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Introduction

Since 70s, the world has been becoming more and more concerned about energy
and environmental issues. The need of meeting the current energy demand by
guaranteeing the ability of future generation to satisfy theirs have been pushing
research not only to exploit alternative energy sources such as renewable energies, but
also to improve the efficiency of energy conversion systems. To this regard,
developing systems that use efficiently energy is of paramount importance especially
in those countries which rely on non-renewable energy sources such as oil, natural gas,
and coal. In fact, the reduction of energy consumption will lead not only to the saving
of unrestorable and limited energy resources but also to some environmental benefits,

such as the reduction of carbon dioxide emissions.

To this am, a lot of methods have been developed across scientific research. Among
them, Exergy Analysis and Thermoeconomics are well-recognized for supporting the
analysis and design of any energy conversion system. Over time, a plethora of papers
have been published but both of them are still limited to the research fields.

This thesis has been focused on innovative applications of Exergy Analysis and

Thermoeconomics in chemical, thermal and cooling energy conversion systems. It
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aims at demonstrating the capabilities of both methods to provide insights into design

alternatives and operation strategies of any energy system.

At this point, two questions could arise: “What is Exergy? Why adopting exergy

for analyzing and improving the performance of energy systems?”

Exergy measures the maximum amount of work producible by a system when it
evolves to thermodynamic equilibrium with the environment. Actually, part of this
potential is “destroyed” due to thermodynamic imperfections that unavoidably occur
in real processes such as flow friction, ohmic resistance, mixing and so on. Differently
from energy, exergy is not conservative. The more exergy destroyed along the
conversion process, the more exergy supplied (for instance via fossil fuels) for
achieving a given productive purpose such as electric power generation, cooling and
heating, separation of solutions and so on. By quantifying exergy destruction, it is
possible to set actions aimed at improving the overall thermodynamic performance of
an energy conversion process. To this regard, exergy analysis of the Reverse
Electrodialysis process is carried out is in this thesis. Reverse Electrodialysis (RED)
is a membrane-based technology which is able to harvest energy from salinity
gradients and converts it to electricity. This renewable energy source is not currently
exploited. However, a large potential is wasted when considering the continuous
mixing of river water with the sea. Even though the principles of this technology dates
back to 1950s, only recently industry and academia have been renewed their attention
to this process, thanks to the improvements attained in the membrane manufacturing.
As will be duly shown, two solutions at different concentration are placed in contact
by means of lonic Selective Membranes which allow for the “direct” conversion of the
chemical energy into electricity. It is obvious that membranes play a key role in the
efficiency of this process. For the first time, a detailed exergy analysis of the RED
process is carried out. The analysis aims at providing insights into the effects on the

exergy performance of the current membrane properties and of some design and
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operating parameters such as flow arrangements, concentrations of the feed streams

and so forth. Results will be useful for the future development of this energy system.

A further step involves the exergy analysis of the integrated process Reverse
Electrodialysis and Multi-Effect Distillation (RED-MED). In this system, a Multi-
Effect Distillation unit is coupled to the RED process in order to restore the initial
salinity gradient of solutions exiting the RED unit by exploiting low-grade heat
available from industrial processes or from renewable energy sources. Then, the
overall process results in a conversion of heat to electric power in a closed-loop
configuration. This concept is indicated as RED-Heat Engine (RED-HE) which is
being investigated within the framework of the European Union project RED-Heat-to-
Power. Due to the innovative features of this process, no exergy analysis has been
carried out yet. The analysis aims at evaluating the effect of design parameters and/or

operation strategies on the thermodynamic efficiency of the process.

During the decades, more refined exergy-based methods than Exergy Analysis
have been proposed such as Thermoeconomics, Advanced Exergy Analysis, Extended
Exergy Analysis, Thermoecology, Exergy Input-Output Analysis and so forth. These
methods have tried to thoroughly account for economic and environmental aspects
related to the operation of energy conversion systems.

For instance, Thermoeconomics is a well-recognized method for the analysis and
optimization of energy systems, and it rests on the idea that exergy is a rational basis
to allocate costs sustained in energy systems. At the very beginning this method was
aimed at allocating cost in multi-purpose systems, but over time its application has
been enlarged. Nowadays, Thermoeconomics aims at supporting: (i) cost accounting
procedures, (ii) optimization of the design and operation of energy systems and (iii)
analysis of the operating conditions in order to detect faults. This thesis is focused only
on two of these three fields, i.e. cost accounting and diagnosis.



Introduction

More specifically, two innovative applications of thermoeconomic cost accounting

are carried out. In particular:

An exergy cost accounting for an existing Parallel-Feed Multi Effect
Distillation-Thermal Vapor Compression located in Trapani (SICILY) is
carried out. The exergy analysis is based on real data and it allows for
quantifying the exergy destruction occurring in each subprocess of the MED-
TVC unit. Then, the exergy cost accounting allows for evaluating the effect of
exergy destruction on the unit cost of the produced freshwater.

An exergy analysis and exergoeconomic cost accounting of a Combined Heat
and Power (CHP) steam cycle integrated with Multi Effect Distillation-
Thermal Vapor Compression (MED-TVC) plant is performed. Multi-Effect
Desalination systems are energy-intensive and this fact has limited their spread
during the decades. However, the possibility to be fueled by low-grade heat
makes them profitable when coupled with fossil-fueled plant or with renewable
thermal energies. Among the main innovative aspects of this work, it is worth
mentioning: (i) the formulation of a productive structure for the whole CHP-
MED-TVC (iii) the analysis of electricity and freshwater unit costs by
considering the effects of some design and operating parameters.

The other application field of Thermoeconomics investigated in this thesis is the

Diagnosis of Malfunction in energy systems. At the very beginning, this Fault and

Detection Technique was extensively applied to thermal power plants, but only

recently it has been extended to heating, ventilation and air conditioning systems

(HVAC). The quantitative information provided by this diagnostic technique allows

for an optimal scheduling of maintenance strategies, which prioritizes those faults with

the highest economic impact. As concern HVAC systems, most of results achieved so

far have been based on a set of virtual-experiments thus not allowing for accounting
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for real operation of these system. For the first time, the method is tested using

experimental data obtained from a packaged rooftop air conditioning unit.

Last but not least, the applications of exergy-based methods to environmental
analyses is considered. Generally, Exergy Analysis and Thermoeconomics optimize
the performance of energy systems focusing only on the operational phase. Such an
analysis, excludes the remaining phases of life cycle, as construction and disposal of
energy facilities. As a consequence, if not duly accounted, some impacts may be only
“moved” from the operational phases to the other phases of life cycle. However, to
overcome these limits, some exergy-based methods have been developed but lots of
them reduce the set of impact indicators only to one synthetic indicator, thus not
allowing decision makers for understanding all the environmental issues arising from
the construction/operation/disposal of energy systems.

In order to overcome this limit, an innovative approach based on integration of
Thermoeconomics and Life Cycle Assessment (LCA) is here proposed. The procedure
combines the capabilities of these two techniques to account simultaneously for
aspects related to thermodynamics of energy conversion processes and to the overall
impacts along the plant life cycle, i.e. from raw material extraction to the disposal of
facilities. The capabilities of this approach are illustrated by applying it to a water-

cooled vapor compression chiller.

Outline of this thesis

A brief outline of this thesis is here given. In Chapter 1, some insights into Exergy
Analysis and Thermoeconomics will be provided. In particular, the exergy content of

a heat flow and of a stream of matter will be explained. Details on exergy and
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exergoeconomic cost will be given and the main tools of Symbolic Exergoeconomics
will be thoroughly presented.

In Chapter 2, a brief outline on Salinity Gradient Power technology will be given.
Then, among salinity gradient engine, the Reverse Electrodialysis will be presented.
Exergy analysis of this system will be carried out by considering the effect of some
design and operating parameters. In Chapter 3, the RED-MED Heat-Engine concept
will be introduced. A detailed exergy analysis of this integrated system will be carried
out and the effect of some design and operating parameters will be investigated.

In Chapter 4, exergy analysis and exergy cost accounting will be carried out for an
existing Multi-Effect Desalination system. First, some general details about technical,
economic and environmental aspects of the Multi-Effect Desalination process will be
provided. In Chapter 5 exergoeconomic cost accounting of a Combined Heat and
Power Steam Cycle integrated with a Multi Effect Distillation-Thermal Vapor
Compression (MED-TVC) will be presented.

In Chapter 6, a general overview on thermoeconomic diagnosis will be given first.
A description of the experimental set-up and of the testing procedures will be duly
provided. Then, the performance of the diagnostic technique will be investigated in
single and multiple faults scenarios.

In Chapter 7, an overview on exergy-based environmental analyses proposed in
literature will be provided. Then, the main features and capabilities of the integrated
approach based on Thermoeconomics and Life Cycle Assessment will be described,

and a selected case study will be analyzed.



Chapter 1

Overview on Exergy Analysis and Thermoeconomics of
Energy Conversion Systems

This chapter addresses fundamental principles of Exergy Analysis and Thermoeconomics.
These topics are covered in a broad manner in order to provide with information for
understanding the following chapters of this thesis.

First, an historical background and a literature review of Exergy Analysis is provided.
Limits and strengths of this method are pointed out and some insights into more refined
exergy-based methods are briefly given. Then, Thermoeconomics is introduced and a
description of its historical development is provided. An extensive literature review points out
the variety of fields investigated during the decades. Both exergoeconomic and exergy costs
are presented and principles of the Theory of Exergetic Cost are provided. Finally, Symbolic
Exergoeconomic is presented.

1.1 Introduction on Exergy and Exergy Analysis

Exergy Analysis (ExA) is a well-established method which allows for evaluating
the rational use of energy in thermal and chemical processes. A comprehensive and
interesting review of exergy concept and its applications can be found in [1.1].

What is Exergy?
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Lots of definitions about exergy can be found in books and scientific papers. The
one presented by Kotas in 1985 [1.2] is here reported. Kotas defined the exergy of a

system as:

“the maximum amount of work obtainable when the system evolves from its
thermodynamic state to the thermomechanical and chemical equilibrium with the
environment through reversible processes involving mass, heat and work transfer

between the system and the environment”.

Exergy measures how much a system

departs from thermodynamic equilibrium with the environment. It provides a
quantitative information on the maximum amount of work that can be obtained when a
given system reaches the thermodynamic equilibrium with the environment. Dually, it
allows for quantifying the minimum amount of work required when a system is brought
reversibly from equilibrium with the environment to a non-equilibrium state.

Some examples could clarify these concepts. For example, in the case of a steam
turbine, steam flow rate is supplied in order to generate mechanical work. The maximum
amount of work is produced only if no flow friction occurs. The difference between the
maximum amount of work and the actual work is equal to the exergy destruction (or
irreversibility) occurring within the turbine. The more irreversible the process occurring
in the turbine, the higher the exergy destruction. Conversely, in the case of an air
compressor, if a reversible compression process is considered (i.e. a compression without
friction losses), the minimum amount of work is required. This quantity is equal to the
increase in exergy content of compressed air.

From the previous examples, it is apparent that exergy is not a thermodynamic
property of the system itself (like temperature or pressure), but it is a co-property of the
system and the reference environment. This fact suggests that a proper definition of the

reference environment in terms of temperature, pressure and compositions is due [1.3].
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From an historical point of view, the concept of the maximum amount of work
produced by a system dates back to the nineteenth century, when Gibbs, Maxwell and
Clausius introduced the concept of “availability of energy to be converted into work”.
Over the decades, lots of expressions were used to refer to this quantity such as
available energy, availability, available work, potential work, useful energy, potential
entropy [1.1], [1.2], [1.4] The term “exergy” was coined only in 1956 by the Slovenian
Zoran Rant (1904-1972) who merged the Greek words ex and ergon which literally
mean "from work" [1.2]. Over time, all expressions previously adopted have been

abandoned.

Differently from energy, exergy is not conservative. In fact, exergy is usually
destroyed due to irreversibility sources like flow friction, finite temperature
differences, ohmic resistance and so forth. The more exergy destroyed within a
process, the higher the consumption of exergy resources from the environment, such
as coal, oil or natural gas. To this regard, the minimization of exergy destruction may
lead to cost-effective energy saving in those systems where energy consumption highly
influences operating costs. In fact, looking at the amount of exergy destroyed at
subprocess level, it is possible to identify which ones greatly affect the overall exergy
destruction and to develop design alternatives or operation strategies which may

improve the performance of the investigated process.

Exergy has also been assumed as a “metric” for quantifying the consumption of
natural resources such as energy, water, mineral ores and so forth [1.5]. For instance,
energy quantity is commonly used when accounting for the consumption of energy
resources. However, energy does not account for the quality of this resources. In fact,
high-quality energy, as the one contained in fossil and nuclear fuels, is actually useful
for human activities. In order to account for the consumption of these sources, exergy

may be a more appropriate basis. In fact, energy is conservative, it is available
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everywhere and in any time. From the perspective of sustainable development, since
these sources are limited and not evenly distributed in the world, the current society is
trying to set actions in order to avoid a future exergy crisis, rather than an energy crisis
[1.6].

The capability of exergy to account for the consumption of natural resources has
been applied not only to a microeconomic level such as energy conversion systems,
but also to a macroeconomic level such as national economies. As concern the latter,
exergy has been combined with the Input-Output Analysis [1.7], in order to evaluate
the primary exergy cost of goods and services produced by a given country. Similarly
to the concept of the embodied energy, embodied exergy of a product has been
proposed. As will be shown in Chapter 7, other refined exergy based-approaches have
been developed to assess the embodied exergy of services and products during these
decades.

Exergy-based methods can be used to evaluate actions aimed at supporting a
sustainable development [1.8]. To this aim, two parallel routes could be followed:

- Increasing the exergy efficiency of processes: an increase in the
efficiency of the processes reduce the amount of exergy needed for their
purposes. This will lead to short-term economic and environmental benefits,
but also it allows for preserving limited resources as fossil fuels for future
generations (long-term effects) and contains the effect of emissions.

- Promoting the use of renewable exergy sources as solar energy and so
forth. The Earth is an open system subject to a net influx of exergy from the
sun. It is the exergy (or order states) delivered with solar radiation, and other
part is converted into other exergy forms like wind or biomass. The impacts of
anthropogenic activities can be reduced by exploiting these limitless and nearly
cost-zero energy sources. However, it is worth stressing that in order to achieve

this should be done from a life cycle perspective.

10
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As stated by Connelly and Koshland in [1.9] there is an intrinsic relationship
among (i) sustainability (ii) environmental impact and (iii) the exergy efficiency of a
process. More specifically, as the exergy efficiency of a process approaches 100%, the
related environmental impact approaches zero, since exergy is totally converted from
one form to another one without any loss. In this case, the sustainability of the process
approaches infinity. Conversely, as the exergy efficiency approaches 0%,
sustainability approaches zero because exergy resources are exploited without

achieving useful results.

1.2 Exergy of a heat flow and a stream of matter

In this paragraph, exergy is introduced. Since this thesis considered only flow
systems (i.e. those which exchange heat, work and mass across their physical

boundaries), details about exergy of non-flow systems are omitted.

1.2.1 Exergy associated with heat flow and work
The exergy associated with a heat flow Q coming from a thermal reservoir at

temperature T; is indicated as “thermal exergy flow” and it is denoted by BQ [1.2]. In

Equation (1.1) the formula for calculating this quantity is shown.

. T
B, =[-=2
omp-

r

Q (1.1)

Tyl . . . .
The factor 7. :‘1—1_—0 iIs named dimensionless exergetic temperature [1.2]. Its

r

values are plotted in Figure 1.1, where the temperature of the reference environment
To is equal to 298.15 K (25°C). In order to clarify the physical meaning of the
dimensionless exergetic temperature, the two cases Tr >To and T, <To are analyzed

separately.

11
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35

25

T,=298.15 K

0 500 1000 1500 2000 2500 3000 3500
T [K]

Figure 1.1 Dimensionless Exergetic Temperature Plot

When Ty is greater than To, z.represents the efficiency of a Carnot Engine
operating between the thermal reservoir Trand the reference environment To. From

Equation (1.1), it follows that BQ is the maximum amount work obtainable from the

heat flow Q. The remaining part, i.e. Q- BQ = %Q, cannot be transformed into work

r

and it is usually indicated as “Anergy” [1.10], and it is indicated here as AQ In Figure

1.2, the heat flow Q and the related exergy and anergy content are shown.

12
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Thermal Exergy flow

(T
Pp =0 (‘r]
B T 1
s | 1
Thermal Reservoir | : Anergy Flow
0 B, : ! Ao :Q?U
i - .
Tr | CARNOTHEATENGINE " T
2. |
1
1
_____________ 1

Figure 1.2 Exergy and Anergy Flow for the case T, >To

As shown in Figure 1.1, the values of zc increases when increasing the temperature
of the thermal reservoir T;. The greater the temperature of the heat reservoir, the higher
the exergy content of the heat flow. This explains why 1 MWh of heat rejected by the
condenser of a thermal power plant does not have the same quality of 1 MWh of heat
supplied by burning directly natural gas in a boiler, though from an “energy” point of
view they are quantitively the same. When the temperature of the thermal reservoir
approaches infinite, the factor tc approaches the unity. In this case, the exergy content

of the heat flow is equal to its energy content and its anergy becomes negligible.

When T: is lower than the Tg, the factor zc is the inverse of the Coefficient of

Performance of a Carnot Reverse Cycle which has to maintain the temperature T, by
transferring a given quantity of heatQ (usually named cooling duty), from the

temperature level T, to the reference environment To. Equation (1.1) quantifies the

minimum amount work to be supplied to the “refrigeration machine” in order to
transfer the heat flow Q between the two temperature levels. In Figure 1.3 exergy and

anergy flow are shown. It is important to note that in this case exergy and anergy have

different directions. Also, the content of the heat discharged to the environment is

13
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totally anergy, since it is available at the temperature of the reference environment.
Conversely, it possible to observe that an exergy flow (yellow arrow in Figure 1.3)

enters the cooled environment.

. R
AQ:Q% 1
r
e en eanes : CARNOT REFRIGERATION
-~ Anergy flow | VLI
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Figure 1.3 Exergy and Anergy Flow for the case T, < To

As shown in Figure 1.1, the lower the temperature of the refrigerated environment,
the greater the minimum power needed to maintain it. This trend suggests that since a
lot of exergy is spent for “generating” 1 kWh of cooling, exergy destruction in low
temperature applications, such as cryogenics, should be minimized as possible. For
this reason, lower minimum temperature differences are generally allowed for heat
exchange in cryogenic applications, in order to reduce the impact of exergy destruction

due to finite temperature difference.

When T,=Ty, the exergy content of the heat flow is equal to zero. This means that

the environment could be considered as an infinite zero-grade heat source.

As concerns the exergy associated with work flow such as shaft work, electric work

and so on, it is equal to the energy amount of each of these quantities.
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1.2.2 Exergy of a stream of matter

According to Kotas [1.2], the exergy of a stream of matter is defined as:

“the maximum amount of work obtainable when the stream of matter evolves from its
thermodynamic state to the thermodynamic equilibrium with the environment through
reversible processes involving mass and heat transfer between the system and the
environment”.

In order to derive a general expression for the exergy content of a stream flow, the
general approach presented in [1.11] is here adopted. To this aim, it is useful to consider
the scheme shown in Figure 1.4. A stream flow in a given thermodynamic state, identified
respectively by its altitude z, mean velocity V temperature T, pressure p, and composition
(which is identified by the molar fraction x; for each of the “i-th” species in the mixture),
reaches thermodynamic equilibrium with the environment by exchanging “reversibly”
mass, heat and work with the environment. The final thermodynamic state of the stream

flow, which is commonly named “dead state”, is characterized by: (i) a null velocity

and altitude with respect to the earth, (ii) the same temperature T,, pressure p,, and

composition (defined by the molar fraction of the “i-th” species, i.e. Xj,, at

equilibrium) of the environment.

(),
vvvvy To-Po-¥ o,
(),
zv. T, p.x, | Reversible System
. i 2N,
Qo — _: 0
; v=0
w
Ty - X

Figure 1.4 Reversible Evolution of a stream of matter to
thermodynamic equilibrium with the environment
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The general expression for the exergy content of the inlet stream is derived by
applying to the open system represented in Figure 1.4, the mass and the energy
conservation principles and the entropy balance (which is not initially formulated as a
conservation equation, due to the possible contribution of entropy generation).

However, once introduced the hypothesis of process reversibility, no entropy is
generated, thus obtaining the production of the maximum possible amount of work.
According to the definition of exergy provided above, the work obtained in this ideal
reversible case equals the exergy content of the inlet stream flow and provides the

following analytical expression to be used to calculate it:

B :(gz +%jz MM; N, ;, +
i=1

” (1.2)
+Zl:[(ﬁ (T, %) =To8 (T, 2.%)) = (B (Tos Pos Xi0) = To: (Tos PosXi0)) |- Nin

In Equation (1.2) N; is the molar flow of the “i-th” species constituting the inlet
flow, Hiand S respectively indicate its partial molar enthalpy and entropy, MM is the

molar mass of the “i-th” species and n is the number of species of the inlet flow.
Since velocity, altitude, temperature, pressure and composition of a stream flow
changes during its evolution from its thermodynamic state to the equilibrium with the
environment, it is opportune to account separately for the fractions of the produced work
produced by change in chemical composition, those related to changes in temperature
and pressure and those related to changes in velocity and altitude of the stream [1.2].

From this perspective, the exergy of a stream is usually divided into:

- Kinetic and Potential exergy: kinetic and potential energy are “ordered” form of
energy thus fully convertible to work. It follows that they are entirely form of
exergy. The potential component of exergy is important in exploitation of
hydraulic energy, where it is converted in shaft work by hydraulic turbine. The
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Kinetic portion is of utmost important in compressor where it is usually converted
into pressure-related exergy. In Equation (1.2), V is the bulk velocity of the fluid
stream relative to the surface of the earth, and z is the altitude of the stream above
the sea level. The environmental reference for these quantities is only important
where there is direct interaction of the stream with the environment, for example
when evaluating kinetic exergy of the exhaust gases of a jet engine. In most other
cases, only changes in kinetic and potential exergies are considered and,

therefore, any inertial reference frame may be used.

Bp ZQZZ MM, Ni,in (13)
i-1
. 1 _ n :
B, =5 2; MM; Ni,in (1.4)

- Thermo-mechanical exergy: this quantity indicates the amount of work
obtainable when the examined stream reaches only thermal and mechanical
equilibrium with the environment, not observing any change in its chemical
composition (i.e. not reaching a chemical equilibrium with the surrounding

ambient). The final thermodynamic state of the stream flow is characterized by
the same temperature and pressure of the environment, i.e. Ty, Py, and it is

commonly named “restricted dead state” [1.3]. In Equation (1.5), expression

for a generic stream flow is shown.

Bph :Zn:[(ﬁu (T1 p, Xi)_Togi (T, p, Xi))_(ﬁi (TO, pOIXi)_Togi (Tm p07xi)):| N iin (1.5

i=1

- Chemical exergy: this component is the maximum amount of work
obtainable when the stream, supposed in physical equilibrium with the restricted
dead state, modifies its chemical composition thus reaching also chemical

equilibrium with the environment; the thermodynamic state parameters of the
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stream flow in this case are equal to the ones of environment, i.e. Ty, Py, X -

In Equation (1.6) expression for the chemical exergy is presented.

B :il[(ﬁ' (Tos Por %) =TS (T, Pos X ))_(ﬁ- (Tor Po. %) —ToS, (TO, Pos Xi 0 ):| N i.in

(1.6)

n

= 2 [(,ui (Tos Por X ) — 44 (To, pO,Xiyo))] Ni,in

Proper selection of dead state parameters, i.e. pressure, temperature and composition,
is necessary. With reference to temperature and pressure values, common practice
assumes them equal to the respective average values of the site where the system is going
to operate. As regards chemical composition of the reference environment, it is common
to refer, for each of the substances compounding the examined stream, to the most
abundant natural element where it appears in the environment (either it be in the
atmosphere, the seawater or the earth crust) [1.3].

As can be seen, from Equation (1.6), chemical potential calculation for each species
in the mixture is implied. Clearly, this means that suitable thermodynamic modelling is

necessary when assessing the chemical exergy component.

1.3 Exergy Balances, Exergy Destruction and Loss and Exergy Efficiency

As already mentioned, exergy is not a conservative quantity. Only if the process in
the system evolved reversibly, exergy would be conserved. In real systems part of the
supplied exergy is destroyed due to irreversibility sources like: heat transfer across
finite temperature differences, mixing of flows at different concentrations, flow
friction, ohmic resistance, throttling process, and so forth [1.2].

