425 | 425 | 425 | 4.25
Temperature
Condensation Pressure | bar | 1.013 [ 1.013 | 1.013 | 1.013 | 1.013 | 1.013 | 1.013
Condenser Approach °C 894 | 7.59 | 6.83 | 6.01 | 6.01 | 6.01 | 6.01
Temperature
Working fluid circulation | Kg/s | 67.8 | 84.2 | 92.3 | 100.3 | 100.3 | 100.3 | 100.3
rate
Turbine Isentropic % 669 | 73.0 | 744 | 75.0 | 75.0 | 75.0 | 75.0
Efficiency
ORC Power Net MW | 6.24 | 847 | 945 | 103 | 103 | 103 | 10.3
Generation
ORC Opverall Efficiency | % 15.59 | 16.94 | 17.19 | 17.17 | 17.17 | 17.17 | 17.17
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The optimum operating evaporation pressure for all the optimization periods are
presented in Figure 17. The ORC will be running at higher evaporation pressure at all
the times where the forecasted waste heat is less than the selected optimum design
capacity. This behavior is expected to increase the power generation as much as

possible during the ORC partial load operation while not violating the evaporator

design capacity limit.
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Figure 17 Optimum operating evaporation pressure for all the optimization periods

A decrease in the operating evaporator approach temperature with decrease in available
waste heat was observed, as shown in Figure 18. This kind of trend is mainly to increase
the evaporator design capacity utilization at all time periods to eventually increase the
power generation. Figure 19 shows the evaporator design capacity utilization in all time

periods. It is obvious that the optimizer would bush the evaporator to its design limit
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to utilize all of the available service area. This was achieved by increasing the operating

pressure and therefore decreasing the evaporator approach temperature.

Evaporator Opearting Approach Temperture
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Figure 18 Evaporator operating approach temperature across operating time periods
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Figure 19 Evaporator design capacity utilization across all operating time periods
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On the other hand, the design capacity of the condenser was not fully utilized across
all the time periods as illustrated in Figure 20. Full utilization was observed during the
time periods where the available waste heat is at or greater than design capacity of the

ORC. This behavior can be also observed from the increasing trend of the condenser

heat availability as demonstrated in Figure 21.

Condenser Design Capacity Utilization
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Figure 20 Condenser design capacity utilization across all operating time periods
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Evaporator Opearting Approach Temperture
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Figure 21 Condenser operating approach temperature across operating time periods

The condenser would have been utilized more if the low condensation pressure limit
was allowed to go below atmospheric pressure. However, would reach to another limit
which is the cooling water temperature and mass flow rate. In summary, the evaporator
operating parameters plays a bigger role in the ORC simultaneous design and off-

design optimization than the condenser.
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ORC NPV as a Function of ORC Design Capacity
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Figure 22 Effect of the ORC design capacity on the NPV objective function

ORC design capacity factor was one of the major decision variables for the given
objective function. It dictates the size of the ORC, more specifically the generator
size which in turn determine the maximum potential power generation and capital
investment. Figure 22 shows the effect of the ORC design capacity on the NPV
objective function. Varying the design capacity decision variable from the minimum
to the maximum acceptable design capacity for this given problem, while maintaining
optimum design and off-design evaporation pressure, would change the objective
function by a range of 32%. This shows the importance of the selection of the right
ORC design capacity from the beginning.

Determining the size of the ORC for such a complex problem is not straight forward
and can’t be solved by intuition. The outlined optimization technique need to be
conducted to determine the optimum ORC size that would make best investment

option.
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