In order to calculate the amount of exergy destroyed (or the irreversibility
generated), a balance equation is set. More specifically, referring to Figure 1.5 where
a flow-system operates in a steady state condition, the exergy balance can be written

as shown in Equation (1.7).
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In Eq. (1.7), Z B, is the net-work produced (i.e. the algebraic sum of the exiting

net

work flow, assumed positive, and entering exergy flow, assumed negative), BQ is the
exergy of a heat flow, BLk Bty ;are the exergy of the streams of matters entering and

exiting the component, which are calculated according to Eq. (1.2). B, is the amount
of exergy destroyed. According to Gouy-Stodola Theorem [1.2], the exergy

destruction B, equals the entropy generation rate Sgen in the system times the absolute

temperature of the reference environment, i.e. B, =T0$

gen *
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Figure 1.5 Exergy Flows exchanged by a “flow-system” operating in steady state

In Equation (1.8), the exergy performance of the system ¢, is calculated as the ratio

of the exergy flow exiting the system and the amount of exergy supplied. This quantity
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provides a measure of the relative incidence of exergy destruction, i.e. what percentage

of the exergy flow entering the system is destroyed with no possibility of further reuse.

2B
gk — outlet (18)
2B

inlet

1.3.1 On the “Productive” definition of the exergy performance of a process

The exergy efficiency defined in Equation (1.8) does not discriminate if the exiting
exergy flows are used as resources to other components or if they are disposed back to
the environment. To this regard, it is necessary to stress that exergy destructions are
only a portion of the thermodynamic inefficiencies occurring in energy systems. In
fact, two sources of thermodynamic inefficiencies are commonly identified: (i) exergy
destructions and (ii) exergy losses. Exergy destructions have been already defined.
Conversely, exergy losses occur when exergy flows are released into the environment
without exploiting their exergy content. Typical examples of exergy losses are: the
concentrated brine stream exiting a desalination plant and disposed back to the
environment, the high temperature gases released by the stack of a thermal power
plant, the thermal exergy discharged by the condenser of a refrigeration system, and
SO on.

When defining the exergy efficiency of a process, it is important to distinguish
which among the exiting exergy flows are “useful” and which ones are eventually
“lost”. To exemplify this concept, a desalination system is shown in Figure 1.6. In this
case, two streams exiting the system can be identified: freshwater and a brine flow.
The freshwater produced is the useful product of this system. Conversely, the exergy
of the brine is not useful, since this flow is disposed back to the sea.
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Figure 1.6 Exergy Flows entering and exiting a desalination system

In order to distinguish useful exergy flows from the ones that are eventually lost,
the concept of Fuel and Product have been introduced by Tsatsaronis in [1.12]. The
Product is composed by the “subset of the exiting exergy flows” which are supplied to
other system components as fuels or to an external user as the final product. The Fuel

is the amount of exergy supplied to the given component for producing the exergy
product BP . Also, BD is the amount of exergy destroyed in the process, and BL is the

exergy loss.
Based on these definitions, the exergy balance can be expressed by mean of fuels

and products as in Equation (1.9), and graphically presented in Figure 1.7.

B. =B, +B, +B, (1.9)
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Figure 1.7 Graphical Representation of Exergy Balance for an energy conversion
system based on Fuel-Product definition

On the basis of the exergy balance proposed in Equation (1.9), a productive exergy

efficiency &k,prod is defined as follows:

k, prod BF BF ( )

Referring to the desalination system shown in Figure 1.6, it is possible to distinguish:

- Fuels: (i) the thermal exergy of the hot water or steam supplied in order to evaporate
water from the incoming seawater, and (ii) the electrical power used to drive pumps.

- Product: the chemical exergy of the freshwater produced.

- Exergy destruction: typical irreversibility sources in this system are heat transfer
through finite temperature differences within each heat exchanger, pressure drop, etc.

- Exergy loss: the chemical exergy of the concentrated brine which is disposed back to
the environment.
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1.4 Brief literature review on Exergy Analysis

Exergy analysis has been extensively applied to energy systems and chemical
processes. There is a plethora of publications and only some of them are here cited for
a sake of brevity. However, the variety of fields investigated across scientific research
suggests the well-recognized capabilities of this method.

Lots of published papers have concerned cryogenic applications. For instance, an
interesting exergy analysis of an air distillation plant was carried out by Cornelissen
etal. in [1.13]. First, the analysis quantified the exergy loss within each component in
each plant section. From these results, the authors suggested some improvements
aimed at reducing the main exergy loss in the system. In [1.14], an energy and exergy
analysis of different systems for Liquified Natural Gas application were carried out.
The analysis aimed at evaluating the theoretical performance of these systems, and it
investigated the main sources of irreversibility in order to assess potential energy
saving.

Another energy intensive process widely investigated by means of ExA has been
the crude oil distillation. A detailed exergy analysis of this process was carried out by
Al-Muslim et al. in [1.15]. In this paper, a thermodynamic analysis through energy and
exergy analyses of crude oil distillation plants (composed by atmospheric distillation
column (ADU) and vacuum distillation column (VDU)) were conducted. The effects
of some operating parameters such as overhead pressure and temperature, on the
exergy efficiencies of each component and on the overall system were investigated.

As regards Heating, Ventilation and Air Conditioning systems (HVAC), Marletta
[1.16] showed that very poor exergy efficiency are achieved in these fields, as these
systems are generally fuelled with high quality energy, such as fossil fuel or electricity,
for producing low exergy content flows, such as hot/cold water required by heating
and cooling processes. The author showed that the most rational way to supply energy
in these systems consists of the use of low-quality energy sources as process waste

heat or renewable energies such as solar or geothermal energy. Another very
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interesting paper concerning the exergy performance of HVAC systems in building
was carried out by [1.17]. In particular, the author investigated the so-called Low-
Exergy HVAC technologies which provide heating and cooling energy at a
temperature close to room temperature and which are fueled by sustainable energy
sources.

Exergy analysis has been also extended to desalination processes [1.18][1.19]. It
Is widely recognized that desalination processes are capital and energy intensive. In
fact, according to Semiat [1.20], the energy cost of an optimized desalination plant is
approximately 30-44% of the total cost of water produced. Exergy analysis has been
applied in order to provide routes for reducing the high energy consumption. A review
of the second-law performance of the most common desalination systems was carried
outin [1.21]. Cerci et al. carried out the exergy analysis of an existing Reverse Osmosis
plant in California [1.22]. The analysis pinpointed that high exergy destructions occur
in the membrane modules. Some improvements where proposed and analyzed from a
second low perspective. Kahraman and Cengel [1.23] evaluated the exergy
performance of a large-scale Multi-Stage Flash desalination plant (870000 m*/day).
An overall thermodynamic efficiency equal to 4.2% resulted and the majority of
exergy destruction occurred in the MSF unit. Other studies concerning the exergy
performance of MSF processes can be found here [1.24]. Another thermal desalination
process widely investigated by means of exergy analysis is the Multi-Effect
Desalination processes [1.25]. In these systems, great exergy destructions are related
to temperature difference in evaporating process within each effect. Kahraman et al.
[1.26] carried out exergy analysis of a combined RO, NF, and EDR desalination plant.

Exergy analysis has been applied to a variety of processes for producing chemicals
and other products. For instance, De Souza et al. [1.27] studied the ethanol steam
reforming to produce hydrogen. The exergy analysis of blast furnace in steel

manufacturing was carried out by Ziebek and Stanek in [1.28]. A review of exergy

24



Chapter 1

analysis of internal combustion engines is provided by Rakopoulos and Giakoumis
[1.29]. In [1.30], application of exergy analysis to petroleum refining and the
petrochemical industry was carried out. Exergy analysis of the production processes
of methanol from synthesis gas was carried out in [1.31], [1.32]. Other processes
analyzed via exergy analysis include pulp and paper plants [1.33] and metallurgical
industries [1.34].

A comprehensive exergy analysis of combined cycle power plants can be found in
[1.35]. Exergy analysis has been extensively applied to the analysis of renewable
energy systems [1.36]. In that work, a comprehensive study dealing with solar energy,
wind power and geothermal energy was carried out. Other studies have been focused
on solar electricity production [1.37], solar thermal [1.38], biomass-based fuels [1.39].

In 1998, Feng and Zhu [1.40] proposed an innovative method aimed at recognizing
the feasible exergy saving in complex energy system by combining Pinch Analysis
and ExA. The method based on ad-hoc diagrams, named H-Q diagram analogous to
the composite curves graph, provides analysts with a graphical evaluation of the
achievable exergy saving due modifications in the design of the system with respect
to a base case. A combined-cycle power plant was selected in order to demonstrate the

capabilities of this method.

1.5 On the limits of ExA and developments of refined exergy-based methods

When analyzing or designing energy conversion systems, the reduction of
thermodynamic inefficiencies represents an opportunity to reduce the operating costs
and the environmental impacts. As observed in [1.41], EXA provides information about
the amount of exergy destroyed and lost in each component but the following limits

can be recognized:

- ExA is not able to quantify at which extent the exergy destruction occurring
within a system component affects the exergy consumption of other system

components. For example, when analyzing a steam power plant, it is worth questioning
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if 1 MW of exergy destruction in the low-pressure steam turbine and 1 MW of exergy
destruction in one of the preheaters affect at the same extent the overall exergy
consumption. ExA is not able to answer this question due to its incapability to evaluate
the mutual interdependencies among components. In fact, each of them has a different
impact on the use of external exergy resources. As will be show in Chapter 6, this fact
Is known as Principle of not equivalence of irreversibilities [1.42].

- EXA is not able to account for the maximum decrease of exergy destruction
achieved by improving the thermodynamic performance of components while

considering physical, technical and economic constraints.

These limits have paved the way to more refined exergy-based methods, such as
Thermoeconomics and Advanced Exergy Analysis which nowadays are extensively

applied when analyzing and optimizing energy conversion systems.

Details about Thermoeconomics will be provided in the paragraph 1.6. As concerns
Advanced Exergetic Analysis (AExA), a brief description is worth due to the increasing
interest shown across scientific literature. This method has been developed by Prof. G.

Tsatsaronis around 15 years ago [1.43] . The basic idea of the AEXA is to split the

exergy destruction B, within the “k-th” component into the following fractions:

1. The Endogenous exergy destruction B,ENk which is the part of exergy

destruction occurring in the “k-th” component obtained when other system
components operate ideally and the “k-th” component operates with the same

efficiency as in the real system.

2. The Exogenous exergy destruction BY, is the difference between the

actual exergy destruction and the endogenous part.

By means of these two fractions, the mutual interactions among components are

evaluated. Procedure for calculating both of them are provided in [1.44].
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A further distinction has been introduced in order to quantify the feasible exergy
saving obtained by improving the thermodynamic efficiencies while considering
economic and technical constraints. In particular, the Unavoidable Exergy

Destruction Bg“l'( represent the part of exergy destruction that cannot be further

reduced due to technological limits such as availability, cost of materials and

manufacturing methods. The difference between the total exergy destruction and the
unavoidable part is indicated as Avoidable Exergy Destruction BQ\’k . Only this latter

should be minimized when trying to maximize the thermodynamic performance of the
system. The formal procedures for calculating these exergy fractions are proposed in
[1.43].

Only the avoidable part of exergy destructions provides a quantitative evaluation

about the feasible exergy saving for a given energy conversion system. To this aim, a
modified exergy efficiency, i.e. &, has been proposed in [1.42] and here reported in

Equation (1.11). This formula is more realistic in evaluating the exergy performance

of a component since it considers only “avoidable endogenous irreversibility sources”.

& = B T (1.11)
BF,k - BD,k

However, some drawbacks are related to the AEXA method as outlined in [1.46]:
(i) the “arbitrariness” associated when selecting values aimed at evaluating the
endogenous exergy destruction (for instance the minimum temperature difference for
heat exchanger, or the values adopted for isoentropic efficiency of turbine and
compressor), (ii) the “large number of simulations” required for splitting the exergy
flows in all the aforementioned fractions, and (iii) a more refined approach is required

for splitting exergy destruction in systems involving chemical reactions [1.46].

Further developments of AExA are the Advanced Exergoeconomic and

Exergoenvironmental Analyses. These methods extend the concept of avoidable
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exergy destruction to identify the avoidable/unavoidable capital investment costs and
the avoidable/unavoidable construction-of-component-related environmental impact
[1.47], [1.48].

An very interesting and exemplifying application of these refined methods can be
found in [1.47]. In that paper, Morosuk and Tsatsaronis proved the capabilities of the
method to provide insights into the feasible exergy saving in a vapor compression
system. For instance, results showed that the exergy destruction occurring in the
evaporator could be entirely classified as endogenous (being related to the minimum
temperature difference between the fluids within this component). The avoidable part
of the endogenous exergy destruction in the evaporator accounted nearly for the 50%
of total exergy destruction. The compressor and condenser had comparable values of
endogenous avoidable exergy destruction. The detailed values of the exogenous
exergy destruction demonstrate that the exergy destruction in the evaporator had the
largest effect on the exogenous avoidable exergy destruction in the compressor,
condenser and throttling valve. These results clearly suggested the important role of
the evaporator in improving the overall efficiency. An improvement in the evaporator
had beneficial effects on the thermodynamic performance of all other components. A
further step of the analysis involved the splitting of investment costs for each
component of the system. The evaporator was again the component that mainly affects

the exogenous investment cost for the compressor and the condenser.

Lots of papers have been published during these decades, and only some of them
are here cited in order to demonstrate the variety of fields investigated. In [1.50], the
authors investigated the effect of different working fluids of vapor-compression
refrigeration machines. In [1.50], Wei et al. investigated the potential for energy and
cost savings in distillation processes by using the concepts of avoidable/unavoidable
exergy destruction and by advanced exergoeconomic evaluation. In [1.51],
Mehdizadeh-Fard et al. combined pinch analysis and advanced exergy analysis in order

to assess the unavoidable/avoidable exergy destruction in a heat exchange network for
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a natural gas refinery. Hepbasli et al. [1.52] applied AEXA to analyze geothermal
district heating heat pump systems by using operation data from a real network in
Turkey. In [1.53], Erbay et. applied AEXA to a gas engine heat pump system for food
drying. The analysis highlighted the condenser as the component with the highest
feasible exergy saving since 90% of the exergy destruction in this component is
avoidable. In [1.54] an advanced exergoeconomic cost accounting was applied to a
combined power plant for electricity production. The analysis pointed out that the
combustion chamber, the high-pressure steam turbine and the condenser had great
economic improvement potential because of their high exergy destruction cost rates.
Similarly, the heat recovery steam generator and the condenser had significant
potential because of their high investment costs.

1.5.1 Limits of ExA results in context with high renewable energy exploitation

Another limit of ExXA can be recognized when analyzing energy conversion
processes in those contexts characterized by a high penetration of renewable energies.
An example could help to clarify this concept. A domestic hot-water boiler fueled by
electricity is characterized by a very low exergy efficiency, since high-quality energy
as electricity (which is entirely exergy), is used to produce low-quality energy such as
hot water. The electricity supplied to this system can be produced by exploiting a
renewable or a non-renewable energy source, according to the context where the
system is operated. To this regard, renewable energy sources are limitless and their
economic cost is “approximately” zero (in fact, only the costs of facilities necessary to
exploit them contribute to their costs). Conversely, non-renewable exergy is not
limitless and its cost is not zero. Regardless the exergy sources supplied, the low
exergy efficiency suggests that this process is not rational and should be avoided. For
instance, replacing the existing boiler with a higher exergy performing system may be
a profitable solution. However, in the first case, the low exergy performance could be
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accepted by considering the “free-cost” nature of the exergy sources used. In the
second case, conversely, this process should be avoided. This trivial example shows
that exergy efficiency cannot be assumed as the “unique” indicator when evaluating

an energy conversion process.

1.6 Thermoeconomics: historical developments

Thermoeconomics is a branch of thermal engineering which combines exergy to
the economic concept of cost. The following questions may arise: “Why combining
exergy with cost? Is not exergy sufficient to assess the value of a product?” “Why

should exergy costing be more rational than energy costing?”’

To answer the first two questions, there is a very explanatory example provided in
“The Thermodynamic process of cost formation” [1.55] by Prof. Antonio Valero, one
of the main contributor to the development of Thermoeconomics. He stated that when
a glass is broken, no exergy is wasted since the glass is near equilibrium with the
environment. What is actually wasted is the total amount of exergy resources
consumed along the productive process of the glass itself. This example explains why
energy analysts should pay attention not only to the exergy content of products, but
also to the total amount of exergy resources burdening their production. This concept,
as will be shown in next paragraph, is thoroughly described by the exergy cost of a
product [1.42] which gquantifies the amount of exergy consumed to obtain it according
to a given productive process. Obviously, the higher the exergy cost, the highest its

value.

As concern the last question, the idea of using exergy for costing purposes was
already suggested in 1932 by J. H. Keenan [1.56]. At that time, the problem was to
provide a rational basis for allocating costs on electric power and steam generated by
a cogeneration system. Keenan pointed out that the economic value of steam and

electricity generated is related to their exergy content and not to the energy one. In
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order to clarify this concept, an example based on a steam and electricity produced by
a cogeneration system was provided in Gaggioli and Wepfer [1.57]. The authors
showed that misleading results would be obtained when trying to allocate cost on
electric power and steam on an energy basis. In particular, a very high cost for the
cogenerated steam was observed which resulted not competitive with values obtained
by a separate production. Conversely, when using exergy costing, a lower and more
competitive cost for the cogenerated steam was obtained. Also, a sensitivity analysis
of the unit cost of the steam to pressure was carried out. In this case, if costing was
carried out on energy basis, the unit cost of steam would be not highly sensitive to
changes in the pressure level. Conversely, if exergy costing was adopted, the unit cost
of steam would be highly sensitive to the pressure level and it would decrease down
to zero for very low-pressure. These facts testified that exergy costing provides with

more intuitive results than energy costing.

The term Thermoeconomics was introduced by Tribus and Evans in 1962 while
carrying out exergy analysis in desalination processes [1.58]. They proposed again the
idea to assign cost on the basis of the exergy content of the streams and cost equations
for each component were formulated. In the late 1960s, El-Sayed, Evans and Tribus,
during their research on desalination, published an important paper where the

mathematical foundations for thermoeconomic optimization were given [1.59]

It is worth mentioning here that it is very common across scientific literature to use
Thermoeconomics and  Exergoeconomics  interchangeably.  The  term
Exergoeconomics was introduced by Tsatsaronis in 1984 [1.4] in order to indicate all
procedures aimed at allocating cost on an exergy basis. The same author highlighted
how the term Thermoeconomics should be used in a broader sense, in order to include
all methods resulting from the combination of Thermodynamics and Economic
Analysis. Under this hypothesis, Exergoeconomic should be considered as a part of

Thermoeconomics.
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After 70s, when the world has begun to be concerned about energy crisis,
Thermoeconomics undergone a great development across scientific literature, and
different thermoeconomic approaches were developed. All these methods were aimed
not only at analyzing energy conversion systems but also at supporting the

optimization of design and operation of these systems.
Generally, thermoeconomic methods can be divided in two categories:

- those aimed at supporting cost accounting procedures, e.g. Exergy Cost
Theory (ECT)[1.42], Last-In-First-Out Approach (LIFOA)[1.60] and Specific
Exergy Costing Approach (SPECO)[1.61].

- those aimed at supporting optimization as Thermoeconomic Functional
Analysis (TFA) [1.62], Engineering Functional Analysis (EFA) [1.63].

The Thermoeconomic Functional Analysis (TFA) has been developed by
Frangopoulos [1.66] since 1983. The method introduced the Functional Diagram
concept, dual to the physical structure of the system, which describes interaction
among system components on the basis of exergy exchanges. The method was aimed
at optimizing design and operation of energy systems while satisfying constraints
derived from both the physical and productive structure. Some years later, C.
Frangopoulos formulated the Intelligent Functional Approach (IFA) in order to find
the optimal solution for more complex systems with respect to TFA, which was a
further development of the TFA. Another thermoeconomic method, similar to TFA
which is also aimed at optimizing the design of energy systems is the Engineering
Functional Analysis developed by von Spakovsky and Evans [1.63].

In 1986, Valero introduced the concept of the exergetic cost of a product [1.64]

and in 1993, an interesting paper regarding the Theory of Exergy Cost (ECT) was
published. The mathematical formalization underlying the thermoeconomic modeling
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of the system was duly described. Also, the paper showed the main applications of this
theory: (i) assessment of alternatives for energy savings, (ii) cost allocation, (iii)
operation optimization, (iv) local optimization of subsystems, and (v) assessment of
fuel impact of malfunctions.

An alternative exergoeconomic approach, i.e. the Specific Exergy Costing
(SPECO), was proposed by Tsatsaronis et al. [1.61] to support cost accounting
procedure. A brief description of this method will be provided in the next paragraph.

All previous thermoeconomic methods were developed by different scientists
around the world. Only around 1990, the group of specialists composed by C.
Frangopoulos, G. Tsatsaronis, A. Valero, and M. von Spakovsky decided to compare
their methods in order to describe features and to provide the unification of all
thermoeconomic methods. They considered a simple optimization problem, named
CGAM after the first initials of all investigators [1.65].

The CGAM problem considers a cogeneration plant which provides 30 MW, and
14 kg/s of saturated steam at 20 bar. Once defined the problem, a preliminary solution
by mean of conventional optimization criteria was found and presented also in [1.65].
After that, the following thermoeconomic methods were applied separately, and results
published in a special issue of Energy in 1994: the Theory of Exergetic Cost [1.66] -
the Engineering Functional Approach [1.63]- Thermoeconomic Functional Analysis

[1.67] - Exergoeconomic Approach [1.68].

Around 90s, Thermoeconomics has been extended to the diagnosis of malfunctions
in energy systems [1.69], [1.70]. More insights about this application field will be
given in Chapter 6.

In 1992 the Structural Theory of Thermoeconomics was presented by Valero et al.
[1.71]. This theory was not intended to introduce any new procedure, but it attempts
to provide a mathematical formalization for including whatever thermoeconomic

methods proposed (i.e. from cost accounting to optimization and diagnosis). The
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“generalized fuel impact formula” was derived as a tool which encompasses
optimization or diagnosis procedures. Some comparisons between the results obtained
using the original procedure and applying the structural theory to the same
representation can be found in literature. To this regard, Erlach et al. [1.71] applied the
Last In-First Out approach and the Structural Theory to a combined cycle plant and
they showed that thermoeconomic modellings obtained from both methods for the
investigated system were the same.

1.7 Literature review on Thermoeconomics

Since 1970s, there have been numerous published papers all around the world on
Thermoeconomics, and only some of them are here cited in order to highlight
contributions and application fields. As previously said, Thermoeconomics can
support: (i) costing procedures, (ii) design improvement and optimization and (iii) the
analysis of operating conditions of energy systems. In this chapter, no literature review
about Thermoeconomic Diagnosis is presented, since it will be the object of Chapter
6.

Lots of papers concerning thermoeconomic analysis and optimization of
desalination processes have been published. To this regard, thermoeconomic analysis
can be used to evaluate the cost-effectiveness of design options and operating
strategies for these systems. For instance, in [1.21] Mabrouk et al. carried out a critical
thermoeconomic analysis for some existing desalination processes as Multi Stage
Flash (MSF), Multi Effect Evaporation (MEE), Thermal Vapor Compression-MEE
(MEE-TVC), Mechanical Vapor Compression (MEE-MVC) and Reverse Osmosis
(RO). For each process, the analysis allowed to quantify the exergy destruction at
subprocess level and the impact of these on operating costs. Also, the cost due to
exergy destruction was compared with respect to equipment purchase costs. In [1.72],

Fiorini and Sciubba carried out a thermoeconomic analysis in order to investigate the
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optimal configuration of a MSF plant. The analysis was supported by a software
developed by the same authors. In [1.73], Sayyaadi et Saffari carried out a
thermoeconomic optimization for a MED-TVC desalination systems. A detailed
thermodynamic, economic and exergetic modelling of the system was carried out. The
analysis aimed at minimizing the unit cost of produced freshwater. In [1.25],
Piacentino carried out a thermoeconomic and exergy cost accounting for a Forward-
Feed Multi-Effect distillation plant. The analysis was carried out at single effect levels
in order to shed light on the cost formation process of freshwater through each effect.
In [1.74], Elsayed et al. carried out detailed exergy and exergoeconomic analysis of
four different feed configurations of a MED-TVC system. The analyzed configurations
were the backward feed (BF), the forward feed (FF), the parallel feed (PF) and the
parallel cross feed (PCF). The analysis was carried out at each subprocess level and
results showed that a great amount of exergy is destroyed in the TVC. Exergoeconomic
indicators (i.e. exergoeconomic factors) highlighted the great influence of exergy
destruction on the freshwater cost with respect to purchase costs. An exergoeconomic
analysis for a seawater reverse osmosis plant (SRO) was carried out in [1.75] by Jamil.
Various retrofit options aimed at improving the thermodynamic efficiency of the

system were evaluated by means of Thermoeconomics.

Lots of paper on Thermoeconomics have been focused on the possibility of
coupling desalination systems with non-renewable and renewable-fueled power plant.
For instance, Uche et al in [1.76] carried out a thermoeconomic optimization of the
design of dual-purpose power plant, composed by a steam power plant coupled with a
MSF desalination unit. The minimization of total cost was achieved by the local
optimization of each subprocess thus allowing for a reduction in the computing
resources and for a simplification of the mathematical problem. In [1.77], a
Thermoeconomic optimization of a hybrid pressurized water reactor (PWR) power
plant coupled to a multi effect distillation desalination system with thermo-vapor

compressor (MED-TVC) was carried out. In [1.78], a thermoeconomic-aided
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optimization of a MSF desalination system coupled with PWR nuclear power plant
was carried out. In [1.79], Wellmann et al. carried out an exergoeconomic evaluation
of a CSP plant in combination with a desalination unit. The exergoeconomic costs of
both products, i.e. electricity and freshwater, were investigated for two selected
operating conditions of the system. Other exergoeconomic evaluations of innovative

distillation system have been proposed in [1.80], [1.81].

Thermoeconomics has also been extended to refrigeration and heat pump systems.
The following work have been published during these decades. In [1.82]
thermoeconomic optimization of a single-stage heat-pump was carried out. The
authors evaluated the marginal cost of exergy flows when varying the efficiencies of
the compressor, condenser, evaporator, and electric motor. Dentice d’Accadia et al.
[1.83] applied Exergoeconomics to determine the optimal configuration of the
condenser of an heat pump by considering the effect of pressure drop and heat transfer
area. The approach relied on Coefficient of Structural Bonds which allows to assess
the impact of local exergy destruction in the condenser with respect to the overall
exergy destruction. In [1.84], Dentice d’Accadia et al. carried out a thermoeconomic
optimization of a conventional refrigeration plant. A simplified optimization based on
the Theory of Exergetic Cost was used. The authors showed the capability of achieving
a global optimal solution by locally optimizing the system, thus simplifying the
optimization procedure. The results obtained showed acceptable accuracy when
compared with those provided by a conventional and more complex optimization
methods. In [1.85], Misra et al. optimized the design of a LiBr/H>O vapor absorption
system fueled by pressurized hot water for air conditioning applications by means of
the Theory of Exergy Cost. Some years later, a thermoeconomic optimization for a
double effect LiBr/H2O vapor-absorption refrigeration system was carried out by the
same authors [1.86]. Other interesting studies concerning Exergoeconomics of vapor
compression system and cooling devices can be found here [1.87]-[1.89].
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A great numbers of work have applied Exergoeconomic Analysis for comparing
alternative and competitive technologies: for instance, in [1.90], Fiaschi et al. carried
out an exergoeconomic analysis of Organic Rankine Cycle (ORC) and Kalina Cycle
(KC), for generating power from low and medium temperature geothermal sources.
The analysis allowed for selecting the technology characterized by the lowest electric
power cost. In [1.91], an interesting comparative exergoeconomic evaluation of two
commercial combined-cycle power plants  was carried out. An iterative
exergoeconomic optimization allowed for reducing the levelized cost of electricity. In
[1.92], Hofmann et Tsatsaronis carried a comparative exergoeconomic assessment
between a Binary Rankine cycle (based on water and potassium as working fluid) and
a conventional steam cycle for coal-fired power plants. Results provided insights into
exergy destructions and cost formation of electricity at a component-level. Similar

and interesting studies can be found in the following [1.93]-[1.100].

Thermoeconomic analysis has be also carried out for the design of innovative
combined power plants, as shown in [1.101]-[1.107], and of renewable fueled power
plant as well [1.108]-[1.111].

Lots of paper have been published on Thermoeconomics for cogeneration and
trigeneration systems. In [1.112], Guarinello et al. carried out cost accounting based
on Theory of Exergetic Cost for a gas turbine-based cogeneration system for a district
sited in Brazil. The production costs of electricity and steam were evaluated for two
levels of electric power generation. In [1.113], a thermoeconomic cost accounting has
been carried for a biogas engine-powered cogeneration system. Four different
thermoeconomic methods were compared, the Exergy Cost Theory, the Specific
Exergy Cost, The Wonergy and the Modified Productive Structure Approach) in order
to highlight differences in results. Very different unit costs for the products were

obtained.
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Kim et al. [1.114] carried out an exergoeconomic cost accounting for a
cogeneration system based on a 1000-kW gas turbine with a waste-heat boiler in this
study. Results were used to analyze the operation of the system and to propose
replacements in order to improve the overall performance. In [1.115], Yang et al.
carried out an exergy and exergoeconomic analyses of a combined cooling, heating,
and power (CCHP) system based on dual-fuel of biomass and natural gas. By means
of preliminary exergy analysis the authors identified the main locations of exergy
destruction. After that by means of the exergoeconomic analysis, they evaluated

variation of products prices with the price of BG and biomass and also during the year.

Other works have been focused on the analysis and optimization of medium and
small sizes of CHP and CHCP systems where the variable energy demands and the
interaction with the electric grids highly influence the optimal design and operation of
these systems. For instance, in [1.116], a thermoeconomic analysis of a trigeneration
system was carried out to figure out the best operational strategy as a function of the
demand for energy services and the prices of the resources consumed. In [1.117],
Piacentino et al. thermoeconomic-aided algorithm for the integrated optimization of
design and operation of energy systems was proposed. The algorithm relies on an
analytical solution by the Lagrange multipliers method and on a multi-objective
decision function, expressed either in terms of net cash flow or primary energy saving.
The method is suitable for analyzing very complex systems where more units can
participate for producing the same energy flows as CHCP systems connected to
external grids. In order to show the capabilities of this method, the authors carried out
this analysis for a grid connected trigeneration system to be installed in a large hotel.
In [1.118], Diaz et al. proposed thermoeconomic model of a complex CHP and CCHP
systems based on exergoeconomic and structural coefficients of internal bonds. The
model was aimed at providing insights into the impact of each subsystem and control

variables on the overall plant efficiency when considering variable energy demands.
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In [1.119], Pina et al. focused on cost allocation in trigeneration systems including
thermal energy storage (TES), for buildings of the residential-commercial sector. The
paper addresses two issues not deeply studied in Thermoeconomics: (i) the joint
production of energy services in dynamic energy systems; and (ii) the incorporation of
TES. The authors proposed an innovative thermoeconomic model for accounting the
inertial behavior of the storage. In [1.120], the same authors considered the

exploitation of renewable energy sources within the same trigeneration system.

In [1.121], Picallo-Perez et al. carried out a symbolic exergoeconomic study of a
retrofitted heating and DHW facility located in Bilbao. Results were used to evaluate
exergy and exergoeconomic cost of heating and domestic hot water for the old and
retrofitted cases. The analysis was supported by a dynamic simulation of the system.
In [1.122], Symbolic Thermoeconomics has been rigorously applied for cost
allocations for a system supplying heating and hot water to a building under variable

load conditions.

Thermoeconomics has also been applied to the analysis of polygeneration systems.
The cost formation process allows to identify for each product, which subsystems
contributed most to the increase of their cost. In [1.123] an exergetic and
exergoeconomic analysis of a renewable polygeneration system serving small isolated
communities were carried out. In particular, the system includes a solar field based on
parabolic trough photovoltaic/thermal collectors, a biomass heater, an absorption
chiller and a Multiple Effect Distillation desalination unit. The polygeneration system
was dynamically simulated by TRNSY'S. Exergoeconomic analysis allowed to identify
fluctuations on annual and seasonal basis. Also, it was shown that the unit cost of
energy delivered to space heating uses is higher than that of energy for space cooling,
due to the much lower irradiation levels observed during the winter period and the
consequently higher incidence, per unit energy, of the capital investment. In [1.124],
Leiva-lllanes et al. carried out an exergy cost analysis for solar multi-generation

schemes for producing power, fresh water, cooling, and process heat. A concentrated
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solar power as the prime mover, a multi-effect distillation plant, a refrigeration plant,
and a process heat unit. A very large number of configurations for the proposed
systems were investigated. The results of exergy cost analysis suggested: (i) the key
equipment whose design should be improved in order to reduce the costs of products
(for instance, solar collector, multi-effect distillation system, and other components)
(if) comparison among the different integration schemes. In [1.118], Calise et al.
carried out an exergetic and exergoeconomic analyses of a novel solar—geothermal
polygeneration system equipped with an Organic Rankine Cycle fueled by medium-
enthalpy geothermal energy and by a Parabolic Trough Collector solar field. The
system supplies electrical, thermal and cooling energy and freshwater for a small
community, connected to a district heating and cooling network. Dynamic simulations
were performed in order to design the system. The exergetic analysis allows to pinpoint
how each subprocess affected the global exergy efficiency, thus suggesting possible

system enhancements.

In [1.125], Verda et al. showed the capability of thermoeconomic analysis of
providing criteria for cost assessment in district heating systems. The approach
considered the effects of investment, operating costs and thermodynamic
irreversibility on the cost formation of heat from its production in the plants to its use
in the buildings. In [1.126] an exergoeconomic optimization of a district cooling
network was carried out. The authors developed an exergoeconomic model of a district
cooling network in order to optimize the diameters and insulation thicknesses. Another
interesting study on exergoeconomic analysis of geothermal district heating systems
can be found in [1.127].

Thermoeconomics has also been applied to the analysis of the performance of
control system. For instance in [1.128], Verda and Borchiellini analyzed the
performance of a gas-turbine control system when variations in the operating condition
occur. Different control strategies were compared in order to quantify their effect on

the performance of the component and on operating costs. An interesting
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thermoeconomic analysis of an environmental-control system of an commercial

aircraft was carried out in [1.129].

Thermoeconomics has been also extensively applied to the analysis of hydrogen
production process [1.130]-[1.135] and to other chemical process as methanol and
biodiesel production [1.136]-[1.138].

1.8 Thermoeconomic Cost Accounting: objectives and tools

It is possible to summarize the main objectives of any cost accounting procedure
[1.139] as follows:

- determining the actual cost of products relying on a rational basis for cost
apportioning;
- providing a means for controlling expenditures and for evaluating

operating decisions.

First of all, the “cost of a product™ is defined as the amount of resources (monetary,
energetic, etc.) consumed to produce it along a given productive process. It follows
that cost is not an intensive property (like temperature or pressure), but it is an
“emergent” property, being strictly related to the productive process burdening its
production [1.55]. Obviously, the more resources consumed, the higher the cost of the
product. The objective of thermoeconomic cost accounting is to explain the cost
formation process throughout the system from the energy resources to the final

products, by assuming exergy as a rational basis for cost allocation [1.140].
In Thermoeconomics two kinds of cost can be adopted:

- the exergoeconomic cost which quantifies the monetary expenses sustained
to produce an exergy flow and it accounts for operating costs (which are
related to the exergy consumed for its production) and other costs as

amortization, etc.
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- the exergetic cost which represents the amount of external exergy resources
consumed to obtain an exergy flow according to a selected energy
conversion system [1.64].

Regardless the kind of cost adopted (i.e. exergoeconomic or exergetic), the

thermoeconomic model of the system is composed by:

- cost balances for each unit in the system, where the sum of the costs of
resources supplied equal the sum of the costs of products
- auxiliary costing equations aimed at defining the cost of external resources and

providing information when more than one product result from a given unit.

As previously mentioned, according to the criteria adopted for defining Fuels,
Products and auxiliary equations, different exergoeconomic cost accounting methods
have been formulated during these years as the Exergy Cost Theory (ETC)[1.42] and
the Specific Exergy Cost approach (SPECO) [1.61].

Before ending this section, it is worth mentioning that a further distinction on costs

should be made when carrying out thermoeconomic analyses:

- Average costs: these costs are defined by dividing the resources
consumed and the amount of product obtained. As a consequence, they are not
predictive, since they are only known after the products have been obtained.

Thermoeconomic cost accounting methods rely on the average cost concept.

- Marginal Costs: they quantify the variation in the resource
consumption (both exergy and money) when a unit change in the production
level occur. Marginal costs are predictive, and they are used in thermoeconomic

optimization procedure.
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1.8.1 Exergy Cost Theory

The first step in thermoeconomic analysis consists in the identification of the
“productive structure” (or functional diagram) of the investigated system. In this
scheme, the following information is provided for each component: (i) the amount of
exergy consumed and the exergy products (ii) exergy exchanges among plant

components according to their “functional” interaction.

The productive structure is developed starting from the physical scheme of the
investigated system. However, it is worth stressing that each units of the physical
scheme may not have a corresponding unit on the productive structure. For instance,
for cost accounting purpose in HVAC systems, the evaporator coil and the fan of an
air cooler could be treated as a unique component, which aims at cooling and
dehumidifying an air stream by consuming electric power supplied to the fan and the
refrigerant exergy. However, the deeper the disaggregation level adopted, the more
insights into the cost formation process obtained. The productive structure is highly
influenced by the expertise of the analysts thus, for a given process, multiple
productive structures could be developed.

Once defined the productive structure of the system, the cost formation process of
each product can be analyzed. In particular, analysts will be able to: (i) quantify how
the inefficiencies of each subprocess affects the total exergy cost of each product, (ii)
determine those subprocesses where the cost has a high increase, and (iii) verify the

effect on the costs of improvements which may be realized in that points.

According to the productive model proposed for the “i-th” component, identified
respectively by its Fuel Fi and its product Pj, the exergy balance in Equation (1.12)
allows for quantifying the amount of irreversibility I; generated (or exergy destroyed).

F-P=1I (1.12)
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Also, the unit exergy consumption ki can be calculated as Equation (1.13).

ki =— (1.13)

Looking at Figure 1.8, both the Fuel Fiand Product P; of the “i-th” component can be
further decomposed by considering interactions among other system components
(Equations (1.13) and (1.14)).

N
R=B,+ Z Bij W)
=1

In Equation (1.14), Bjj is the portion of the “i-th” component product supplied as a fuel
to the “j-th” component. Bio is the part of the product P; which is supplied to the

external environment (the subscript “0” is used to indicate the outdoor environment).

N
F =B,+> B, Ll

j=
where B;ji is the portion of the “j-th” component product that fuels the “i-th”
component. Boi is the portion of the fuel of the “i-th” component supplied by the

external environment.
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Figure 1.8 Fuel-Product model for the “i-th” component
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Dividing both sides of Equation (1.15) for the product Pj, the exergy unit consumption

of the “i-th” component can be decomposed as follow:
N
ki = ko +D_K; (1.16)
j=1

The total fuel Fr and the total product Pt of the overall system can be calculated as
shown in Equations (1.17) and (1.18).

N

Fr=2 B (1.17)
Pr= i By (1.18)

In order to set cost equation for each component, four propositions were proposed
for defining the thermoeconomic model and setting auxiliary equations in the Theory
of Exergy Cost [1.42].

P1. The exergy cost of an energy/matter flow is the amount of exergy of external
resources needed to produce it according to a given productive process. The exergy cost is
conservative and for each unit, a cost conservation equation can be set (Eqs. 1.19)

=R (1.19)

As can be seen from Equation (1.19), the cost of the fuel F; (i.e. Fi*) is entirely charged

on the product Pi. No cost is allocated on the irreversibility generated, since it is not a
useful product. Also, if N units are identified in the investigated system, N cost
equations can be set. An important indicator is the unit exergy cost of the product P;
defined in Equation (1.20)

. P
k= (1.20)
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Since no cost is allocated on the irreversibility generated in the process, the exergy

unit of a product is greater than one.

P2. The exergy cost of the flows entering the system should be provided as an input data
(external assessment). In absence of information, this is assumed equal to its exergy content
(Equation (1.21)).

B, (1.21)

Oi

=B

0i

P3. If one or more outlet flows are considered as by-products, then their unit exergy cost
is equal to the average unit exergy cost of the inlet flows

P4. If an output flow of a unit is a part of the fuel of the unit, then its unit exergy cost is
the same as the input flow (extraction method). If a unit has more than one product, then the
same unit exergetic cost will be assigned to all of them (equality method) (Equation (1.22)).

K =k, (1.22)

ij P,i

Based on the P1-P4 prepositions, the exergy cost of the fuel of the “i-th” component
F” can be formulated as follow:
N

F' =B+ B; (1.23)

=1

*

Since B; =k; B, and F" =P, Equation (1.23) becomes:

P,j i

(1.24)

P.j i

N
P"=By+> ks B
=1

Dividing both sides of the Equation (1.24) for the product P;, it is possible to relate

the unit exergy cost of the product k;yi with the unit exergy cost of the flows B;; fueling

the “i-th” component.
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N

* * * B| * N b
Koy =koi + > Ko, Fj =kgi + > K K; (1.25)
j=1

=1 i

The previous equation is defined for all N-components of the productive structure.
This set of equations, along with external assessment for exergy flows supplied from
the environment, constitutes a linear system which provides the unit exergy cost of
each flow of the productive structures.

Before ending this section, some details on an alternative exergoeconomic method
named Specific Exergy Costing (SPECO) [1.61] are here given. This approach aims
at providing un unambiguous way for calculating fuel, product and auxiliary equations.
In fact, the productive structure proposed for a given system may be susceptible of the
expertise of the analysts (for instance, the disaggregation level adopted depend upon
analyst’s choices and expertise).

According to SPECO, fuels and products of each component are defined by
systematically registering “additions to” and “removals from” each material/energy
stream crossing the boundaries of the component (the so-called F-rule and P-rule).
Exergy additions were considered as parts of Product, conversely, exergy removals
were considered as parts of the Fuel. The component interacts by adding and removing
exergy only through the mass and energy streams crossing its boundaries. As a
consequence, the productive “function” of the component is independent of the
presence of the other components in the system, and the interaction among systems
components with the rest of the system remain the same as those in the “physical
structure”.

The first paper on SPECO [1.60] was based on the Last In-First Out accounting
principle (LIFOA). In [1.61] the SPECO approach was extended to the calculation of
average costs, and a computer code was developed to take an automatic record of all

exergy additions and removals from mass and energy streams.
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1.8.2 Overview on thermoeconomic approaches proposed for the analysis of
“Dissipative Units”

In thermoeconomic analyses, Fuels and Products must be preliminary defined for
each system component. To this regard, a critical aspect is represented by those
components that lack of a clear “productive scope”, which are essential for plant
operation. These components are generally named “dissipative units” and they can be
classified in three groups [1.2]:

- Systems which exchange heat with the Environment: the thermal exergy associated
with such heat transfer is zero. Common examples are heat pump evaporators,
refrigerator condensers, and cooling towers.

- Systems aimed at accelerating otherwise spontaneous processes, as drying plants
and mechanical separation plant such as dust separators and moisture separators.

- Devices which are dissipative by design. These involve inherently irreversible

processes such as throttling and stirring.

In these years, scientific literature has provided several allocation criteria for
“residues” (i.e. for these exergy flows destroyed in dissipative components) but no
unique indication on the best choice has been defined yet. Here only some of them are

briefly described.

One approach, which is suitable for closed cycles such as Rankine cycles, allocates
the cost of residues on other system components by means of “negentropy” [1.62].
Negentropy is defined as the negative of entropy multiplied by the temperature of the
reference environment. In this case, the negentropy flow is considered the product of
the dissipative component and its cost is allocated according to the entropy variations
on other system components. This criterion has limitations when applied to open

systems such as Brayton cycles [1.141].
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Another approach proposed by Lazzaretto and Tsatsaronis allocates the cost of
residues to the final product of the system under investigation [1.61]. In [1.142], a
criterion based on combination of Thermoeconomics and cost-benefit analysis was
used to allocate cost for those cases where wastes could be sold thus leading to revenue
generation. A new approach proposed by Torres et al. in [1.143] allocates waste cost
in system components proportionally to their contribution in the generation of the
exergy that is finally destroyed in the dissipative component (i.e. identification of the
process of formation of the cost of waste). This criterion is more objective since it is
based on the productive structure proposed for the investigated system. In [1.144], the
same authors based on the mathematical model proposed in [1.143] the authors
suggested an improved definition of waste cost distribution ratios, which allocates
waste cost proportionally to the cost of exergy flows which constitute the exergy flow
dissipated. This improved approach was applied to a combined power plant and a

cogeneration system.

1.9 Symbolic Exergoeconomics

Based on Exergy Cost Theory, Symbolic Exergoeconomics [1.145] was
developed to generate formulas which relate the overall efficiency and other
thermoeconomic variables (as fuel, product, exergy cost)of any energy system to the

efficiency of each component of the investigated system.

Once identified the Fuels, Products and Residues for each component, two
representations of the productive structure are proposed: the FP (Fuel-Product) and
the PF (Product-Fuel) representation. In both of them, a matrix approach is used and
a compact formulation of the thermoeconomic model of the system is obtained, which
is easily solvable. However, both approaches are complementary and a complete

picture of the productive process and cost formation is provided.
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1.9.1 FP representation of the Productive Structure

In the FP (Fuel-Product) representation, Fuel and Product and costs are
expressed as a function the exergy resources coming from the external environment.
Here, the information flow has the direction of the productive process, i.e. from the
fuels to products. This means that if the amount of external resources consumed is
known, it is possible to evaluate the rest of the thermoeconomic variables and costs of
each flows. The FP representation commonly supports cost accounting procedures.

As shown in Table 5.1, the vectors of Fuels F, Products P, Residue R and related

costs, i.e. F~, P"and R are expressed as a function of:

- the external exergy resources vector Fe, which collects the fuel of the “i-th”
component Fei supplied from the environment;

- the diagonal matrix Kp, which contains the unit exergy consumption k; of each
component;

- the matrix of distribution coefficients: (FP) and (RP). The (FP) matrix
contains the product distribution ratios yij. As shown in Equation (1.26), yij is
the fraction of the product of the “j-th” component used as a fuel by the “i-th”
component. The (RP) matrix contains the residue distribution ratio ij
(Equation (1.27)) which is the fractions of the residue generated in “j-th”
component which is allocated as an additional exergy resources to the “i-th”
component. Both coefficients are derived from the inspection of the productive

structure.

From Equation (1-29) to (1.32), Fuels, Products and Residues are shown as a function
of the vector of external exergy resources Fe, by means of the distribution coefficients
matrices. From Equation (1.33) to (1.35), cost equations are shown. This set of
equations constitutes a system of linear equations which can be solved once known

the unit exergy cost of external resources.
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Table 1.1 Main equations of the FP representation

FP Representation

1st Component

5
— " j-th component
i-th Component
Bix ‘1 N-th Component
_5
Y; _Fj (1.26)
Wy :?J; (1.27)
.N (v, +vy) =1 (1.28)
P=(PIF. Pl=(Ko-(FP)-(RP)* | (129)
|::<|:||:e <F|:KD<P| (1.30)
I:<I|Fe <I|:(KD _UD)<P| (1.31)
R=(R|F, (R|=(RP)(K, —(FP))" (1.32)
Cost Equations

PPl - (U—(F)~(RP) " | 039
F =F, +(FP)P" = (U, +(FP)(P"|)F, (1.34)
R"=(RP)P"=(RP)(P"|F, (1.35)
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In Equation (1.36), the final product Pt is shown. The vector yo collects the yoi value
defined as the fraction of the product of the “i-th” component” supplied to the final
users. Conversely, the total fuel consumption Fr can be calculated as shown in

Equation (1.37), being Fe the vector of external exergy resources consumed by each
component and "u (1xn) vector of unit.

P = tyol:) (1.36)
F =TuF, (1.37)

As shown in Equation (1.38), the exergy performance of the overall system & is

the ratio of the total exergy product Prand total fuel consumption Fr. It is worth noting

that the overall exergy performance is expressed as function of the distribution

parameters contained inside the (P | matrix (defined in Equation (1.29)), and the vector

of the external exergy resources Fe.

B _YoP _Yo(PIR (1.38)
F "uF TuF,

e €

& =

1.9.2 PF representation of the Productive Structure

The PF representation uses an equivalent logic structure of the FP representation,
but the information flow has an opposite direction. In this case, if the plant product is
known, it is possible to quantify the resources required for obtaining any internal
product and its cost. For instance, the optimization and diagnosis analysis of a thermal
system requires studying the behavior of the productive structure as a function of the
total products. In these cases, the PF representation is more helpful. Thus, as shown

in Table 1.2, the thermoeconomic variables of a system expressed as a function of:

- The final product vector Ps which contains the portion of the product of the i/th

components supplied to external users;
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- The unit exergy consumption of each component contained in the Kp matrix;
- The recirculation coefficient matrices (PF) and (PR) or the technical
coefficient matrices (KP) and (KR).

The (PF) matrix collects the junction coefficients rij, which are defined as the fraction
of the resources of the “j-th” component coming from the “i-th” component product
(Eqg. 1.39). The (PR) contains the pjj coefficient, which are defined as the fraction of
residue allocate on the “j-th” component which is generated by the “i-th” component
(Eq. 1.40).

v9)

= (1.39)

—

= E
R,
Py =0 (1.40)
) Rj

From the definition of the junction coefficients, it is easy to show that the vector of

product P can be decomposed as follow:

P=P, +(PF)F+(PR)R (1.41)

An alternative representation of the product P relies on technical coefficients «ij and 6j;
contained respectively in the (KP) and (KR) matrixes. The elements of the (KP)
matrix, i are the defined by dividing the portion of the exergy flow produced by the
“i-th” component and supplied as fuel to the “j-th” component to the product P; as
shown in Equation (1.42). The matrix (KR) collects the ratio #;j, which is defined as
the ratio of the residue produced by the “i-th” component and allocated to the “j-th”
component and the product of the “j-th”” component Equation (1.43).
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O=—= (1.43)

From the definition of the technical coefficients, it is to show that the vector of product

P can be decomposed as shown in Equation (1.44):
P:PS+<KP>P+<KR>P (1.44)

By introducing the vector ke, which collect the values of «oi defined respectively as
the of external exergy resource consumed by the “i-th” component per unit exergy of
its product, the total fuel consumption Fr and the total plant product Pt can be

calculated as follow:

Fr="x|P)P, (1.45)

P.="'uP

S

(1.46)

In Equation (1.47) the unit exergy cost of the product P; k;'i, is expressed as a
function of: (i) the unit exergy cost of external resources consumed quantified by KO

and (i1) the unit exergy cost of fuel supplied by the “j-th” component and the residue

generated by the “j-th” component and allocated on the “i-th” component, both

quantified by k; ;.

=K +ZN:(1< +6?) (1.47)

j=1

In Equation (1.48), the overall exergy performance ¢, is expressed as function of

the technical coefficients xij and 6 contained in the |P) matrix (Equation (1.50)), and

the vector of final product Ps.
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(1.48)

Table 1.2 Main equation of the PF representation

PF Representation

i-th Component

N-th Component

1st Component i-th Component

R} Rj

j-th component

N-th Component

Ry

j =§Ku (1.49)

P=|P)P, IP)=(Up —(KP)—(KR))" (1.50)

F=|F)P, F)=K;|P) (151)

I =|1)P, 1) =(K,-U,)|P) (1.52)

R=|R)P, |R)=(KR)|P) (1.53)
Cost Equation

Ky =x,+ |P)K} (1.54)
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1.10 Exergoeconomic Costs

Another cost usually adopted in thermoeconomic analysis is the exergoeconomic
cost Ci. It quantifies the monetary expenses sustained for obtaining the product Pi by
considering not only the operating costs, but also the expenses for equipment purchase.
The exergoeconomic cost referred to the exergy content of the product P; (i.e. the

exergoeconomic unit cost) is indicated as Cei (€/kWhex)

In order to calculate the exergoeconomic cost, cost equations have to be set for each
component in the system. Considering the “i-th” plant component presented in Figure

1.9, cost equations for its fuel and its product are written as follow:

Cpi =Cp; +Cri +Z, (1.55)
Cei=Cio+ :zlcji (1.56)
/," ....... _"Z_,"“—\‘\V\‘
iCoy=C Ey = s _c,,Jb;,;
; i-th component :
\.\‘\ S (WR.I _cRJ‘Ri - /v/.

Figure 1.9 Exergoeconomic Cost equation for the “i-th”” component

In Equation (1.55), the exergoeconomic cost of the product Pi, Cp; , is imposed
equal to the sum of the costs of fuels, Ck,, allocated residues, Cr,, and to the capital
investment Zi. Once introduced a notation Cji for the cost of the product of the “j-th”
component consumed by the “i-th” component, in Equation (1.56) the total cost of the
fuel is trivially broken down into the cost Cio of the “external” fuel coming from the

surrounding environment (assumed as a virtual “component 0”, where the physical
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plant components are numbered from 1 to N) and the cost of the products of other

components (j#i1) which are consumed by the “i-th” component.

As previously shown, Symbolic Exergoeconomic provides a compact formulation of
the FPR model, based on the definition of “cost distribution ratios” of products and
residues, i.e. yij and w;j defined in Table 1.1. Then, the exergoeconomic cost of fuels

and residues can be written as follows:

N
CF,i = Z Yij 'CP,j + Ci,o (1.57)
j=1

N
Cri = Z‘//ij G (1.58)
=

Combining Equations (1.55), (1.57) and (1.58), the cost balance equation of the
“i-th” component can be rearranged as:

N N
Coi— D ¥i-Coj— 2 w-Co;=Cip+Z, (1.59)

j=L,ji j=1,ji

where the product costs Cp; are the only unknown variables. Eq. (1.58) can be written

using the FP matrix notation as:

(Up —(FP)-(RP))-C,=C,+Z (1.60)

In Equation (1.60) Cp, Ce and Z are “Nx1” vectors which respectively represent
the costs of component products, external fuels and capital investments. The (FP) and
(RP) matrices respectively contain the distribution factors yij and wij, while the

elements of the vectors Ce and Z are respectively the cost of fuels coming from the
external environment and the purchase cost of plant components. Equation (1.61)

constitutes a set of linear equations, which can be easily solved. For systems operating
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in steady state, Cp, Ce and Z could be replaced with cost flow vectors, indicated

respectively as Cp, Ceand Z, which are measured in €/h.
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Exergy Analysis of Reverse Electrodialysis Process

In this chapter, Exergy Analysis of the Reverse Electrodialysis process (RED) is presented.
In the first part, a brief outline of RED process is provided, and some insights into design and
operating aspects of this process are given.

The analysis is supported by 1-D model for the description of all the transport phenomena
within the RED unit, and a detailed description of the modelling approach is provided.

The effects of each lon Exchange Membranes (IEMs) property (i.e. permselectivity, water
and salt permeability, and resistance) on the exergy performance and power yield are
guantitatively investigated. Relevant information for orienting future development of better
performing IEMs are provided. Finally, a sensitivity analysis is carried out for evaluating the
effects of the main operating parameters on the exergy performance of the RED pile.

2.1 Introduction on Salinity Gradient Power technologies

Energy from salinity gradients, commonly indicated as Salinity Gradient Power
(SGP), is a clean and sustainable form of energy which arises from the “controlled”
mixing of solutions at different concentrations [2.1],[2.2]. A natural salinity gradient
source is represented by the continuous flowing of rivers into the seas. To this regard,

according to [2.3], the world theoretical potential of SGP which may result by
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exploiting this source, may range between 1.4 and 2.7 TW. Also, other advantages of
this energy source are: (i) no discontinuities in the availability are observed like solar
or wind energies and (ii) no CO2 emission occurs during its operational phase.

This energy source was described for the first time in the 1954 by Pattle [2.4], who
proposed to extract it by employing lonic Exchange Membranes (IEMs). However,
this renewable energy source was not extensively investigated due to limitations in
membrane technologies. After the energy crisis in 1970s, the interest in SGP was
renewed and many research efforts in industry and academia have been devoted to the
development of these technologies. As a result, a large number of SGP technologies
have been proposed [2.1], but among them, Pressure Retarded Osmosis (PRO) and
Reverse Electrodialysis (RED) have been the most widely investigated.

- In Pressure Retarded Osmosis [2.5]-[2.6], osmotic membranes are interposed
between two solutions at different concentration. A conceptual scheme is shown
in Figure 2.1. The difference of the chemical potential between the two solutions
produces an osmotic flux from the dilute solution channel to the concentrate one.
As a difference from Forward Osmosis (FO), in PRO a hydrostatic pressure lower
than the osmotic pressure difference between the two channels is applied to the
concentrate solution. The resulting water flux occurring from the dilute to the
concentrate compartment is thus “retarded” yet pressurized. This pressure energy
gained by the permeating water is subsequently converted into electrical energy by

means of a hydro-turbine coupled with a generator.
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Figure 2.1. Conceptual scheme of PRO process

Reverse Electrodialysis allows for the direct conversion of salinity gradients into
electricity. A schematic representation of a RED pile is shown in Figure 2.2. RED
units consist of several repetitive unit called “cell pair”. A cell pair consist of two
ionic exchange membranes, an anion and a cation exchange membrane interposed
between two channels where the solutions at different saline concentrations flow.
The chemical potential difference between the two solutions generates a selective
transport of cations and anions through the membranes resulting in an ionic current
and an electric potential difference over each membrane. Then, this ionic current
is converted into electricity by redox reactions, which occur at two electrodes

placed at the end of the pile.
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Figure 2.2. Conceptual schematic of a RED process

Although both processes are very promising and currently investigated, the RED
process has a remarkable advantage with respect to PRO: in fact, in PRO process the
salinity gradient is converted first into pressure/mechanical energy and, then, into
electrical energy by means of turbines. Conversely, thanks to the electrochemical
nature of the RED process, a direct conversion of the salinity gradient into electric
energy is achieved. Moreover, the use of concentrated brines would lead in a PRO
system to very high osmotic pressure differences, which would be difficult to handle
with available osmotic membranes.

In order to gain more insights into the PRO process (which is not investigated in

this thesis), the reader is invited to refer to [2.1] .
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2.2 Reverse Electrodialysis: fundamentals and historical outlines

Reverse ElectroDialysis (RED) relies on lon Exchange Membranes (IEMs) to
exploit the chemical potential difference between water solutions with a concentration
difference. Generally, a membrane is a selective barrier which allows for the passage
of selected components of a mixture, while retaining the others. IEMs are a particular
case of membranes, consisting of polymeric films where charged groups are attached.
On the basis of the functionality of these charged groups (i.e. fixed basic or acidic
dissociating groups), the membrane may result charged positive or negative when it is
immerged in water. A Cation Exchange Membrane (CEM) contains negative fixed
charges, thus allowing positive ions (counter-ions) for passing through it while
rejecting negative ions (co-ions). Conversely, an Anion Exchange Membrane (AEM)
allows for the passage of anions and rejects cations. These facts are also known as
Donnan’s exclusion phenomena.

Since IEMs allow only one type of ion (positively or negatively charged) to cross,
a concentration difference over the membrane generates a voltage difference over the
membrane itself. For instance, if a CEM is placed between two NaCl solutions with
different concentrations, an electrical potential difference is generated by the diffusion
of Na* ions through the membrane. The resulting electrical potential across the CEM

is calculated by means of Equation (2.1), which is formally equal to Nernst Equation.

a+
Ecem :Eln [%} (2.)
zF a

dil

In Equation (2.1), R the ideal gas constant (8.314 J/(mol K)), F the Faraday
constant (96 485 C/mol), T is the operating temperature, z is the valence of ions, and
aconc and agir are the activities of the sodium ions in the concentrate ad dilute solutions

respectively.
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As previously said, a reverse electrodialysis pile (or stack) consists of repetitive
cell pair (Figure 2.2). A schematic representation of a cell pair is provided in Figure
2.3. Each cell pair consists of two membranes, i.e. a CEM and an AEM, and two

compartments, i.e. a dilute (or low) and a concentrate (or high) compartment.

CEM AEM CEM
- + i
Low High
- | Compartment | 4 Compartment |_
- + )
- ¥ _
- " _
JNa+ - + JNaJr _
>
- . e —
- i }
_ -
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Figure 2.3 Scheme of a RED cell pair

All the compartments are alternately fed with the two feed streams, i.e. the
concentrate and the dilute, thus generating a concentration gradient across all the
membranes. Basically, within each cell pairs the concentrated solution encounters a
dilution, conversely, the dilute solution is concentrated. Once the RED system is
connected to an external load, an ionic current is produced within the pile. Then, the

ionic current is converted into an electronic current within the electrode compartments
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by mean of an “electrode rinse solution”, composed by ad-hoc redox couple (e.g.
K3Fe(CN)s / KaFe(CN)s-3H20) which is continuously recirculated.

In particular, under the hypothesis of ideal performing IEMs, the voltage generated
from each cell pair, i.e. Ecen, is calculated by summing up the contribution of electrical
potential generated respectively across the CEM and the AEM as shown in Equation
(2.2).

RT a
Eet = Ecem + Epey =2—1In| == 2.2
1 CEM AEM ZF [ad” ] ( )

When multiple cell pairs are stacked, the overall voltage is proportional to the

number of cell pairs installed.

As shown in Figure 2.4 (a), the standard geometry adopted in the design of RED
unit is the plate-and-frame: membranes and spacers are piled up between two end
plates. The sealing between each compartment is provided by means of rubbery
gaskets. The electrodic compartments, including electrodes and electrolyte rinse
solution channels, are generally located in the end-plate. Conventional RED unit
adopts net spacers interposed between the membranes in order to generate the feed
channels, maintain a fixed channel dimension and promote fluid dynamic. Common
spacers are made by two arrays of polymeric wires either extruded (overlapped, Figure
2.4(d)) or woven (Figure 2.4 (e)), with circular cross section, though other geometries
have been devised too [2.7]-[2.8]. In novel stack configurations, profiled membranes
are adopted Figure 2.4 (c). One advantage of using profiled membranes is the
possibility to avoid the net spacers: in fact, the surface contains the so called

“membrane’s reliefs” which act as the traditional spacers.
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Figure 2.4 Schematic representation of a RED stack elements (a); Standard IEM membrane
(FujiFilm® type 111) (b) profiled membrane (c) Overlapped spacers (d); Woven (e) [2.9].

Three flow arrangements can be adopted within a RED pile: (i) a co-current, (ii) a
counter-current and (ii) a cross-flow. Differently from the co-current, counter-current
flow arrangement gives a higher driving force and yield (i.e. the energy generated per
cubic meter of feed solutions) but it causes larger pressure difference between the two
feed solutions. As a consequence, leakages and membrane deformations may result.
In the cross-flow arrangement, the largest driving force is generated but a low yield

results.

2.2.1 lon Exchange Membranes: definition of main properties

As previously shown, IEMs constitute the heart of the RED process. The
performance of an IEM is characterized by several properties related to physical and
chemical aspects. The main properties used for characterizing the performance of
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IEMs are: (i) the permselectivity, (ii) the membrane resistance and (iii) water and salt
permeability. For a sake of brevity, no details concerning the physics underlying
membrane properties are here provided. However, a thorough description of it can be
found in [2.1].

Membrane Permselectivity

In an ideal-performing IEM, only counter-ions would cross them, while co-ions
would be rejected. It has been understood that the IEMs are not perfectly selective to
one ion, but it allows more ions to pass. These co-ions fluxes generally contribute to
lower the electromotive force generated by the process. In order to account for this
phenomenon, a factor named “permselectivity” (usually indicated by o) has been
introduced. This factor can range among 0 and 1 and it represents a measure of
Donnan’s exclusion phenomena. For instance, a value of permselectivity equal to one
indicates that only counter-ions would cross the membrane. The resulting electric
potential generated across each cell pair is shown in Equation (2.3).

RT a_ RT a’
E, =E.. +E. ., =a,, —In| =2 |+, —In| =< 2.3
cell CEM AEM AEM ZF L a_ J CEM ZF L a+ J ( )

i i

The membrane permselectivity depend on concentration of the fixed ion of the
membrane matrix and on the concentration of the concentrated solution. More
specifically, it has been found that when the concentrate is around 0.5M NacCl, typical
arm Values of commercial membrane range among 80-99% [2.10]. Conversely, in
applications with larger high solution concentrations permselectivity values decrease
significantly reaching values between 50-70% [2.11].

Commonly, IEM permselectivity is evaluated through static membrane potential
measurement [2.12]. This method consists in to measure the electrical potential arising

in the two side when an IEM is placed between a concentrated and a diluted solution.
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The permselectivity is then evaluated by comparing the “measured” potential (4Veas)

with the “theoretical” value (4Vieo).

Membrane Electrical Resistance

The electrical membrane resistance quantifies the “opposition” of the membrane
to the flux of counter-ions across it. It is usually expressed in the form of areal
resistance (Q-cm?) and it is referred to the active surface of the membranes.

Power output and efficiency of the RED unit are highly sensitive to the membrane
resistance. For instance, in applications where low concentrations for both feed
solutions are involved, i.e. Cconc=0.6M an C4ii=0.02M, membrane resistance account
for as much as 30% of total stack resistance (in this latter, ohmic resistances of both
solutions are accounted) while it becomes the highest contribution in applications
where high solution concentrations are considered (Cconc=4-5M) [2.13].

Membrane resistance is influenced by a number of factors related to (i) membrane
structure, as charge density and ions mobility, (ii) solutions properties, as composition
and concentrations, and (iii) the operating temperature.

From experimental activities [2.13]-[2.14], it was found that the membrane
resistance highly increases when the solution concentration is decreased from the
values of 0.1-0.3M. Conversely, it remains approximatively constant for higher
concentration values.

Temperature has a large influence on the membrane resistance value. In particular,
an increase in the operating temperature leads to a large decrease on the membrane
resistance as demonstrated by Benneker et al. [2.15]. Some relevant data for IEMs

commercially available are reported in Ref. [2.10]

Salt and Water Diffusion across IEMs

As previously said, for ideal-performing IEMs, only counter-ions can move

through them, while co-ions are rejected. In real IEMs small flux of co-ions exists and
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the effect on the reduction of electrical potential generated is accounted for by
introducing permselectivity. At, the same time, the sum of a co- and a counter-ion
results in a diffusive flux of neutral salt, from the concentrate to the dilute solution
across the membranes. This effect is responsible for a loss of salinity gradient between
the channels and it is more evident when highly concentrated solutions are considered.
The diffusive salt flux across each membrane can be modelled using an equation

formally equal to the Fick’s law as shown in Equation (2.4).

P
Jdiff = 5_S[C

m

Conc _CDiI ] (24)

where Cconc and Cpi are the concentrations of the two solutions at the membrane
interface, 6m is membrane thickness and Ps is the salt permeability .Using the same
approach adopted in [2.16], the permeability (Ps) is the product of salt diffusion and

sorption coefficient in membrane.

Another diffusion phenomenon which highly affects the performance of a RED
pile, is the water flux across the membranes. This flux is due to two different

contributions: (i) the osmotic flux and (ii) the electro-osmotic flux.

The osmotic flux is originated by the osmotic pressure difference across the IEMs.
The concentration difference between the membrane results in a difference of chemical
potential of the water molecules in the two solutions, generating a flux of water
directed from the dilute (higher water activity) to the concentrate (lower water
activity), which is modelled according to the diffusion theory as shown in Equation
(2.5).

JW = _VRTPW (¢conc mconc - ¢di| rndiI ) (25)
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Pw is the average water permeability of the IEMs, ¢ the osmotic coefficient, m the

molal concentration, and v is the number of ions.

The electro-osmotic flux is due to the water molecules transported by the ions as
first hydration shell. Assuming a certain number of water molecules in the first

hydration shell (n) of the ions, the electro-osmotic flux ( J eosm ) is given by:

Jo=n-J (2.6)

eosm

2.2.2 Operational Aspects of a RED pile

The main operating parameters of the RED stack are: (i) the stack voltage Estack
and (ii) the power density (Pg) (i.e. the power produced by the unit divided by the total
membrane area (W/m?m) or by the cell pair area (W/m%)). Typical curves obtained for
Estack and Pg as a function of the stack current (lstack) are shown in Figure 2.5 (a) and
(b).

The electrical current and the electrical potential produced by the RED unit are
related by the Ohm’s law:

2.7)

| __ stack
stack

stack

where E,c 1S the electrical potential measured on the electrodes of the RED unit,
Lstack 1S the electrical current generated by the RED unit and R; is the external

resistance of the load connected to the RED electrodes.

The electrical potential of the RED unit may be evaluated as:
Estack = OCV — Rgeack " Istack (2.8)

Where OCV is the electrical voltage in open circuit condition (i.e. Open Circuit
Voltage) and Rstack is the internal resistance of the stack which accounts for the

resistance of channels, membranes and electrodic compartments. The stack resistance
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is the slope of the curve electrical potential vs current. Worth noting that for small
residence times (i.e. high solution flow rates), the relation between voltage and current
Is represented by a straight line, meaning that the resistance is approximatively
constant in the unit, varying Rex value. In the case of large residence times, the
concentration of the inlet/outlet solutions varies a lot with Rex producing a variation of
the solution and membrane resistances, and then of Rg.,.,. Therefore, the relationship
voltage/current deviated from the linear behaviour.

The electrical power generated by the RED unit (Pggp) IS given by:

Prep = Estack " Istack (2-9)

while the power density for unit of membrane area (P, ,,) and cell pair area (Py .,,) are

equal to:
P, = Prep (2.10)
’ 2Nep " Acp
Prep (2.11)

P = —
wep Nep = Acp

where N¢p and Acp are the number of cell pairs and the active area of one cell pair. The
factor 2 in the denominator of the Pqm denotes that each cell pair consists of two

membranes.

In order to evaluate the stack voltage (Estacky and the power density (Pq), ad-hoc
experimental procedure is set, which generally consist of a RED unit powered by the
feed solutions at fixed flow rates and connected to a variable external load (Ry).
Starting from Open Circuit condition (O.C. or R —), the resistance of the external
load is gradually decreased until short-circuit condition (S.C. or RL —0) is reached.
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Figure 2.5 Typical Electrical potential vs electrical current (a) and power density vs
electrical current diagrams (b) for a RED unit

When no external load is connected, the Estack is equal to the Open Circuit VVoltage.
As shown Figure 2.5 (a) when the stack operates in O.C. condition the maximum
electrical potential is generated. Conversely, the electrical current is zero and no
electrical power is produced.

When the stack operates in S.C. the electrical current reaches the maximum values
(this is usually named short-cut current Isc). Conversely, both the stack voltage and
the power output are equal to zero.

As shown in Figure 2.5 (b) the maximum power density is obtained when the
external resistance is approximatively equals to the internal resistance of the RED unit

or for electrical current closes to the half of the short-cut current (Isc).

2.2.3 A brief historical outline and applications of Reverse Electrodialysis process

Several laboratory investigations have been performed and presented in literature
during these decades, all focusing on influence of operating conditions and membrane

properties on the main process performance parameters such as the power density and
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the process yield (i.e. energy generated per cubic meter of feed solutions). The first
experiments related to RED process were carried out by Pattle in 1954, who reported
a power density of 0.05 W/m?[2.4]. Along the decades a substantial increase in the
power density value was observed. In particular, in 1976, 0.17 W/m? was found by
Weinstein and Leitz [2.17]. In 1986, Audinos [2.18] and Jagur-Grodzinski and Kramer
[2.19] obtained a power density equal to 0.4 W/m?. A further doubling, about 0.93
W/m?, was achieved in 2008 by Veerman et al. [2.20].

During the last years, the process performance has been greatly enhanced thanks
to the developments in membrane properties which have allowed for reaching power
density equal to 2.2 W/m? [2.21]. Scientific efforts were focused on the overall system
design [2.22]-[2.23], on the fluid-dynamics within the channels [2.8] or on the
electrode material investigation [2.24]. Several studies are also focused on the
development of lonic Exchange Membranes (IEMs) with low electrical resistance and
high perm-selectivity [2.25], on the investigation of membrane materials [2.11]-[2.26]
and on the interactions between membrane and ions in the solution [2.27] -[2.28].

A further development of the RED process has been focused on the exploitation of
high salinity streams, like saline waters or brine. Laboratory investigations performed
by means of artificial brackish water and brine have shown the possibility to reach a
power density up to 6.7 W/m? [2.29]. Furthermore, in 2014, the first demonstration
plant operating with real brines and saline waters was built in Trapani (Italy) [2.23]-
[2.30].

At the very beginning, applications of the RED process started for the case of open-
loop configuration systems, where natural salinity gradients generated by mixing river
water, seawater, brine, or brackish water were exploited to produce electricity and after
released into the environment. However, the applications for the case of natural salinity
gradients are limited in those areas where these sources are available. A possibility to
overcome this natural limit is the use of artificial salinity gradients in a closed-loop

configuration, named RED Heat Engine (RED-HE). The innovative Reverse
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Electrodialysis-Heat Engine (RED-HE) [2.31] consists of a traditional RED unit
coupled with a Thermal Regeneration Unit (TRU). The TRU is provided with waste
heat, which is used in a purposely-selected thermally-driven process to restore the
initial concentrations of the solutions exiting from the RED unit. In this way the
regenerated solutions can be fed again to the RED unit, thus closing the cycle. These
systems could be profitably coupled to several industrial processes, like manufacturing
or metallurgical industries, where low-grade waste heat is discarded into the
environment. In this way, a reduction of fossil fuel consumptions could be achieved
with economic and environmental benefits.

One of the most significant features of the RED-HE process is that there is no need
for natural salinity gradients sources, thus overcoming the main restriction of
implementation of the RED process which is obviously limited only to those sites
where natural sources of SGP are available. The RED-HE can be in fact implemented
in principle anywhere, thanks to the use of a limited quantity of artificial saline
solutions suitably-selected for optimal process performance [2.32]-[2.33].

Another interesting application of closed-loop reverse electrodialysis systems is
the development of a “salinity gradient based battery”. Some examples of this
application have been proposed so far both in scientific papers [2.34]-[2.35] and high-
risk cooperation projects [2.36]. Both in open- and closed-loop configuration the
enhancement of energy performance of RED units is a matter of crucial importance.
Further investigations are needed in order to make this green power production system

competitive with the most common power generation processes.

2.2.4 Literature review on thermodynamic analyses of RED process

Few research efforts have been devoted so far to the thermodynamic analysis of
RED units. Veerman et al. pointed out [2.37] the crucial role played by membrane
properties on energy performance. On the basis of an ideal model for thermodynamic

properties estimation, they experimentally analysed the thermodynamic efficiency and
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power densities of a RED unit equipped with six commercial membranes, reporting
thermodynamic efficiency between 14% and 35%. They also demonstrate that the non-
ideal behaviour of the membranes is due to osmosis and co-ion transport and that loss
in efficiency due to osmosis is small compared to co-ion. The same authors in [2.38]
developed a 1-D model for the RED unit, which introduced the exergy concept. The
model was calibrated with experimental data and used to study response parameters,
suitable for optimization purposes. It was found that performance of co-current and
counter-current operation is almost identical and that segmentation of the electrodes
can increase the power density with about 15%. Yip et al. [2.39] proposed a model to
assess the production of work respectively in a reversible and real RED process. The
model defines suitable dimensionless parameters, which have to be properly assessed
according to the type of membrane and operating conditions considered. By thoughtful
selection of the operating parameters they achieved a thermodynamic efficiency of
37% and an overall gross power density of 3.5 W/m? with seawater-river water RED
system with low-resistance ion exchange membranes (0.5 cm?) at very small channels
thickness (50 um). Vermaas et al. in [2.40] investigated the effects of different flow
arrangements, single and multi-electrodes configurations on the energy efficiency of
RED unit equipped with perfect membranes. They reported a maximum energy
efficiency of 95% when using seawater and river water flowing in counter-current
arrangement.

Most of the works reported in literature limited their investigation to the case of
seawater and river water as it is the most common natural salinity gradient.
Conversely, a variety of artificial solutions could be in principle used in closed-loop
applications, leaving large room for further studies. Moreover, literature works
typically refer to thermodynamic efficiency (or energy efficiency) as performance
indicator, while exergy efficiency is not mentioned or not properly quantified in any

study.
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2.3 Description of the modelling approach

In order to support the analysis, the RED model, implemented in the software Engineer

Equation Solver (EES) [2.41], is divided in three sub-sections:

Q) Thermodynamics section, which reports the model and equations used to
describe the properties of electrolyte solutions (e.g. osmotic and activity
coefficients, density and conductivity of NaCl solutions).

(i)  1-D RED model section, which describes the main phenomena involved in the
process (e.g. electrical phenomena, mass balances, salt and water fluxes, etc.).
Also, model validation is reported in this section.

(iii)  Exergy analysis section, which predicts all the exergy flows on the basis of the

1-D RED model inputs and outputs.

2.3.1 Thermodynamic of electrolyte solutions

Modelling RED and exergy analysis require an accurate evaluation of
thermodynamic properties of the solutions involved in the process. Due to the wide
range of concentration investigated, the simplifying hypothesis of ideal solution could
be no more valid to describe the behaviour of solutions. In particular, only NaCl
solutions are here considered but similar considerations can be easily applied for

different electrolyte solutions.
As it is well known, the chemical potential of the generic solute MX of an electrolyte

solution is defined in Equation (2.12) [2.42].

Hmx = Uy + VRTIn(myyy) (2.12)

In which w°wx is the chemical potential of the solute in the standard state (i.e., ideal 1
molal solution at 25°C and 1 atm), obtained as combination of the standard chemical
potentials of the single ions, v is the sum of ions in one molecule of solute (v=v++v.), M«

the mean molality and y. the mean activity coefficient. The mean molality and activity

85



Chapter 2

coefficient are defined as geometric mean of the ions properties [2.42].

Similarly, the chemical potential of the solvent (i.e. water) is defined in Equation (2.13).
us = ud + RTIn(ay) (2.13)

in which as is the solvent activity and 4i° is the solvent chemical potential in the standard
state. The activity of the solvent is related to the osmotic coefficient ¢, defined in
Equation (2.14).

~1000In(as)

¢= My S (2.14)

where Mw is the molecular weight of the solvent (g/mol), m; is the i-ion molality in the

solution (mol/kg), vi the dissolution stoichiometric coefficients of i-ion.

Osmotic and mean activity coefficients

Pitzer’s ion interaction model [2.42] is widely used to describe the behaviour of
electrolyte solutions. In Pitzer’s model, the osmotic and salt activity coefficients are
described by semi-empirical equations in which the interactions of all ions in solution is
considered by means of concentration-independent interaction coefficients. Thus, for an
arbitrary composition of an aqueous electrolyte mixture, when the interaction coefficients
are known, activities and osmotic coefficients of all ions can be estimated using Pitzer’s
model. For the case of a generic electrolyte MX, the Pitzer’s equations for osmotic and

activity coefficients are reported in Equations (2.15) and (2.16).

1%° VM VX z(VMVx)3/2
¢:1—|zM zX|A¢1+bIO_5+2m y Bl +2m foAx (2.15)
In(y.) = B 2inab ™) |+ am Y gy, 3 )T
r)=-lzuz:| A PTYC NL+b1%) J+2m == B, +3m' == Cl (2.16)
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With
i = Bix + Bixexp(—a 1™) (2.17.a)
(1) zl
e = 2B +@;{1—(1+a I°‘5—“7)exp(—a |°‘5)} (2.17.b)
o

in which me=1 mol - kg™' is the standard molality, b = 1.2 kg*’>- mol~"? is a universal
parameter; o is a numerical constant equal to 2 for univalent ions; I is the ionic strength
Ay , is the Debye-Huckel parameter for the osmotic coefficient; BOx, BYwx, and Cuix
are adjustable parameters, called ion-interaction parameters or virial coefficients,
related to short-range interaction between the ions, thus particularly important when
salt concentration is high. The virial coefficients are function of the electrolyte type,
temperature and pressure. For some salts, like NaCl and KCI [2.43]-[2.44] some
correlations to evaluate the interactions parameters were found in literature as function
of temperature and pressure. Figure 2.6 shows the dependence of osmotic and salt
activity coefficients on concentration at 298 K.
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Figure 2.6 Osmotic and salt Activity Coefficient for NaCl solution at 298.15 K as function of
molality.
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As shown in Figure 2.6, both the osmotic coefficient and the salt activity coefficient
depart from the unity. These results suggest the need to use a more complex

thermodynamic model of solution in order to achieve more realistic results.

Density

The solutions density is also affected by salt concentration. For NaCl-water solutions,
density was estimated as a linear function of the molar concentration according to
Equation (2.18).

Ap
=p, +| £ | C
Yo, p°+(ACJ (2.18)

where po is density of pure water at 298.15 K, which is equal to 997 kg/m?®. The slope of
the function (4p/4C) was evaluated by fitting experimental data from literature [2.45].
For NaCl 4p/4C is equal to 37.4 kg/mol. Figure 2.7 (a) reports the density of NaCl

aqueous solution as function of the molar concentration.

Conductivity

Solutions conductivity is another important property to be estimated, as it affects
the electrical resistance of the solutions within the stack. Solutions with very low
electrolyte concentration exhibit very low conductivity and high electrical resistance.
The dependence of solution equivalent electrical conductivity on concentration was
estimated according to Equation (2.19).

AA C1/2

A== g i

CAC (2.19)

where Ag is the equivalent conductivity of salt at infinite dilution, A4, B, and C, are
fitting parameters, and C is the molar concentration. The parameters for NaCl solutions
were obtained fitting literature experimental results [2.45]. At 298 K, A,=91.02,
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B,=1.66 and C,=6.80. Figure 2.7 (b) reports the conductivity of NaCl solution as

function of the solution molar concentration.
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Figure 2.7 Comparison between experimental [2.45] and fitting results of density (a) and

2.3.2 RED process modelling

conductivity (b) of NaCl solutions versus molarity at 298.15 K.

A schematic representation of a generic RED unit is reported in Figure 2.8 along

with the indication of the repetitive unit, i.e. the cell pair. In agreement with previous
studies available in the literature [2.38], [2.46], the present model is based on a few

simplifying assumptions:

e amono-dimensional approach was used to describe the system, considering the

variation of the main variables (concentrations, electrical current, fluxes,

resistances etc.) along the channel length (L) coinciding with the flow direction

(both in co- and counter-current arrangement);

o salt concentration profiles (along the direction perpendicular to the IEMSs) are

assumed to be flat in both compartments, i.e. concentration polarisation

phenomena are neglected;
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o all cell pairs operate in the same way, assuming an ideal flow distribution with

no parasitic currents [2.46].

In addition, given the preliminary nature of the present analysis, no pressure drop
along the channel was considered and gross power values only are reported. In fact,
pressure drops are strongly related to stack geometry and configuration, and the
present analysis does not consider these aspects of the unit design. However, several
works reported in literature provide useful information on how pressure drops are
affected by stack geometry by means of theoretical [2.47]-[2.48] or experimental
investigations [2.49]-[2.50].

The equivalent circuit scheme of the RED unit is reported in Figure 2.8 (a). The
stack can be imagined as consisting of Nk parallel branches where N is the number of
intervals adopted for the numerical discretization of the domain along the flow
direction (channel length). Each of them supplies part of the current I circulating in the
external circuit and consists of Ncp (cell pair number) identical repetitive units
connected in series. As shown in Figure 2.8 (b) each cell pair is divided in Nx elements
of length Ax along the main flow direction (4x=L/ Nx). The generic k-th element is
constituted of two electric voltage generators, one for each IEM (Ecem and Eaem), and
four resistances, relevant to the solutions (Rconc and Rgir) and the IEMs (Rcem and Ragm)
resistances. It is worth noting that the sketch in Figure 2.8 (b) is only a schematic
representation of the phenomena involved in the cell pair. Finally, RED equivalent
circuit of Figure 2.8 (b) is serially connected to a branch indicating the resistance of
the electrodic compartments Ruiank and, eventually, closed by the external load
resistance R.. All the variables presented in this scheme will be described in details in

the following paragraphs.
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Figure 2.8 Equivalent electrical circuit scheme of the RED unit (a) and
of an individual cell pair (b).

The voltage generated from each k™ element of cell pair (Ecen), is calculated by an

equation formally similar to the Nernst equation (Equation (2.20)).

Meonc (k) " Yeonc (k))
Mgy (K) - 7qir ()

Ecein (K) = Ecem (k) + Epem (K) = 2aav(k)% "{ (2.20)

in which aay is the average permselectivity of the two IEMs. The k™ internal resistance

is made of 4 series resistances as reported in Equation (2.21).

Reant (K) = [Reonc () + Roi () + Regw () + Ragw (K)] ﬁ (2.21)

where Rconc(K) and Rqii(k) are the electrical resistances of feed compartments, while

Rcem(k) and Raem(k) are the IEMs resistances. The feed compartments resistance is

calculated according to Equation (2.22).
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é‘sol
Re (k) = AL ®-Co®) (2.22)

where f is called obstruction factor and represents a correction term which takes
into account the increase of electrical resistance caused by the presence of the spacer
(e.g. due to tortuosity of ion path or shadow effect on membranes). Its values are shown
in Table 2.1. The subscript sol indicates either the concentrate or dilute compartment.
The electric current (i) generated in each i" branch of the circuit is calculated from
Equation (2.23a):
Eqen (K) = 1(K)Rygy (K) + Eqagc + Rjanc| (2.233)

which can be rearranged into Equation (2.23b):

I(k) _ Ecell (k)_R(Estai:(k + Rblank l) (2.23.b)
cell( )

where Estack IS the stack voltage, the electric potential measurable from the outside of
the RED unit and Ryiank is the resistance of the electrodic compartments. The electric
current circulating on the external load is the sum of each one produced in the “k-th”

branch (Kirchhoff's junction rule).
| =Zi(k) (2.24)

The closing equation is obtained by the ohm-law on the external load as shown in
Equation (2.25).
Esta =R -1 (225)

The Gross power (Prep) and gross power density (Pq) of the RED unit are

calculated according to Equations (2.26a) and Eq. (2.26b)
Prep = Ncp Egagc | (2.26.a)
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p__F (2.26.b)

where Ap is the membrane area of a cell pair.
The ohmic loss due to the internal resistance of the RED unit is calculated

according to Equation (2.27)
I:)Ioss = Z RceII (k) ) (k)2 + rblankI ’ (227)
k

Water and salt flux through the IEMs

As previously mentioned, the salinity gradient across each membrane is
responsible for some detrimental effects producing uncontrolled mixing phenomena,
which reduce the driving force of the process, generally identified with (i) water flux
(Jw) and salt flux (Js). In Figure 2.9 schematic representation of fluxes across the IEMs
is provided.

Due to non-ideal performance of the membranes (oav# 1) few co-ions pass through
the IEMs resulting in a diffusive flux of salt. The total salt flux from the two contiguous
concentrate channels to the dilute one is described by Equation (2.28).

35 (K) = I (K) + I (K) = %ﬂi—; [Ceonc () ~Cou ()] (2.28)

where i is the current density or the current for unit of membrane area, om IS

membrane thickness (assumed equal for both IEMs and value reported in Table 2.1)

and Ps is the salt permeability (value reported in Table 2.1). Using the same approach

adopted in [2.16], the permeability (Ps) is the product of salt diffusion and sorption
coefficient in membrane.

In Equation (2.28), the first term, the migrative flux (Jmig), gives the salt transferred
with the counter-ions migration through the AEM and the CEM, while, the second

term, the diffusive flux (Js), refers to the salt flux due to the co-ions diffusion. Factor 2
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multiplying the second term considers the presence of two IEMs in contact with the
dilute channel.

Also, the water flux consists of two terms (Equation (2.28)): (i) the first named
osmotic flux, generated by the osmotic pressure difference between the two solutions
and directed from the dilute to the concentrate chamber; (ii) the second named electro-
osmotic flux, due to the water molecules transported in the solvation shells of the ions

and directed in opposite direction.

Jw(K) = Jgsm (K) + Jgom (K) = —2v RTPW[CCONC (K)@conc (k) —Coy (K)o (k)]+ n-Jg(k) (2-29)

where Py, is the average water permeability of the IEMs (value reported in Table 2.1),
¢ the osmotic coefficient and n the hydration number for Na* and CI". The hydration
number was fixed equal to 7 according to [2.46]. From Equation (2.29) a volumetric

water flux is calculated (m/s).

CHIGH + (=) CHI(SH

Figure 2.9 Schematic representation of the modelled fluxes across the IEMs.

Salt Mass Balances
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For each computational domain element, considering a co-current flow
arrangement, salt mass balance and global mass balance equations in each
compartment (dilute and concentrate) are applied to calculate the exiting concentration
and flow rate. These are adopted as inlet conditions of the following element, thus
solving the system of equations and characterizing concentration and flow-rate profiles

along the entire channel length.

Concentrate channel:

CCOFIC (k +1)QOOI’\C (k +1) = COOI']C (k) : QCOI’]C (k) - J S (k)bAX (2'30)

Pconc (k +l) 'Qconc (k +1) = Pconc (k) 'Qconc (k) -J w(k) : bel\lj_W -J s (k) -bAXM s (231)

w

where Cconc(k+1)-Qconc(K+1) = Ceconcout(k)Qconc,out(K) is the product of concentrate
outlet concentration and concentrate outlet flow-rate (i.e. the salt molar flow rate).

Dilute channel:

Cait (k +DQgjj (k +1) =Cyjs (k) - Qgiy (k) + I (k)bAX (2-32)
Pait (K+1) Qg (K +1) = pyiy (K) - Qgiy (k) + I (K) -bAXp,, + I (K)-bAXM ¢ (2.33)

where Cqii(k+1)-Qaii(k+1) = Cailout(k) Quilout(k) is the product of dilute outlet
concentration and dilute outlet flow-rate (i.e. the salt molar flow rate).

When a counter-current arrangement is considered, the mass balances are formally
the same, though the inlet-outlet flow-rate terms in the dilute channel mass balance
have the opposite sign, as shown in Equations (2.34a) and (2.34b)

Cuit ()Quir (K) =Cyiy (k +1) - Qgiy (K +1) + I (K)bAX (2.34.9)

Pait (K) - Qgit (K) = pgiy (K +1) - Qgy (K +1) + I, (K) - bAXpy, + 5 (K) -bAXM ¢ (2.34.b)

where Caii(k+1)-Qui(k+1) = Cailin(k)-Quilin(k) is the product of dilute inlet

concentration and dilute inlet flow-rate (i.e. the salt molar flow rate). The solution
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flow-rates feed to the pile were selected imposing an inlet velocity of 1 cm/s within

the channel, typical values adopted in RED systems [2.51].

Membranes properties for NaCl solutions

The IEMs behaviour is characterized by means of several properties already
presented in the previous sections. The most relevant properties are the permselectivity
(aaem OF acem), Which identifies the selectivity of membrane to the passage of counter
ions and rejections of co-ions, and electrical resistance (Raem or Rcewm). Other
important features are the water and salt permeability (Pw and Ps) generate the osmotic
water flux and diffusive salt flux, respectively. Manufacturers usually provide the
values of these properties in reference conditions. In this study, Fujifilm’s membranes
were considered. Constant values of water and salt permeability, were fixed (see Table
2.1) while concentration dependent correlations were evaluated both permselectivity

and electric resistance.

Numerical details and model validation

The integrated model was implemented in Engineer Equation Solver (EES) using
the Euler’s method to solve the mass balance equations. In this method, the numerical
accuracy of the solution depends on the discretization length (4x), which is a function
of Nx and L. In order to identify the Nk value which gives a good compromise in
accuracy and time calculation, a grid dependence analysis was performed, considering
the longest RED unit presented in this study (L=1.0 m, b=0.1 m). As shown in Figure
2.10, the grid dependence analysis indicates that a discretization length of 2.5cm (40
steps) is small enough to get stable and accurate solutions. Further, passing from 40 to
50 discretization intervals the power output varies less than 1% and concentration

profiles are practically overlapped
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Table 2.1 Physical and geometrical parameters assigned for simulations

Parameter Value
Pu [m/(Pas)]  2.22-10
O [m]  1.2510%
Ps [m?/s] 1-1012
Olay® [%] 95-98
Raem=Rcem® [ohm cm?] 15
f [1 15625

(Mexperimental values measured @ ref. conditions: T=25°C, Cconc=3 M Cgii=0.05M.
@experimental values measured @ ref. conditions: T=25°C, Cconc=0.5M Caii=0.05M.
®experimental values measured @ ref. conditions: T=25°C, Csai=2 M.
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Figure 2.10 Grid dependence analysis: Concentration profiles along the channel and b)
Power output calculated varying the number of grid elements (N«). RED stack of 1000 cell pairs
01 m X 10 M, Vconc=Vdil =1 Cm'S-l, Cconc:3.6 M Cd||=005M

The mono-dimensional RED model was validated by comparison with
experimental results reported in the literature [2.52]. Figure 2.11 (a) and 2.11 (b) show

the trend of experimental stack voltages and power densities for three different
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concentrate concentrations (i.e. 0.5, 2 and 5 M) as function of the current and the stack
voltage, respectively.

Model predictions fit very well experimental trends, thus indicating the reliability
of the model in the investigated concentration range. Model was further validated with
different flow velocities and stack dimensions, resulting always in a good agreement
between predictions and experiments. However, relevant graphs are omitted for the
sake of brevity.
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Figure 2.11 Comparison between experimental trends and model predictions for (a) stack
potential and (b) power density [2.52] . Operating conditions: 5 cell pairs-stack,
A=0.1x0.1m?; Cgi=0.05 M; Conc=0.5M, 2M, 5M; Vgii=Vconc=2 cm/s, T=25°C.

2.3.3 Description of the irreversibility sources and exergy modelling of the RED
process

In a RED process, variations in the exergy content of the feed streams occur due to
the variation in solutions composition within the unit. Only if the process was operated
reversibly, exergy would be entirely converted into electric power. In real cases, some
detrimental phenomena inevitably occur, which reduce the exergy performance of
RED units. Irreversibility sources involved in the RED process are summarized in
Table 2.2.

98



Chapter 2

The non-ideal behaviour of ionic exchange membranes (IEMs) is responsible for

uncontrolled mixing effects (i.e. water and salt diffusion), which consume part of the

exergy content of the inlet streams without producing electrical power. Non-ideal

IEMs permselectivity also affects the generated electromotive force, which is reduced

when non-unitary permselectivity. Furthermore, membrane and solution resistances

are also significant causes of exergy destruction (i.e. internal ohmic losses). Others

sources of irreversibility are the friction losses inside the channels, the activation losses

in the electrodic compartments and the parasitic currents in the distribution manifolds.

However, frictions losses are dramatically dependent on channels configuration (not

considered in this study) and the latter two losses have a minor role in the overall

process exergy performance and have been thus neglected in the present analysis.

Table 2.2 Description of the irreversibility sources involved in the RED process.

Irreversibility

source

Description

Permselectivity

Ohmic losses

Water flux

Salt flux

Friction losses &
pumping power

Parasitic currents

Exergy destruction due to the non-ideal behaviour of the IEMs, which
affects interface equilibria, thus also reducing the electro-motive force
and the overall generated stack voltage.

Exergy destruction due to the power dissipated due to the internal stack
resistance

Exergy destruction associated to the water flux across the IEMs which
reduces the available salinity gradient for power production.

Exergy destruction associated to the salt flux across the IEMs which
reduces the available salinity gradient for power production.

Exergy dissipated for flowing of the solutions within the channels.
Exergy destruction due to the generation of parasitic currents through

the stack which dissipating part of the electrical energy generated
inside the system
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Exergy destruction due to the electrical potential drops often related to
Activation losses  redox reactions in the electrodic compartments (smaller with reversible
redox couples, as in the present case).

In order to assess the magnitude of exergy destruction occurring within RED unit,
an exergy balance is set out as shown in Equation (2.35). The variation of the chemical
exergy of dilute and concentrate solutions is described on the LHS, while the electrical
power produced Prep and the exergy destroyed due to irreversibility Ir,rep appear on
the RHS.

(Bconc,in— Bconc,outj-F (Bdil,in— Bdil,out] = pRED + |.I’ RED (2.35)

Since a RED unit often operates at environmental temperature (i.e. approximately
To= 298 K) and pressure (i.e. approximately po=100 kPa), only chemical exergy was
considered throughout the analysis, neglecting physical exergy variations within the
unit. As already mentioned, no pressure drops were considered in the model, thus
pressure was considered constant along the channels. Seawater composition of 38000
ppm NaCl was considered as reference state to evaluate the chemical exergy of each
stream.

Equations (2.36) and (2.37) provide the chemical exergy variation of concentrate
and dilute solutions respectively. Both equations were derived from general equation
of chemical exergy presented in Chapter 1, where the chemical potential are explicitly

expressed in terms of activities of salt and water.

: A a A ay
in s,conc in ,conc
Nconc‘in Xs,concvIrI + Xw‘conc In -
as,O aw,O
. aout 3@“1
out 's,conc out conc
7Nconc‘0ul Xs‘concv In + Xw,cunc In
as,o aw,o

Bconc‘in— Bconc,cul = RTO

(2.36)
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. . ain ) in
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o Ay

Bdil,in - Bdil,am =RT, (237)

. aoutA a‘i}vm.
out s, dil out dil

7Ndil‘0ul Xs‘ngIn + X i In
as,o aw‘o

Exergy efficiency can be defined as the ratio of electric power produced to the

variation of chemical exergy of dilute and concentrate solutions.

I:.)RED
S — 2.38
7 (Bconc,in - Bconc,out)+ (Bdil,in - Bdil,out) ( )

Exergy efficiency indicates the percentage of the chemical exergy consumed
within RED stack which is usefully converted into electrical power. As it will be
shown in the next section, it represents a thermodynamic indicator and its numerical
values provide insights into the effect of irreversibility for alternative design and

operating scenarios of RED process.
2.4 Exergy Analysis: Results

The integrated model was used to perform several sensitivity analyses in order to
investigate the effects of irreversibility (permselectivity, water and salt fluxes),
membrane properties, flow arrangements (co and counter current) and residence times
on the exergy efficiency of the process. A stack of 1000 cell pairs was considered in
order to neglect the effect of the electrodic compartment resistance (Roiank) o0n RED

performance.

2.4.1Effect of the irreversibility sources

Exergy analysis of RED unit was carried out considering a stack equipped with
square membranes of 0.1 m x 0.1 m. As regards concentrate and dilute feeds, NaCl
solutions with a concentration respectively of 3.6 M and 0.05 M were supplied to the

RED unit; the inlet velocity of both streams was set equal to 1 cm/s. As previously
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shown, the main sources of irreversibility involved in RED process are: (i) internal
ohmic losses (Pioss), which identify the power dissipated by the internal resistance; (ii)
membrane permselectivity (), which affects the electro-motive force of the pile; (iii)
diffusive salt flux (Js), which identifies the co-ions transport across the IEM; water flux
(Jw), which identifies the flux of water across the IEM.

In order to assess at which extent each irreversibility source affects the exergy

performance of the unit, four different scenarios were considered:

- Scenario A: the pile is equipped with ideal membranes (Pw=0 m/ (Pas), Ps=0
m?/s and a=1) and internal resistance of the pile is considered as unique source
of irreversibility;

- Scenario B: the effect of non-ideal permselectivity on the Donnan potential
generation at the IEMs-solutions interface (and consequentially, on the electro-
motive force) is considered still neglecting diffusive water and salt fluxes in
the transport equations (Pw=0 m/ (Pa‘s), Ps=0 m?/s and a#1);

- Scenario C: non-ideal permselectivity and diffusive salt flux ( Ps=10"? m?%/s
and a#£1), conversely, diffusive water flux is neglected (Pw=0 m/ (Pas));

- Scenario D: the pile is equipped with real membranes all the irreversibility

sources are considered (Pw=2.22-101* m/ (Pa-s), Ps=10"12 m?/s and o#£1).

In Figure 2.12 (a) and 2.12 (b), the exergy efficiency and power density are shown
for each simulated scenario as a function of the ratio between external load and internal
stack resistance (RL/Rint). More specifically, when considering Ri/Rintequal to 0, the stack
operates in short-circuit condition (SC): in this case the maximum electrical current
through the pile is observed and no electrical power is produced. Conversely, when
RL/Rint tend to oo, the pile works in open circuit condition (OC): in this case, the stack
voltage is equal to the electro-motive force and no electric current circulates in the system.

As shown in Figure 2.12 (b), the maximum power density is obtained when the ratio
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RuU/Rint is approximately 1, with stack voltage equal to half of the Open Circuit Voltage
[2.53].
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Figure 2.12 Exergy Efficiency (a) and Power density (b) as a function of external/internal
resistance ratio for each examined scenario. RED stack 0.1 m x 0.1 m, Veonc=Vaii=1 cm-s™,
Cconc:3.6 M Cd||:005M

As shown in Figure 2.12 (a), when considering SC condition in all simulated
scenarios, exergy efficiency is equal to zero; indicating that the exergy consumed is
entirely destroyed by the pile internal resistance without producing electric power.

In Scenario A, RED exergy efficiency increases with the Ri/Rint ratio. It is worth
noting that exergy efficiency is nearly equal to unity when approaching OC condition;
this result indicates that under this circumstance, reversible transformation occurs within
the pile, all the irreversibility approach to zero. When Ri/Rin=1, the exergy efficiency is
equal to 0.5: half of the exergy consumption is converted into electric power by the pile,
being the other fraction dissipated due to internal stack resistance.

In Scenario B the effect of non-ideal membrane permselectivity on the electrical
voltage is considered. Comparing to case A, a similar trend for exergy efficiency is
observed but lower values are obtained due to the decrease in the electro-motive force

and power output.
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In both A and B scenarios maximum exergy efficiency is obtained in OC condition
though the power output from the stack tends to zero. In this ideal condition, solutions
are virtually mixed through reversible steps with an infinitesimal current thus reducing to
zero ohmic dissipations.

As previously mentioned, in case C salt diffusion and permselectivity were
considered as sources of irreversibility; conversely, for case D, also osmosis was
included. In these scenarios the exergy efficiency curve increases with the Ri/Rint ratio up
to reach the maximum value slightly after the maximum power density (Ri/Rint between
1 and 10), while decreasing for higher values of Ri/Rin. In fact, a larger external load
lowers the current (and the power output), while uncontrolled mixing phenomena keep
the same absolute influence on mixing dissipation (as shown in Figure 2.13 (a)) as they
only depend on salinity gradient and salt/water permeability of IEMs. This leads to a
dramatic increase of the relative effect of irreversible phenomena on exergy efficiency,
so that, in OC conditions, exergy efficiency approaches zero: even with zero electric
current exergy can be totally destroyed within the stack due to uncontrolled mixing

phenomena.

For the case of a pile equipped with real membranes, Figure 2.13 (a) and (b) show
a breakdown of the exergy consumption (EXcons) into exergy destruction due to
uncontrolled mixing phenomena (Emix,), exergy destruction due to ohmic dissipation
(Pcons), and electric power produced. It is interesting to observe that irreversibility
magnitude due to uncontrolled mixing phenomena is almost equal for all operating
conditions. Under these conditions, Emix is dominated by the osmotic water transport,
with migrative salt flux playing only a minor role in enhancing it when current is
increased, contrarily to the effect of electro-osmosis (directly promoted by the current
increase). Indeed, osmosis and salt diffusion phenomena themselves are indirectly
reduced when current increase due to the reduction of concentration gradients. All

these complex and counteracting phenomena lead to only a slight reduction (less than
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5%) of Emix, observed when increasing stack current. Conversely, exergy destruction
due to internal ohmic resistance strongly affects exergy performance when load
resistance lower than internal stack resistance is considered, whereas being negligible
when approaching OC condition.
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Figure 2.13. (a) Variation of exergy consumption/conversion terms as a function of the
electrical current (1) showing total consumed exergy (Ex_cons), power output (Power),
ohmic losses (P_loss) and uncontrolled mixing phenomena (E_mix); (b) Graphical
breakdown of exergy consumption/conversion terms for a real RED process in maximum
power conditions. RED stack 0.1 m x 0.1 m, Veone=Vai=1 cm's?, Ceonc=3.6 M C4ii=0.05M,
scenario D.

2.4.2 Effect of membrane properties

In the previous analysis, fixed values of membrane salt and water permeability
were considered. It is worth assessing at which extent the RED exergy performance
may change when membrane parameters change. To this aim, a sensitivity analysis
changing salt and water permeability was carried out. Results are shown in Figure 2.14
(@) and (b); particularly:

- In Figure 2.14 (a) salt permeability Ps was fixed equal to Ps=10"*2 m?/s, while

water permeability Py was varied in the range of 2.22-:10%* to 0 m/(Pa-s). It can

105



Chapter 2

be observed how exergy efficiency improves from 23% to 58%, when water
flux is null: this proves a strong impact of water flux on the unit performance.
In Figure 2.14 (b), a similar analysis was carried out by considering a reduced
salt permeability from 10712 m?/s to 10™* m?/s. Results show a strong reduction
of exergy efficiency due to the increase of salt flux effect. In particular, when
no osmosis is considered (i.e. Pw = 0), the exergy efficiency is reduced from
58% to 27%.
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Figure 2.14 Effect of diffusive water and salt flux on RED exergy efficiency varying the

resistance ratio and assuming three different values for Py, (2.22-10™, 1.11-10*and 0

m/(Pa-s)) fixing Psequal to 10 m?/s in fig. (a) and 10" m?s in fig. (b). RED stack 0.1
m X 0.1 M, Veone=Vaii=1 cm-s™, Coonc=3.6 M Cgii=0.05M.
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2.4.3 Effect of concentrate and dilute concentrations

In this section, the influence of inlet concentrations of the feed solutions on the
exergy efficiency and power density is analysed. As already mentioned, one of the
main advantages of RED-HE is the possibility of selecting suitable feed concentrations
which could lead to a more performing process. For the analysis, the same stack
configuration previously proposed was considered.

First, the effect of the concentrate was evaluated by gradually decreasing its
concentration from 5.0 to 0.5 M while keeping a dilute fixed to 0.05 M. Conversely,
in the second analysis, the dilute concentration was increased from 0.05 to 1 M while
keeping a concentrate at 3.6 M. Exergy efficiency and Power densities for all simulated
cases are shown in Figure 2.15 (a)-(b) and Figure 2.16 (a)-(b).
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Figure 2.15 Exergy efficiency (a) and Power density (b) as function of the R./Rix ratio and the
concentrate solution concentration, setting the dilute concentration at 0.05 M. RED stack 0.1 m
X 0.1 m, Veone=Vaii=1 cm-s™, scenario D.

Results shown in Figure 2.15 (a) and (b) indicate that a decrease in concentrate
from 5.0 to 0.5 M produces a substantial improvement of exergy efficiency from 11%
at 5.0 M to 65% for 0.05 M. Conversely, as regards power density, results show a
decrease from 5.6 W/m? at 5 M to 1.3 W/m? at 0.5 M. The highest power density, equal
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to 6.4 W/m?, is observed for 3.6 M. This result is related to the membranes resistance,
which approaches a minimum value near 3.6 M.

A reduction of salinity gradient reduces both electrical power produced and also
osmosis and salt diffusion across the membranes.
The improvements of exergy efficiency when reducing concentrated solution indicate
that even though less electrical power is produced, a better exploitation of exergy

occurs due to a reduction of the exergy destroyed by uncontrolled mixing phenomena.
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Figure 2.16. Exergy efficiency (a) and Power density (b) as function of the Ri/Rix ratio and
the dilute solution concentration, setting the concentrate concentration at 3.6 M. RED stack
0.1mx0.1m, Veonc=Vaii=1 cms’*, scenario D.

As shown in Figure 2.16 (a) and (b), different results were obtained when the dilute
concentration was increased from 0.05 M to 1.00 M, while keeping the concentrate
solution at 3.6 M (value maximizing the power). Also, in this case, the reduction in
concentration difference produces a decrease of the uncontrolled mixing phenomena,
however, the increase of the dilute solution concentration strongly affects OCV values.

The OCV is dependent from the logarithm of the ratio between concentrate and dilute

108



Chapter 2

solution. Thus, an increase of dilute solution concentration while keeping constant the
concentrate solution, affect OCV much more a decrease in concentrate while keeping
constant the dilute concentration.

As a consequence, the heavy reduction in OCV drastically reduces the electric
power produced by the unit which is not compensated by the decrease of irreversibility

generated by osmosis and salt diffusion.

2.4.4 Effect of flow arrangement and cell pair length

This section presents a sensitivity analysis to highlight the influence of flow
arrangement and cell pair length (L) on RED performance.

The analysis was performed considering counter-current and co-current flow
arrangement; also, stack length was varied between 0.1 m and 1.0 m; as it regards stream
inlet velocity, a value equal to 1 cm-s™ was set. Concentration values equal to 3.6 M and
0.05 M were considered for concentrate and dilute, respectively.

When changing channel length from 0.1 m to 1.0 m, residence time of solutions
within the stack increases. Then, more electrical power is produced by the pile as well
more water and salt are exchanged between solutions due to osmosis and salt fluxes.

Considering a stack length less or equal to 0.4 m (i.e. short stack), though for the two
flow arrangements a different profile concentration is observed, the value of electrical
outputs is practically the same due to low residence time of both stream within the stack.
In these cases, flow arrangement does not influence RED exergy performance, which
equals to 23 % for both cases. Conversely, when channel length is greater than 0.5 m,
concentration profiles along stack length differ for the two cases. In both configurations,
the exergy efficiency decreases when increasing the channel length. This trend can be
easily explained by means of the following consideration: due to higher residence time
within the stack, more electric power is produced as well more irreversibility is

generated by uncontrolled mixing phenomena. In these cases, the exergy destruction
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occuring due to osmosis and salt diffusion is not offset by the increase in electric power
generation, thus a decrease of RED performance occurs.

Still, it is possible to observe how the counter-current stack is more performing
than the co-current when incresing stack length. As shown in Figure 2.17 (a)-(b)
moving from 0.1 m to 1 m, exergy destruction is nearly equal for both cases,

conversely, power production is greater in counter-current arrangement.
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Figure 2.17. Power generation and Irreversibility losses in Co-current (a) and Counter-
current (b) arrangements; (c) comparison of exergy efficiency with the two arrangements.
RED stack L m x 0.1 m, Ceonc=3.6 M Cgii=0.05M, Veone= Vaii=1 cm-s*, scenario D.

2.4.5 Effect of feed velocity

In this section, the effect of the different residence times on exergy efficiency and
gross power is analysed. In the first scenario, the dilute velocity was set at 2 cm/s,
while the concentrate velocity is increased from 0.4 cm/s to 2 cm/s. Conversely, in the
second scenario, the concentrate velocity was set at 2 cm/s while dilute velocity was
varied from 0.4 cm/s to 2 cm/s.

As shown in Figure 2.18 (a)-(b), when increasing dilute velocity from 0.4 to 2.0

cm/s, an increase of both power and exergy efficiency is observed. In particular, the
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exergy efficiency improves from 8.6 % to 22%, while the power increases from 76 W
to 440 W. The low residence time of dilute solution within the stack results in a low
average dilute concentration; thus, a significant increase of the electric voltage is
observed, with negligible variation of the uncontrolled mixing phenomena.
Conversely, the increase of the concentrate velocity results in a slight increase of
power output and a decrease of the exergy efficiency as shown in Figure 2.18b. In
particular, increasing concentrate velocity from 0.4 to 2 cm/s, the exergy efficiency
decreases from 31% to 22%, while the power increases from 360 W to 440 W. In this
case, the higher average concentration of concentrate along the channels results, in a
slight increase in pile electric voltage. However, exergy destruction due to
uncontrolled mixing phenomena is not balanced by the increase of electric power,
leading to a less performing unit results. Interestingly, at very 10w Vconc, Mex reaches
the highest value indicating that the reduction of uncontrolled mixing phenomena (due
to the much lower average concentration in the channel) dominates the overall
efficiency being more important than the reduction of power output also caused by the

lower average concentration.
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Figure 2.18. Maximum power and corresponding Exergy efficiency as function of: (a)
dilute velocity, setting concentrate velocity at 2 cm-s™; (b) concentrate velocity, setting
dilute velocity at 2 cm-s™. RED stack 1 m x 0.1 m Counter-Current arrangement, Ceonc=3.6
M Cgii=0.05M, scenario D.
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The effect of varying saline solution concentrations (0.5-5 M for concentrate and
0.01-1M for dilute) were investigated including high concentrated cases which
required a more complex formulation of the model than those reported so far in the
literature [2.54]. Also, the effect of operating conditions (e.g. external load, residence
time and flow-arrangements) on exergy efficiency was investigated, to support stack
design and to identify optimal operating conditions to be used in RED process in closed
loop applications aiming at reducing exergy consumption and increasing global
process efficiency. In fact, in closed-loop applications exergy consumption related to
the RED unit has to be restored by a thermal regeneration unit using low-grade waste
heat. The higher the exergy destruction in the RED unit, the higher the thermal power

required in the regeneration unit.

2.5 On the main outcomes of the analysis

The exergy analysis of the RED process has allowed for investigating RED
performance in terms of exergy efficiency and power yield in a wide range of system
operations.

The analysis has been supported by a robust 1-D model for the description of all
the transport phenomena within the RED unit assuming real membrane properties. The
effect of each IEM property (i.e. permselectivity, water and salt permeability, and
resistance) is quantitatively identified, providing relevant information for orienting
future development of better performing IEMs.

As concern the non-ideal behaviour of IEMs, the water flux due to osmosis has
been found to have the most detrimental effect on exergy efficiency when salinity
gradient above 2M was adopted, with exergy losses (at maximum Power output
conditions) accounting for 60-80% of total losses in the worst scenarios. A less

dramatic, yet important effect is associated with diffusive salt flux.

112



Chapter 2

The influence of the following operating parameters has been assessed by means
of a sensitivity analysis:

(1) Concentration of Feed Solutions: the analysis showed that exergy efficiency
heavily increases when decreasing dilute concentration, while it increases
when decreasing the salinity of concentrate feed reaching values up to 25% and
60% in the two cases. Power density decreases from values around 6.5 W/m?
to slightly above 1 W/m?, respectively, due to the salinity gradient reduction

across the membranes.

(i)  Finally, different residence times for dilute and concentrate have been
considered in each simulated scenario. Results indicate that exergy efficiency
increases for longer residence time in the concentrate channel, while it

decreases for shorter residence time in the dilute.

Finally, the effect of counter-current and co-current flow arrangement on the
process performance has been assessed. Results indicate how the counter-current
could lead to better performance only for long-length stack design. Conversely, for

short-length design, no differences among them have been observed.
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Chapter 3

Exergy Analysis of Reverse Electrodialysis Heat
Engine with Multi-Effect Distillation
Regeneration Stage

In this chapter, exergy analysis is applied to a Reverse ElectroDialysis Heat Engine
integrated with a Multi-Effect Distillation Regeneration Stage in order to provide insights into
the performance potential of this innovative technology.

First, a brief introduction to the concept and purposes of Salinity Gradient Power Heat-
Engine is provided with a description of the main regeneration strategies proposed. After that,
a detailed description of the modelling of the integrated system is provided, with particular
attention devoted to the Multi-Effect Distillation unit.

A base case scenario is selected, from which the main performance indicators (exergy and
thermal efficiency, power density, specific thermal energy consumption, etc.) have been
determined in Chapter 2. Later, the main sources of irreversibility are analysed as function of
the external to internal resistance ratio in the RED unit. Also, sensitivity analyses of the exergy
efficiency, at both global and component level, are carried out. In particular, the inlet
concentration and velocity of the concentrate and dilute solutions to the RED stack are
investigated, together with the stack geometry (length, width and thickness of the membranes).
Finally, the exergy efficiency with future high-performing membranes is evaluated and
compared with results obtained for current membranes.

118



Chapter 3

3.1 Introduction on Salinity Gradient Power Heat-Engines (SGP-HES)

In Chapter 2, the Salinity Gradient Power technology was introduced. It was
pinpointed the capability of this technology to exploit natural salinity gradients in order
to produce electricity [3.1]-[3.2]. The major drawback of the SGP technologies when
operated in an open-loop configuration, is the unavailability of natural salinity
gradients in areas of power demand. This limit can be overcome by introducing the
concept of Salinity Gradient Power-Heat Engine (SGP-HE). In Figure 3.1, a
simplified scheme is shown in order to get an idea about this technology. An SGP-HE
consist of two main components: the SGP unit and the Thermal Regeneration Unit
(TRU). The TRU aims at restoring the concentrations of the solution exiting the SGP
unit at the values they exhibit at the SGP inlet. This process is achieved by fueling the
TRU with low-temperature heat (usually among 40°C and 100°C).

This aspect is the main innovation of this technology since it can be operated in a
temperature range where not many alternatives exist. To this regard, a cascading
approach could be adopted in those applications where heat at higher temperatures is
first used for industrial processes, and then the resulting waste heat is supplied to the
salinity gradient engines. In Fact, according to [3.3] and [3.4], a large amount of heat
from industrial processes is rejected to the atmosphere without further use, and this
amount accounts up to 70% of the input energy. This valuable heat (usually termed
waste heat), may be used to generate electricity by ad-hoc heat-to-power technologies.
To this regard, there are several techniques available [3.4] other than SPG-HE, such
as organic Rankine cycle, Kalina cycle, along with other novel methods under
investigation [3.5], [3.6]. Other advantages are related to the use of the SGP-Heat
Engine (RED-HE): (i) ad-hoc artificial saline solutions can be adopted, in order to
increase the salinity gradient (i.e. the driving force of the process) and to significantly
improve the performance of the RED unit, (ii) problems related with the fouling of the

membranes when using natural water sources are solved, (iii) the RED-HE does not
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have any environmental risk associated with the operation at high temperature with

hazardous substances, and (iv) it is not constrained by the water resource location.
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Figure 3.1 Schematic of SGP-HE technology (adapted from [3.7])

The concept of SGP-HE dates back to 1975 when Loeb S. [3.8] proposed the idea
of producing electric power from waste heat via SGP. At the very beginning, he
proposed an SGP-HE based on Pressure Retarded Osmosis [3.8], and some years later
in 1979, he introduced the RED heat engine concept [3.9]. However, only in 2012
research renewed the interest to this technology [3.1].

SGP Heat-Engines can be devised by using one of the three SGP technologies, i.e.
pressure retarded osmosis (PRO), reverse electrodialysis (RED), and accumulator
mixing (AccMix). Among them, the Reverse ElectroDialysis-HE is being investigated
within the framework of the EU project RED-Heat-to-Power [3.10]. In this project,
two different strategies are currently investigated for the regeneration unit: (i) “solute
extraction” strategy, which can adopt Thermolytic Salts (such as ammonium
bicarbonate) or Salt Precipitation Processes and (ii) the “solvent extraction” strategy,
which can use Multi-Effect Distillation (MED) or Membrane Distillation (MD)
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processes. Two simplified schemes of these two strategies are presented respectively
in Figures 3.2 and 3.3. However, a brief description is worth and it is presented in the
following subparagraphs.

3.1.1 Brief outline on “Solute Extraction” regeneration strategy

In Figure 3.2 a scheme of the solute extraction strategy is shown. Here, the solvent
content passed from the dilute to the concentrate compartment due to osmotic
phenomena, is restored by mixing the outlet-dilute solution with a suitable quantity of
outlet-concentrate solution, indicated by mz in Figure 3.2. Obviously, this mixing lead
to a further increase in the salt content of the outlet-dilute solution, which must be
recovered by the regeneration unit. Then, with reference to Figure 3.2, the salt content
of the concentrate solution is restored by extracting it from the dilute solution within
the regeneration unit (RU), by means of a salt extraction process. This results in two
exiting streams: ms which contains only the solute and mgiiin, @ Solvent rich stream.
Both of them regenerate the two input streams necessary for the SGP system operation.

The available regeneration methods based on the salt extraction strategy concern
the use of thermolytic salts and salt precipitation processes. For a sake of brevity, no
details are here given about these processes. A thorough description can be found in
[3.7].

Regenerated Concentrate

Electric Power

generated by M one in M one out mg !
the SGP . . "l | Waste Heat
Saline Gradient . ms !
e m, Salt | (T<100°C)
' Power '
| } T TRU
O ; m ;
i dil in rndfi.ou.f 2 ;
! Heat to the
! Cold Sink
1
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1
Regenerated Diluate i
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Figure 3.2 Scheme of the Solute Extraction Strategy for SGP-HE (adapted from [3.7])
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The RED-HE scheme with solute extraction has been analysed in literature by
several authors. In 2012 Luo et al. [3.11] proposed a thermal-driven electrochemical
generator for waste heat conversion to electricity, using a distillation column and
ammonium bicarbonate as working fluid. The authors proved the feasibility of this
integration and obtained a power density of 0.33 W/m? and an energy efficiency of
31%. In the same year Cusick et al. [3.12] presented a RED-HE using microbial cells
and ammonium bicarbonate, with a continuous salinity regeneration of the solutions.
They obtained a maximum power density of 5.6 W/m? using acetate, with an energy
recovery of 30%, and 3 W/m? using domestic wastewater. Hatzell et al. [3.13]
compared the power and hydrogen production in a closed-loop ammonium bicarbonate
RED system. More recently, Bevacqua et al. [3.14] experimentally assessed the
performance of a RED-HE using ammonium bicarbonate, and they obtained a
maximum power density of 2.42 W/m? of cell pair at the lower feed flow velocity
investigated (0.5 cm/s). They concluded that, although this technology can be
comparable with the RED-HE with sodium chloride as working fluid, further
improvement in the membrane’s features should be accomplished. The same authors
presented a model for the previous described cycle, which was validated by
experimental data. In addition, they performed a sensitivity analysis of the
performance as function of the inlet solutions concentration and velocity. The results
obtained indicated that a power density of 9 W/m? and a global exergy efficiency of

22% could be reached with the best performing conditions and enhanced membranes.
3.1.2 Brief outline on “Solvent Extraction” regeneration Strategies

As shown in Figure 3.3, the salt content is restored by mixing the outlet-concentrate
solution with a suitable quantity of outlet-dilute solution, indicated by mz1, which leads

to a further unbalance of the solvent content in the outlet-concentrate solution. Then,

the solvent content of the dilute solution is restored by extracting it from concentrate
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solution within the regeneration unit. With reference to Figure 3.3, the amount of salt
transferred in the SGP unit from the concentrate solution to the dilute one is rebalanced
by the preliminary addition of stream mi t0 Mconcout. The resulting stream m; is
subjected to the necessary solvent excess extraction within the regeneration unit, which
results into two exiting streams (i.e. one solute rich msand one solute free ma4), which
regenerate the two input streams necessary for SGP system operation.

To this aim, two separation processes are suitable: evaporative processes such as
Multi-Effect Distillation and temperature-driven membrane processes such as

Membrane Distillation.

Waste Heat
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O

Heat to the
Cold Sink

Electric Power
generated by
the SGP

'mronr,fn mconc:om

Saline Gradient

m
Power 1

ma‘f.-";om

Regenerated Diluate

Figure 3.3 Scheme of the Solvent Extraction Strategy for SGP-HE (adapted from [3.7])

Regarding RED-HE with solvent extraction scheme, only few works can be found
in the literature. In particular, Long et al. [3.15] analysed a RED unit coupled to a
membrane distillation regeneration stage. They performed simulations by varying the
heat source temperature and NaCl feed concentration, and obtained a maximum
thermal efficiency value of 1.15% for the highest NaCl inlet concentration (5 mol/kg).
Also, Tamburini et al. [3.16] presented a performance evaluation of the RED-HE
system considering different salt solutions and regeneration methods. In particular, the

MED process was considered using a simplified model and efficiency indicators
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(specific thermal energy consumption) obtained from literature data. Preliminary
results showed that the closed-loop heat engine can reach thermal and exergetic
efficiencies up to 15% and 85%, respectively, using enhanced membranes. Therefore,
the potential of the RED-MED scheme as electric power production process using
waste heat as fuel, was highlighted. More recently, Hu et al. [3.17] presented an
energetic analysis of the RED-MED integrated system. They found that the global
energy efficiency could reach 1.01% with inlet brackish solution at 95°C and 3.75
mol/kg, using 10 MED effects.

3.2 Description and modelling of the integrated system RED-MED

Among Solvent Extraction processes, the Multi-Effect Distillation represents a
possible solution for restoring the initial concentration of solution exiting the RED
stack. The description of the integrated system is thus organized in this paragraph: (i)
Multi-effect distillation plant (ii) Reverse-Electrodialysis unit and (iii) the integrated
RED-MED.

3.2.1 Multi-effect distillation plant

The multi-effect distillation technique consists essentially in a sequence of
evaporation and condensation processes taking place inside vessels (effects), each one
at lower pressure and temperature than the previous. This thermal separation
technology, high energy-intensive, has been widely used in the food and chemical
industry since the beginning of the twentieth century, and after the 1950’s, has been
applied for seawater desalination as well. One of the first MED mathematical models
was proposed by El-Sayed and Silver [3.18], based on simplifying assumptions such
as constant properties of solutions during the process. El-Dessouky et al. [3.19]
presented a detailed MED steady-state model, based on mass and energy balances,

including the dependence of the water thermophysical properties on the temperature
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and concentration. Also, they considered the non-condensable gases effect on heat
transfer, the thermodynamic losses of the vapor across the effects, and assumed
constant heat transfer areas both for evaporators and preheaters. The model was used
to analyse the effect of the main design and operation variables of the system. Results
obtained showed that the performance of the MED is almost independent of the top
brine temperature, while is greatly affected by the number of effects. Another
interesting work was presented by Mistry et al. [3.20], where they developed a detailed
model for MED process, providing more results, such as the temperature profiles along
the unit. The model was implemented in Engineering Equation Solver (EES) [3.21],
relying on fewer assumptions than that one of EI-Dessouky. Recently, Ortega-Delgado
etal. [3.22] presented an advanced forward-feed MED model able to simulate a wide
range of design and operating conditions (high number of effects, top brine
temperature, and salinity), particularly adequate for the analysis of the RED-MED
integrated system. The multi-effect distillation process is a thermally driven separation
process, generally applied in the desalination field to evaporate water from seawater.
In the MED process the solvent vaporization is obtained in several equilibrium effects.
In this case study, a Forward-Feed MED (FF-MED) arrangement has been selected,
which is depicted in Figure 3.4. This configuration is preferred when dealing with high
salinity feedwater and high heating steam temperatures, due to the thermal losses
caused by the boiling point elevation (BPE) are lower (the maximum concentration is
reached in the effect of lower temperature). Each effect is basically composed of a
falling-film heat exchanger, a demister to remove the droplets from the vapour, and a
preheater of the feedwater. The only external energy introduced in the process takes
place in the evaporator of the first effect, generally with saturated steam at a certain
temperature. In this case, waste heat coming from any industrial process is used as the
input energy to the MED plant. The feedwater is sprayed over the tubes of the
evaporator where part of the solvent is evaporated increasing the concentration of the

remaining solution collected on the bottom of the effect. Part of the generated vapour
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is used to preheat the feedwater, while the rest is directed to the second evaporator,
where the same process is repeated, at lower pressure and temperature. Starting from
the second effect, the incoming brine flashes generating additional flash vapour. The
condensate is collected in the flashing boxes, where extra vapour is produced as well.
The vapour generated in the last effect condenses in the end condenser, which is cooled
by an external source, such as river water. Finally, the concentrated solution is

extracted from the last effect and the distillate stream from the last flashing box.
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Figure 3.4 Scheme of the multi-effect distillation unit.

In this case study, the model from Ortega-Delgado et al. [3.22] has been adopted
because it is very flexible, detailed and permits the simulation of high number of
effects (>30) and high salinity feedwater. The model is based mainly on mass and
energy balances applied on each component of the plant, along with the heat transfer
equations for the heat exchangers (evaporators, preheaters and end condenser). Given
a low number of inputs (which can be easily exchanged with the outputs), the model
determines the main thermodynamic (temperatures, pressures, concentrations, flow
rates, enthalpies, etc.) and design variables (heat exchanger areas, number of

evaporator tubes, vapour velocities, pressure losses, etc.). A summary of the main

126



Chapter 3

equations of the model are detailed in Table 3.1. The model establish several
simplifying assumptions such as neglecting the thermal losses to the environment and
the presence of non-condensable gases, assuming saturation conditions at the inlet and
outlet of the evaporators, salt-free distillate, and also uses temperature-based
correlations for the determination of the overall heat transfer coefficients of the heat
exchangers [3.23]. More details about the model are provided in the selected reference
[3.22].

Table 3.1 Representative equations of the MED model.

Equation Comment
mp = mg + 1ip 3.1) Glgggnr::ss
mpXp = mpXp (3.2) Global salt balance

N N

- ; : Total distillate
mp = mp; + MpEi

b =1 =2 (3.3) production
mBi = mB'i_l - mDi - mFEi (3 4) Massfk;ahnce |n

' effect i
(1 — iy 1Aci1 + Mppihy; + e 1hgiq
= (1~ @y iy + (34) Eneroy balancein

aimTih::i + mFEp,preh,i(tpreh,i - tpreh,i+1) + mBihBi
(A —aj_)mri_1Aci1 = AiUe (T i—1 — T;) Heat transfer
(3.6) equation
evaporator i

MECp pren,i(tpreni = tpren,i+1) Energy balance on

. ! . - I I (37) .
= aympidy; + aiyiCp ppe,i(Tyi — Tysati) preheater i
PQ,preh,i = Apreh,iUpreh,iLMTDpreh,i
toreni — tprenit1 Heat transfer
= Apreh,iUpreh,i T’,- —t ’. (38) equation
In (w) evaporator i
TVi - tpreh,i

The MED maodel also accounts for the pressure drop within the unit, it has been

considered the total height to be overcome (Apygppy), the restoration of the
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atmospheric pressure at the exit (Apyep oue), @and the pressure drop in the cooling

process (Apmep,cooting) [3.24]. They have been calculated as follows:

Apmepn = p g H - Negy (3.9
ApMED,out = Patm — Pn (110)
ApMED,cooling = (4 'jf ' (d%) : Np +4- Np) : %pvz (311)

where H is assumed to be 1 m per effect, N.¢, is the number of effects, py is the
pressure in the last effect, j; is the friction factor of the tube side, d; is the internal
diameter of the tubes, and N, is the number of tube passes of the shell and tube
condenser.

The thermal performance of the MED process can be obtained with using the

specific thermal energy consumption (s, KWh/m3gistinaee), defined as follows:

Mg A 1
SE = — —
mp/pp 3600

(3.12)

3.2.2 Reverse ElectroDialysis Unit

For the RED unit, the model presented in Chapter 2 is adopted. A resume of the
main representative equations is presented in Table 3.2. The model includes some
simplifying assumptions such as considering a mono-dimensional system where the
concentrations, fluxes, currents, etc. vary only along the channel length (L), which is
discretized in N,=40 calculation elements. Also, the parasitic currents have been
neglected. Conversely, the effects of concentration polarization phenomena in the
membranes and pressure drop along the channels have been here considered.
Thermodynamic properties of the solutions, membrane properties, and polarization

coefficients are reported in Appendix A of this chapter.
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Table 3.2 Main equations of the RED model.

Equation Description

Ecen(k) = Ecgy (k) + Eqpm (k) Voltage generated

_ R,T my(k) - yu(k)\ (3.13) ineach k-element
= 2ag (k) —p~In <9H (36, (k) m> of the cell pair

1 Cell pair resistance
Reen (k) = [Ry (k) + Ry (k) + Regy (k) + Ragy (k)] “bAx (3.14) of e;(;h k-element
NepEcey (k) = NepReey (k) - iCk) + Rpranil + Estack (3.15) Kirchholff's voltage
) aw
Pyross =17+ Ry, (3.16)  Gross power
A A
Pyump,reD = Pu Qi + Al (3.17)  Pumping power
np,H np,L
Ploss = Z Reen(k) - iz(k) + Rptank - I? (318) Ohmic losses
k
i(k) 2P,

]w(k) =]osm(k) +]eosm(k)
= —2VR, TP, [Cy () u (k) — C,()p, (k)] (3.20)  Water flux

+ nyjs(k)
Cytk+1)-Quk+1) =Cy(k) - Qy(k) — Js(k) - bAx (3.21) Salt balance
' concentrate channel
pu(k +1) - Qulk + 1) = py(k) - Qy(k) — J,, (k) - bAxpy,/M,, Global mass
(3.22) balance concentrate
channel
C,(k)-Q(k)=C,(k+1) - Q.(k+ 1)+ J,(k) - bAx (3.23) Salt balance dilute
' channel
pL(k) - Quk) = p(k +1) - Qu(k + 1) + (k) - bAxp,, + J5(k) Global mass
- bAx Mg (3.24)  balance dilute
channel

As concern, the pressure drops (Ap) of the solutions within the RED concentrate and

dilute channels have been calculated using the following expression:

Ap dy
r=2

L 1 ,
2PV

(3.25)

where d; (m) is the hydraulic diameter (=28.n4nner), L (M) the length of the

channel, p (kg/m?®) the density of the solution, v (m/s) the velocity of the solution, and
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f (-) the Fanning friction factor, which can be calculated as function of the Reynolds
number [3.25].

3.2.3 Integration of RED unit with MED process

The RED unit and the MED plant are integrated as presented in Figure 3.5. Also,
the RED-MED heat engine scheme proposed uses sodium chloride aqueous solutions.

At the outlet of the RED unit, the high concentrated solution has lost mass of salt,
which passes to the dilute stream through the membranes. Conversely, the low
concentrated solution has gained mass of salt. Therefore, two mixers (Mixer 1 and
Mixer 2) are proposed to restore the salinity content of the solutions, although they
consume part of the chemical exergy content of the two streams, reducing the
efficiency of the process. In the Mixer 1 part of the outlet dilute (Qpypass) is mixed
with the outlet concentrate (Qy oy¢), restoring the salt lost through the membranes. In
Mixer 2, the distillate produced in the MED unit (Qp) is mixed with the rest of the
dilute solution (Qp, mixerz,in) re-establishing the initial dilute concentration (@, ;,,). The
MED plant is used as a regeneration stage, rebuilding the initial concentrations of the
solutions by evaporating the amount of solvent needed. By applying mass balances to
the mixers and MED unit, the required bypass of dilute flow rate, distillate flow rate

and the conversion ratio of the MED process are determined:

ChoutQu,out + Crout@vypass = Ch,inQn,in (3.26)
Qu,out T Qbypass = QmeD,in (3.27)
Cmep,in@meDp,in = Ch,inQH,in (3.28)

Qrmixerzin T @p = QLin (3.29)
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Figure 3.5 Scheme of the closed-loop RED-MED Heat Engine

The whole model has been implemented in Engineering Equation Solver (EES)

software [3.21] and it is constituted by four sections:

(i) Reverse electrodialysis process model, which is a mono-dimensional model

describing all the main phenomena involved in the power generation process;

(i) Multi-effect distillation process model based on the resolution of mass and

energy balances applied on each component;
(ili)  Model integration, where the RED model and the MED model are coupled

including also two mixing processes of the solutions;

(iv)  Exergy analysis, which provides the equations to evaluate the exergy flux and

the exergy efficiency definition in each component of the system.

3.3 Exergy analysis of the RED-MED Heat Engine

Exergy analysis of the RED-MED Heat Engine allows for evaluating the exergy

destroyed and lost in each sub-system. For each stream of matter in the system, the

approach presented in Chapter 1 was used for evaluating thermal and chemical exergy.
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3.3.1 Exergy efficiency definition

The exergetic (or exergy) efficiency definition of each component of the system
follows the guidelines presented already in Chapter 1 [3.26]. For the RED-MED HE,
the exergetic efficiency is calculated as the ratio of the exergy rate of the product (Bp)

and the exergy rate of the fuel (By) as well.

Bp ) B, + Bp

(3.30)

Nx = =
BFuel BF

where B, represents the exergy of the loss streams (rejected to the environment
without further use) and B, is the exergy destruction due to irreversibility sources of
the system. To this regard, the purpose of a RED unit is to generate electric power;
therefore, the exergy product is defined as the net electric power produced (obtained
by subtracting the pumping power consumption to the gross electric power). On the
other hand, the fuel is the rate of exergy decrease of the inlet solutions (concentrate

and dilute solutions):

Pe,net
(BCOTLC,iTl - BConc,out) + (BDil,in - BDil,out)

(3.31)

Nx RED =

The Mixer 1 restores the salt mass of the concentrate solution, lost within the RED
unit, but decreases the concentration, as it involves the mixing of the outlet concentrate
and part of the outlet dilute solution. Therefore, this component is needed but at the
same time it reduces the performance of the system. For the Mixer 2, the mixing of the
distillate from the MED unit and the remaining outlet dilute restores the concentration
of the inlet dilute solution to the RED unit. The exergetic efficiency of the mixers is

determined according to Equations. (3.32) and (3.33).
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BConc,mixerl,out

Nx mixer1 = = :
BConc,mixerl,in + BDil,mixerl,in (332)

BDil,mixerz,out (3.33)

Nx mixer2 = = :
Bdist,mixerz,in + BDil,mixerZ,in

The MED unit is used to restore the initial concentrations of the concentrate and
dilute solutions, before entering in the RED unit. This component uses external heat
for the thermal separation of the solute and the solvent, both with higher exergy than
the feed stream. Therefore, the product of this subsystem can be defined as the increase
of the exergy content of the outlet material streams (concentrate and distillate), with
respect the inlet stream. The fuel is defined as the exergy content of the heat added to
the MED (net value) plus the exergy of the pumping power consumed. Then overall

exergy efficiency of the MED process is calculated as shown in Equation (3.34).

BConc,MED,out + Bdist,MED,out - BConc,MED,in

(3.34)

Nx,MED = - - -
BQ,wh,in - BQ,wh,out + BW,pump,MED

The global exergy efficiency (ny 4) is determined as the ratio between the exergy
content of the net electric power produced by the RED unit and the exergy content of
the heat supplied to the MED unit. It is worth stressing that the exergy produced by
the RED unit is equal to the gross power produced minus the pumping power required
by the RED unit and the MED unit. Due to the higher requirements of the MED
pumping, this term will particularly affect the global performance of the system.
Besides, the exergy rate of the waste heat can be expressed as function of the Carnot

factor.

Pe,net

(3.35)

nx‘g = T
BQ,wh,in - BQ,wh,out
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The thermal efficiency of the overall system (., ) is calculated as shown in Equation
(3.36):

Wnet
Qwh

Mth,g = (3.36)

3.4 Analysis of results

In this section sensitivity analyses of the exergy efficiency of the overall RED-
MED system and each component (RED stack, MED unit, Mixer 1 and Mixer 2) have
been carried out, as function of the main operational and design variables. The effect
of the inlet concentration and velocity of the solutions has been analysed, starting from
a base case. In addition, the main sources of irreversibility have been investigated, i.e.,
internal resistance of the stack, permselectivity of the membranes, salt and water
diffusivity fluxes, polarization phenomena, and pumping power consumption from the
RED and MED units. Also, the influence on the performance of the stack geometry
has been analysed. Finally, a case with improved membranes features is presented, in
order to provide insight on the real exergy potential of the technology.

3.4.1 Definition of the “Base case”

As a first step, a base case is chosen to quantify the exergy potential of the system
under common design and operational conditions. This scenario will be compared later
on with the one obtained after the different sensitivity analyses, selecting the best
obtained performing conditions for each case. The base case is selected from results
obtained in Chapter 2, and the most representative input variables for the RED stack
and MED unit are presented in Table 3. Note that the number of MED effects selected
is limited by the inlet solutions concentration and velocity (high boiling point

elevation).
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Table 3.3 Main inputs for the base case.

Concept

Value

RED UNIT

Cell pair
Flow pattern, (-)
Number of cell pairs, (-)
Width, b (m)
Length, L (m)
Blank resistance, Rp;gnx (Q-m?)
Operation temperature, T (°C)

Solutions
Concentrate inlet concentration, Cy (mol/L)
Dilute inlet concentration, C; (mol/L)
Inlet concentrate velocity, vy (cm/s)
Inlet dilute velocity, v, (cm/s)

Membranes (Fujifilm Type 10)
Thickness, &,, (m)
Water permeability, L,, (m*(m?-s-Pa))
Salt permeability coefficient, Dyg;e (M?/s)
Spacer (Deukum)
Concentrate spacer thickness, 6, (m)
Dilute spacer thickness, &, (m)
Relative concentrate spacer volume, ey (-)
Relative dilute spacer volume, €; (-)
Shadow factor, sf (-)

MED UNIT
Number of effects, (-)
Heating steam temperature, (°C)
Last effect temperature, (°C)
Terminal temp. difference preheater 1, (°C)

Terminal temp. difference end condenser, (°C)

Intake cooling water temperature, (°C)
Evaporators tube bundle
End condenser tube bundle

PUMPS
Pumps efficiency, n,, (-)

Counter-current
1000

0.25

1

3.27-10°

25

4.5
0.05
1

1

1.25.10*
2.222.1014
4.52.1012

1.5-10*
1.5-10*
0.175
0.175
1.563

22

100

27

3

3

15

L:1m; &:22 mm
L:2m; &: 25 mm

0.8
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Table 3.4 shows the results obtained after simulating the base case scenario. The
low values of the exergy and thermal efficiencies (2.90% and 0.58%, respectively) are
mainly due to the irreversibility sources and membrane properties, as it will be
discussed in next sections. It is interesting to observe the low exergy efficiency of the
RED stack, about 10%, while the MED unit reaches a relatively high performance,
around 73%. Therefore, the exergy destruction in the RED stack is significant. The
mixers 1 and 2 have also comparatively high exergy efficiencies, respectively equal to
91% and 76%, thus suggesting that the exergy destruction in these components is low

under the considered conditions.

Table 3.4 Results for the base case.

Concept Value
Global exergy efficiency, % 2.90
Global thermal efficiency, % 0.58
RED exergy efficiency, % 10.2
MED exergy efficiency, % 73.4
Mixer 1 exergy efficiency, % 91.1
Mixer 2 exergy efficiency, % 75.9
Net power, (W) 206.7
Heat rate, (W) 35,401

3.4.2 Effect of irreversibly sources

In Chapter 2, the effect of the main sources of irreversibility in a RED unit were
analysed: the ohmic losses due to the internal resistance of the stack, the membrane
permselectivity, the diffusive salt flux and the water flux across the IEMs. Here, the
same analysis is proposed in order to obtain the exergy efficiency of the global system
and components under the four scenarios proposed in Chapter 2, which quantifies the
effect of each irreversibility source as function of the ratio between the external and

internal resistance (R, /R;,;). Three additional scenarios (namely E, F and G) have
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been considered in order to analyse the effect of the polarization phenomena, and RED
and MED pumping power, respectively. For this analysis, same inputs as the base case
have been taken (0.25 m x 1 m, 45 —0.05 M, 1 cm/s — 1 cm/s), and the number of
effects selected for each resistance ratio have been changed in order to adapt to the
concentration factor (or recovery ratio) required. The seven scenarios selected are

described as follows:

- Scenario A. Only the internal ohmic losses are considered (ideal membrane
properties): P, = 0m/(Pas), ,=0m/s?, 0, =1,6,=1,anda = 1.

- Scenario B. The effect of the non-ideal permselectivity of the membranes is
taken into account: P, = 0 m/(Pa-s), P, =0m/s?, 0, =1,0, =1,and a #
1.

- Scenario C. In this case both the non-ideal permselectivity and diffusive salt
flux are added, while neglecting the water flux: B, = 0m/(Pas), P =
10_12 m/Sz, HH = 1, HL = 1, and a + 1.

- Scenario D. This case adds the water diffusive flux: B, = 2.22- 10" m/
(Pa-s), P, =102 m/s?,0,=1,0, =1,and a # 1.

- Scenario E. The polarization effect is included in this scenario: B, = 2.22 -
107 m/(Pa's), P, =101 m/s?,a # 1,0, # 1,and §, # 1

- Scenario F. In this case the pumping power consumption of the RED stack
(concentrate and dilute solution pumps) is considered.

- Scenario G. The pumping power consumption of the MED unit (feedwater,

concentrate, distillate and cooling pumps) is accounted.

Results of the RED exergy efficiency are shown on Figure 3.6 (a). It can be seen
how for short-current conditions (external resistance approaching to zero) the global
exergy efficiency is null as no voltage has been induced from the pile. Considering
only the ohmic losses due to the internal resistance, when the resistance ratio increases
the exergy efficiency increases as well, reaching a value of 99.5% for R,.;+;,=1000, in
open circuit conditions (the stack voltage is equal to the electro-motive force). This is
explained by the fact that when the internal resistance is reduced to zero, the process

approximates to the reversibility. When the permselectivity is taken into account, the
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same trend is followed and the higher performance is achieved for R,,;;,=1000 but
the exergy efficiency is lower than in the previous case (77.6%). The diffusive salt flux
and water flux changes the trend of the exergy efficiency reaching a maximum (26.4%
and 11%, respectively) for R,,;;, between 1 — 10. After that, the uncontrolled mixing
phenomena and electric current depletion are responsible for the subsequent decrease
when the resistance ratio increases. Finally, the polarization effect slightly reduces the
RED exergy efficiency, which results about 10.7%. As expected, the MED pumping
irreversibility does not have any effect on the RED exergy efficiency.

The exergy efficiency of the MED is depicted in Figure 3.6 (b). From R,.4;;,=0.001
up to 10, its efficiency is almost constant (~76% for scenarios A-E), while in the
scenario F, where the pumping power consumption of the MED pumps is accounted,
the exergy efficiency decreases to 73%, approximately. When R,.:i0> 10 is
considered, a fast drop in the MED efficiency is observed. The higher the R,.4;;, the
lower the electrical current and then, the controlled mixing process in the RED unit.
Therefore, the MED unit produces only a small chemical exergy variation of the inlet

stream, increasing the specific external heat consumption.

Figure 4.6 (c) shows the exergy efficiency of the Mixer 1. This efficiency is given by
the sum of two different contributions. On one hand, when R,,;;, approach to zero the
ionic salt flux in the RED unit is the highest producing highest dilute concentration
and lowest concentrate concentration, and therefore reducing the exergy dissipation by
the mixing of the two solutions. On the other hand, when the R, ,;;, IS increased the
ionic salt flux is reduced (up to zero when R,.;;;, approach to infinite). In the ideal
cases A and B no other dissipations are involved (i.e. diffusive water and salt flux)
then the exergy of the mixer is reduced with the increase of the R,.4+;,, Up to 10. After,
the exergy efficiency begins to increase up to approximately 100% when R,4ti0
approaches to infinite. This latter effect is explained by the fact that the two solutions

maintain approximatively its original concentrations, and the mixing of the solutions
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to restore the initial salt content becomes less important with the increase of R, 4. IN
the other cases (C-G) the impact of the uncontrolled mixing phenomena consumes part
of the available salinity gradient also when infinite R,,;;, IS considered, therefore in
those cases the mixing process is needed. The exergy efficiency shifting from case C
to D is due to the effect of the water flux, which increases the dilute concentration,

reducing the exergy destruction in the mixer.

The exergy efficiency of Mixer 2 is reported in Figure 3.6 (d). For all the cases, it is
increased with the R,.:, because in this case the equivalent electric circuit
approximates to open circuit conditions, and the lower the ionic current the lower the
concentration variation within the RED unit, which reduces distillate flow rate required
from the MED unit. Finally, the global exergy efficiency is presented in Figure 3.6 (),
where a maximum is found for resistance ratios between 1 and 10, derived from the

combined effect of the RED and MED performances.
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Figure 3.6 Exergy efficiency as function of the external-to-internal stack resistance ratio and
the irreversibility sources, in the base case: (a) RED, (b) MED, (c) Mixer 1, (d) Mixer 2, and

3.4.3 Effect of inlet concentrations

(e) Global.

In this section, the effects of the inlet solution concentrations to the RED unit, on the

exergy efficiency for each subsystem are assessed. In particular, the component and

global exergy efficiencies are analysed when the inlet concentrations vary between 2

—5 M (concentrate) and 0.01 — 0.1 M (dilute), keeping constant the rest of parameters

as in the base case. Figure 3.7 shows the results of the parametric evaluation for each

component (RED stack, MED unit, Mixer 1 and Mixer 2) and for the overall RED-
MED system.
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The exergy efficiency of the RED stack (Figure 3.7 (a)) increases for lower values of
the concentrate solution salinity, reaching almost 25%, while it is not affected by the
dilute solution salinity in the range analysed. This behaviour is explained by the lower
exergy destruction associated to the uncontrolled mixing phenomena, when the
concentration difference is reduced. For the MED unit, the exergy efficiency increases
up to 85% with the salinity of the concentrate solution (Figure 3.7(b)). That is directly
related to the lower exergy destruction in the MED unit when the concentration
increases. The exergetic performance of the Mixer 1 (Figure 3.7(c)) is also favoured
by the salinity increase of the inlet concentrate solution, leading to values near 95% at
5 M. On the contrary, the exergy efficiency of the Mixer 2 increases up to about 95%
with the decrease of the inlet dilute solution concentration (Figure 3.7 (d)), at 0.01 M.
Finally, due to the opposite behaviour of the RED and MED exergy efficiencies, a
maximum global exergy efficiency (3.44%) is reached at an intermediate inlet

concentrate solution salinity, in particular for 3.87 — 0.01 M.
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Figure 3.7 Exergy efficiency as function of the concentrate and dilute inlet concentrations to
the RED stack: (a) RED unit, (b) MED unit, (c) Mixer 1, (d) Mixer 2, (e) Global.

3.4.4 Effect of inlet velocities

In this section, the effect of the inlet velocities of the concentrate and dilute
solutions to the RED stack on the exergy efficiency is evaluated. In particular, the inlet
concentration values leading to the maximum exergy efficiency obtained in the
previous section have been considered (3.87 — 0.01 M), being the rest of parameters

constant. Results are presented in Figure 3.8 (a)-(e).

The exergy efficiency of the RED stack (Figure 3.8 (a)) is increased for lower
values of the inlet concentrate solution velocity and higher values of the dilute solution
velocity. The first result is due to the reduction of the uncontrolled mixing phenomena
(caused by a decrease in the concentration when the residence time is enlarged). On
the contrary, the second effect can be attributed to the lower concentration of the dilute
solution when its residence time increases, which enhances the induced voltage.
Regarding the MED, the exergy efficiency (Figure 3.8 (b)) increases with the
concentrate velocity and decreases with the dilute velocity, due to the higher
concentration and flow rate of the feedwater obtained in those conditions. The inlet

specific exergy is increased more than the heat rate, while the outlet flow exergy of the
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concentrate and distillate streams remains equal. The exergy efficiency of the Mixer 1
(Figure 3.8 (c)) follows the same trend than that of the MED, as the higher the
concentration and flow rate of the inlet streams are, the higher the exergy efficiency.
On the contrary, the Mixer 2 (Figure 3.8 (d)) is not affected by the velocity of the
concentrate solution, and only the dilute solution velocity has a slight influence on the
exergy efficiency. Therefore, it is maintained almost constant for all the range of
velocities analysed. Finally, the global exergy efficiency is depicted in (Figure 3.8 (e)).
The trend results as a combination of the exergy efficiency of the RED and MED
components. The maximum global exergy efficiency (5.15%) is reached for 0.25 —

0.82 cm/s concentrate and dilute solution velocities.
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Figure 3.8 Exergy efficiency as function of the concentrate and dilute inlet velocities to the
RED stack: (a) RED unit, (b) MED unit, (c) Mixer 1, (d) Mixer 2, (e) Global.

3.4.5 Effect of the stack geometry

Here, the effect of the RED stack geometry on the exergy performance is analysed.
Specifically, the length-to-width ratio (i.e. the stack aspect ratio) and thickness of the
membrane have been considered as geometrical parameters. For this analysis, the inlet
concentration and velocity values of the concentrate and dilute solutions leading to the
maximum exergy efficiency have been selected (3.87 — 0.01 M and 0.25 — 0.82 cml/s,
respectively). Besides, a constant membrane’s area of 0.25 m? is assumed. Figure 3.9
shows the evolution of the exergy efficiency. As it can be seen, the higher the
membranes thickness, the higher the exergy efficiency, as the diffusive salt flux is
reduced. Regarding the geometry ratio, intermediate values provide higher
performance. This may be explained considering that the increase of the channel length
(L) extends the residence time of the solutions, which leads to opposed effects: higher
power is produced within the cell pair, and more water and salts are exchanged
between the concentrate and dilute channel, losing driving force. The maximum
exergy efficiency (6.24%) is reached with Ry,,,=4.23 (b=0.24 m, L=1.03 m) and

5 =510 m.
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Figure 3.9 Global exergy efficiency as function of the length-to-width (R, ) ratio and
membrane’s thickness (6p,)-

The membrane properties significantly affect to the performance of the RED-HE
system, as phenomena such as permselectivity, salt diffusive flux, water diffusive flux,
and membrane’s resistance are sources of irreversibility, which degrade the total
energy available. Therefore, in order to improve the overall exergy efficiency of the
system, membranes with improved features are required. In addition, by increasing the
number of effects in the MED unit (linked to the feedwater concentration level) the
thermal energy consumption can be further reduced. In this section, it is analysed the
exergy efficiency of the system if membranes with enhanced properties and higher
number of MED effects are used. In particular, the permselectivity is fixed to 0.95, and
the membrane’s resistance, salt diffusive flux, and water diffusive flux, are decreased
to one fourth of the base case values. The number of effects, previously limited because
of the higher MED inlet concentration (which increases the BPE), can be increased in
this case up to 26 effects.

Table 3.4 summarizes the main results obtained. The global exergy efficiency is about
26.5%, which represents a significant improvement with respect the one of the base
case, 2.9% (using current membrane properties). In the same manner, the global

thermal efficiency greatly increases from 0.6% to 5.3%. Regarding the RED exergy
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efficiency, it reaches 62.6%, while initially was only of 10.2%, i.e., a six-fold
increment. Therefore, the sensitivity analyses and the use of high-performing
membranes allowed to decrease the exergy destruction within the RED stack.
Conversely, the MED exergy efficiency decreases from 73.4% to 47.8%, mainly due
to the decrease of the salinity and flow rate of the inlet and outlet concentrate solutions,
i.e., less regeneration is needed. Comparing the Mixer 1 exergy efficiency, is slightly
decreased from 91.1% to 87.2%, while in the case of the Mixer 2 it is increased from
75.9% to 93.3% (the reduction of the outlet dilute concentration enhances the exergy
efficiency of the Mixer 2). Besides, more power is generated, 1322 W against the
initial 522 W, while the heat rate input decreases from 35,410 to 21,677 W, that is, a
reduction of 38.8%. The MED STEC is also decreased due to the higher number of

effects.

Table 3.4 Best case with high-performing membranes.

Concept Value
Global exergy efficiency, % 26.5
Global thermal efficiency, % 5.3
RED exergy efficiency, % 62.6
MED exergy efficiency, % 47.3
Mixer 1 exergy efficiency, % 87.2
Mixer 2 exergy efficiency, % 93.3
Gross power, (W) 1322
Pumping power, (W) 168.8
Heat rate, (W) 21,677
MED STEC, (kWh/m®) 24.9

3.5 Comparative analysis

A summary of the overall improvement of the RED-MED exergy efficiency, after the
different parametric analyses carried out on the inlet concentrations, velocities, stack

geometry, and using high-performing membranes together with increased number of
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MED effects, is presented in Table 3.5. Results show the great improvement achieved
with respect to the base case. In particular, after the inlet solutions concentration,
velocity and membrane geometry analysis the overall exergy efficiency has doubled
from 2.9% to 6.2%, showing that the behaviour of the global system efficiency is
largely affected by the RED process where larger exergy destructions are located. The
highest efficiency is observed reducing the dilute solution concentration and the
concentrate solution residence times. Concerning the stack geometry, asymmetric
stack with aspect ratio between 4 and 5 results the most performing under the
investigated conditions.

Further, the adoption of high performing membranes in the RED unit and the addition
of more effects in the MED unit lead to a huge increase in the system efficiency,
passing from 6.2% to 26.5%. This large efficiency increase is mainly due to the
improvement of the membrane properties, which are the main limiting factor of this

technology.

Table 3.5. Comparison of the RED-MED performance between the base case and the
different cases analysed.

Base Memb.
Concept Inlet conc. Inlet veloc. Stack geom. props. and
case
Nef
Input variables
Inlet concentrations, 4.5~ 387 0,01 3.87-001 3.87-001 387001
(mol/L) 0.05 ' ' ' ' ' ' ' '
Inlet velocities, (cm/s) 1-1 1-1 0.25-0.82 0.25-0.82 0.25-0.82
r'\n")embra”e geometry, (m x 0.25x1 555,19  025x1 024x103 0.24x 103
Membrane thickness, (m) ~ 1.25.10* 1.25.10* 1.25-10* 5.10* 5-10*
Membrane’s properties Current  Current Current Current Enhanced
Number of MED effects 22 22 22 22 26
Results
((;Olobal exergy efficiency, 2.90 344 515 6.24 26.5
g;‘olobal thermal efficiency, 0.58 0.69 104 195 5.3
RED exergy efficiency, % 10.2 13.2 20.1 23.2 62.6

147



Chapter 3

MED exergy efficiency, % 73.4 59.9 40.3 40.3 47.3
(IJ\/ﬂlxer 1 exergy efficiency, 91.1 848 58.7 441 87.2
(l)\/ﬂlxer 2 exergy efficiency,  75.9 93.2 935 93.7 93.3
Gross power, (W) 522.6 563.2 439.6 477.9 1322
Pumping power, (W) 315.9 309.4 159.9 153.4 168.8
Heat rate, (W) 35,410 36,585 27,014 25,880 21,677
MED STEC, (kWh/md) 33.1 33.1 29.8 29.8 24.9

The exergy balance of the most performing case found, i.e., using membranes with
enhanced properties and high number of MED effects, is depicted in Figure 3.10,
which is the Grassmann diagram of this process. All the inlet and outlet exergy flow
in the system are presented. In the RED unit, the exergy flow sum of the concentrate
and dilute solutions is partly used to generate electric power, while an important
amount of exergy is destroyed because of the irreversibility sources of the pile. A small
part of the generated power is used to feed the RED pumps, while a larger share is
consumed by the MED pumps. The remaining exergy flow is further degraded in the
Mixer 1, before entering in the regeneration stage. At the MED unit, the exergy rate
introduced in the cooling process is particularly high due to the large quantity of water
flow rate needed at the end condenser. Also, it can be seen the great amount of waste
heat exergy rate required by the system, hence the low value of the thermal efficiency.
Conversely to the case where conventional membranes are used, the most limiting
component is the MED unit, where the exergy destroyed is particularly high, playing
an important role in the system performance. Finally, the exergy rate of the distillate
produced in the MED unit is further decreased at the Mixer 2, where a small part is

destroyed, before closing the loop.
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Figure 3.10 Grassmann diagram of the most performing scheme found for the RED-MED
system.

3.6 On the main outcomes of this analysis

In this chapter, a detailed exergy analysis of a RED-MED heat engine has been carried
out. Ad-hoc mathematical models of the RED and MED units have been used, which
allowed to perform sensitivity analyses with the main operational and design variables
of the system: inlet solutions concentration, velocity, and stack geometry.

Particularly, the effect of the inlet concentrations of the solutions to the RED stack on
the exergy efficiency has been analysed. For the case considered, there are a pair of
values (3.87 — 0.01 M) that maximizes the global exergy efficiency (passing from
2.90% in the base scenario to 3.44%), while keeping the rest of variables constant. In
the same manner, the effect of the inlet velocities is significant, reaching the exergy
efficiency a maximum (5.15%) with values 0.25 — 0.82 cm/s of the inlet concentrate

and dilute solutions, respectively. A sensibility analysis on the stack geometry has
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revealed that the exergy efficiency can be further increased by selecting the appropriate
length-to-width ratio and thickness. In particular, an efficiency of 6.24% has been
obtained for b =0.24 mand L =1.03 m.

In addition, the exergy destruction caused by the main sources of irreversibility of the
system has been analysed as a function of the resistance ratio of the stack. The results
obtained have shown that the permselectivity of the membranes, salt and water
diffusivity fluxes greatly decreases the performance. On the contrary, the polarization
phenomena only produce a slight reduction, as well as the RED pumping power. The
influence of the MED pumping power has been found to be more significant, leading
to an important decrease of the global exergy efficiency.

Finally, the exergy potential of the technology has been assessed using high-
performing membranes and higher number of MED effects, reaching global exergy
efficiency of 26.5%, showing the significant potential of the RED-MED HE for the

conversion of waste heat into electricity.
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Appendix A

Osmotic and activity coefficients
The model from Pitzer et al. [3.27] has been selected for the calculation of the osmotic
coefficient of the water and the mean activity coefficient of the sodium chloride:

05
2vyvx 0 1
¢ —1=—|zyzx|Ay EWYE +m . [BI(”; + B,(w))(exp(—alo'5)]

Al)
vy vy)3/? (
+ Zmzﬂczx
05 2 .

ln}’ = _leZX|A¢ (m + Eln(l + b105)> +2m M7X

A 2 3/2 (A2)

2 a’l Vv

. {Zﬁ,(l(,);( + aZIV;X [1 - (1 + al®5 — T) ) exp(—alo's)]} n BmZ%sz

Where z, and zy are the charge of the cation and anion, respectively, A4 is the Debye-

Huckel parameter for the osmotic coefficient, I is the ionic strengh, m is the molality,

vy and vy are the number of cations and anions of the sal, ﬁlff}( ,(V,l,)( and C,?}X are

adjustable parameters, « is a constant (2 for univalent ions), and b is a constant (1.2
kgl/2m0|_l/2).

Density
The density (kg/m®) of the aqueous sodium chloride solution has been determined
using a correlation obtained from the work of Rogers & Pitzer [3.28], as function of
the molarity C (mol/L) and temperature T (°C) of the solution.
p=A+B (A3)
A=1.003-10° —1.373-102-T —6.671-10%-T? +3.840-1075- T3 (A4)
-1.616-1077 - T* '
B=3.905-10"-C —7.903-1072-C-T+1.171-1073-C-T? —8.444-1077
-C-T® —9.374-1075-C% - T? (A-5)
Conductivity
In order to determine the equivalent conductivity of the solutions, the following
expression has been used as function of the molar concentration:

Ap /Cso1(x)
1+ BA v Csol(x)
where A, is the equivalent conductivity of the salt (infinite dilution), and A,, B, and
C, are specific parameters.

Asol(x) = AO - - CA Csol(x) (A6)

Electrical resistance of the membranes

The electrical resistance has been determined using quadratic empirical correlations
obtained for FujiFilm® Type 10 membranes [3.29], as function of the molar
concentration of the solutions:
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Rapy (x) = 0.487 C3(x) — 2.81 Cy(x) + 7.21 — 0.14 C; (%) (A.7)

Repm (%) = 0.487 C3(x) — 2.81 Cy(x) + 7.22 — 0.27 C1(x) (A.8)

Permselectivity of the membranes
The membrane permselectivity was determined by means of empirical correlations,
obtained for FujiFilm® Type 10 membranes:

@apn(x) = 0.987 — 0.0441 Cy(x) — 0.183C,(x) (A.9)
acpm(x) = 0.991 — 0.0441C,(x) — 0.253C,(x) (A.10)

Polarisation coefficients
The polarisation coefficients were calculated implementing suitable correlations,
obtained through CFD simulations for the case of flat membranes and Deukum GmbH

spacers [3.30].
-1
_ Zlmigr(x) 8L
0,(x) = (1 " (—ShL i ) m)) (A1)

2 ]migr(x) 8H )

Sty () Dy Cn(®) (A12)

Oy(x)=1- (
where:
6y and &, are the thicknesses of the spacers used in the concentrate and in the dilute
channel respectively; Dy and D, are the salt diffusivity values in the concentrate and
in the dilute channel respectively, considered constant and equal to 1.5x10° m?/s; Shy
and Sh; are the Sherwood numbers, relevant to the concentrate and the dilute solutions,
which are calculated as functions of the Reynolds numbers Rey and Re;, respectively
[3.25].
Sh(x) =-2-10"°-Re(x)®+4-1077 - Re(x)> —2-107° - Re(x)*

~ 0.0005 Re(x)* + 0.0509 Re(x)? + 0.6125 Re(x) + 6.2591 1)
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Exergy Analysis and Thermoeconomics of Multi-Effect
Desalination Processes

In this chapter, Exergy Analysis and Thermoeconomic Cost Accounting for a Multi-
Effect Desalination Thermo-Vapor Compression system (MED-TVC) located in Sicily
(Italy) is presented.

In the first part of this chapter, a brief overview on the Multi-Effect Desalination process
is provided along with a description of technical, economic and environmental aspects of this
process.

Details about the reference MED-TVC plant are given and a preliminary exergy analysis
is carried out in order to calculate exergy flows and exergy efficiencies for each system
component. Then, by means of exergy cost accounting, the cost formation process of
freshwater within this process is analyzed. A thorough description of thermoeconomic model
adopted is provided.

4.1 Overview on Thermal Desalination Processes

Population growth, economic developments and improving of living standards
has involved increase in water usage during last decades. In this sense, water
shortage is a pressing concern in many countries around in the world, above all in
arid zones as Middle East and North Africa (MENA). According to the World Health
Organization Statistics (WHO) [4.[4.1]], about 20 per cent of the world’s population
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lives in countries where water is scarce. This problem is expected to worsen during
the next decades.

The desalination industry plays a key role in addressing water scarcity, by
supplying freshwater from natural sources as seawater, brackish and brines.
According to Worldwide Desalting Inventory, published by [4.[4.2]] the total
capacity of commissioned desalination plant in the world at 2015 is around 86.8
million m%d and 300 million is the number of people around the world who rely on
desalinated water for some or all their daily needs. Currently, according to data
provided by [4.[4.2]] desalination processes largely rely on Reverse Osmosis (RO),
Multi Stage Flash (MSF) and Multi Effect Distillation (MED). More specifically as
shown in Figure 4.1, among these technologies, RO has achieved a dominant role
during last decades due to improvements in membranes properties, accounting for
nearly 65% of the total worldwide installed capacity [4.[4.2]]. Thermal desalination
process account for nearly 28% of global installed capacity, which is shared for 21%
by MSF and for 7% by MED. The remaining fraction of global desalination capacity
is covered by Nano Filtration (NF), Electrodialysis (ED) and other processes.

Even though the RO process is leading worldwide desalination market [4.3, 4.4,
4.5], thermal desalination processes are still predominant in Gulf cooperation council
countries (GCC), i.e. Bahrain, Kuwait, Oman, Qatar, Saudi Arabia and the United
Arab Emirates [4.4, 4.5]. Indeed, in GCC, thermal processes account for about 56%
of installed desalination capacity, being the remaining fraction, i.e. the 44%, covered
by RO process. The usage of thermal technologies in these countries is mainly due to
(i) the poor quality of water sources to be desalted (ii) the high availability of
cogenerative steam from local thermoelectric plant. Firstly, feedwater supplied from
Arabian Gulf is characterized by high temperature, high salinity and high impurity
thus increasing operating cost for RO process due to membrane replacement and pre-

treatment processes. In addition, in those countries, the large amount of low-grade

156



Chapter 4

thermal energy from thermal power plants allows for a cogeneration operating mode
which leads to a more cost-effective and energy-saving desalination process.

From the previous data, it is clear that MED technology is not extensively used
from a worldwide point of view. Although MED process is more efficient from a
thermodynamic point of view than MSF [4.6], its initial spread was arrested due to
serious scaling and corrosion problems occurring on the external surface of
evaporator bundle. However, during the last decades, improvement in MED
technology contributes to solve the initial technical issues, thus becoming more
competitive with respect to MSF technology. Nowadays, according to [4.7, 4.8],
MED unit capacity usually ranges from 600 to 36,000 m*/day

MED processes are highly capital intensive and energy consuming process. For
instance, in [4.6, 4.9, 4.10], energy consumption of MED process is nearly 2-3 times
higher than the energy consumption of RO process. It is clear that lowering energy
requirements for MED process is the current challenge for research in order to

achieve a more competitive, cost-effective and sustainable process.

%MSF

=MED

+ ED/EDR
NF/SR

R Other
RO

Figure 4.1 Global desalination capacity by process [4.2]

157



Chapter 4

In Table 4.1, some recent MED installations around the world during the decade
2006-2016 are shown. One of the largest MED plants, is installed in Marafiq (Saudi
Arabia) with a total capacity of 800,000 m3/day (27 units of 30,000 m® /day each)
[4.7, 4.8]. It is worth stressing how the majority of MED units are installed in GCC.

Table 4.1 Examples of recent MED installations around the world [4.7, 4.8]

Commissioning ~ Number Unit Capacity

Country  Location Manufacturer

Year of Units (m®/day)

UAE Layyah 2006 1 36,368 SIDEM
India Guijarat 2006 4 8,450 IDE
Bahrain Al Hidd 2007 10 27,300 SIDEM
India Jamnagar 2008 4 24,000 IDE
Saudi g il 2009 27 30,000 SIDEM

Arabia
UAE F”"?I"ah 2009 12 37,900 SIDEM
Lybia Zawia 2009 4 20,000 SIDEM
Qatar Ras 2010 10 28,640 SIDEM
Laffan C '
China Tianjin 2010 4 25,000 IDE
India Guijarat 2012 2 24,000 IDE
Saudi Yanbu 2013 2 31,674 SIDEM
Arabia
India Guijarat 2013 4 25,000 IDE
India Jamnagar 2015 3 24,000 IDE
Kuwait Az Zour 2016 10 49,279 SIDEM
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4.2 Fundamentals on Multi-Effect Desalination process

Multiple-effect distillation is prevalently used for seawater desalination, but it is
often applied for treatment of process water in industries as i.e. sugar, paper and
pulp, dairy, textiles, acids and desalination. It represents a well consolidated
technology, which has observed a large spread since the late 1950s.

The MED process consists of a sequence of effects, whose number usually ranges
up to 16, where pure water is separated from the feed by means of evaporation. The
necessity of operating with a multiple effects configuration is due to the poor
performance of a single effect system [4.11]. In fact, the possibility to recover the
thermal energy content of the generate vapor into the successive effect avoid the
waste of large amount of energy which is otherwise rejected when a single effect
configuration is considered.

In most of MED process, the falling film evaporator is used for heat transfer
between the feed seawater to be evaporated and the heat source. In this configuration,
seawater is sprayed over the outer surface of heated tubes. Steam produced within
each effect is then transferred to the next effect for boiling seawater or the brine
coming from the previous effect. Other evaporator configuration as vertical falling
film or submerged tube have been investigated during these years [4.6, 4.12].

In order to order to avoid scaling and reduce corrosion on the outside of tube
bundle, the top temperature brine (TBT) has been limited to 70°C [4.6, 4.11]. This
temperature limit allows for the exploitation of low-grade heat, or the integration of
vapor compression within the process. Another advantage is the use of alternative
construction materials which leads to a decrease of capital cost. More specifically,
aluminum alloys are used for the heat transfer tubes, as well as carbon steel epoxy
coated shells for the evaporator shells.

Temperature gradually decreases when passing through one effect to the next
one, reaching about 30°C-40°C in the last effect.
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Due to temperature lowering along MED process, each effect operates at a
decreasing level of pressure in order to allow for water evaporation. Also, the amount
of distillate generated in each effect is less than the distillate generated in the
previous effect due to the increase in the specific latent heat of vaporization when
decreasing the effect temperature.

The intake seawater is preheated within the down condenser by condensing a
fraction of distillate generated from the last effect. After that, a fraction of the intake
seawater, which is usually named cooling seawater, is disposed back to the sea.
Cooling seawater aims at removing the excess heat added into the system in the first
effect [4.11]. Conversely, the remaining fraction is further preheated by distillate
generated before being supplied to the effects for producing freshwater.

Regarding pumping unit, MED process is usually equipped with large pump for
seawater intake, distillate product, brine blow down, and chemical dosing. The
feedwater stream is chemically treated and de-aerated, before being sprayed into the
effects [4.6, 4.11].

4.2.1 MED process configurations

MED plants can be classified according to the direction of the feedwater flow and
heat flow respectively as: forward feed plants (FF-MED), parallel feed plants (PF-
MED) and backward feed plants (BF-MED) [4.6, 4.11, 4.13]. Schemes for each
MED configuration are shown in Figures 4.2 (a), (b) and (c). Some details on each

configuration plant are here provided:

- Forward feed plants: as shown in Fig. 4.2 (a), feedwater after being
preheated into the down condenser and the series of preheaters, is introduced
into the first effect where it is separated into pure water and brine. Then, the

brine flow is transferred to the next effect where pure water is further separated
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by means of the heat released from the distillate generated into the previous
effect. Obviously, brine concentration increases when passing from the first
effect to the last. Also, the highest concentrated brine is found into the effect at
the lowest temperature, thus avoiding scale formation. The FF-MED system is
not found on industrial scale for desalination industry, due to its complex layout
with respect to the parallel feed configuration. Conversely, it is widely used in
the sugar and paper industries.

- Parallel feed plants: as shown in Fig. 4.2 (b), the feedwater, after
being preheated into the down condenser, is equally distributed among effects.
In each effect, pure water is separated from feedwater by means of heat released
from the condensing distillate formed in the previous effect. The main
advantages of this configuration are its simple layout and the lower risk of scale
formation. For these reasons, it is largely used as base technology for seawater
desalination.

- Backward feed plants: as shown in Fig. 4.2 (c) the feedwater is
introduced into the last effect, which operates at the lowest pressure and
temperature of the system. Then, the brine flows from the last to the first effect,
for further distillate generation. The main advantage of this configuration is that
no feedwater preheaters are required, thus lowering the amount of capital
investment necessary. Conversely, the increase in the operating pressure across
the effects requires the use of pumps, thus increasing operating costs. Also, the
highest brine concentration occurs in the first effect, which operates at the
highest temperature of the system, thus increasing the risk of scale formation.

For this reason, this configuration is not applied to seawater desalination.
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4.3 Energy consumption of MED process

MED processes are usually driven by external heat flow supplied by means of a
dedicated combustion of fossil fuel within a boiler or by waste heat available from an
industrial process. Typical values of 40-80 kWhi/m?® are found in literature [4.6, 4.8,
4.11]. Electricity consumed for pumping and auxiliaries ranges among 1.5-2.5
KWhe/m®,

Following El-Dessouky approach [4.11], the following indicators are adopted for
assessing the MED process performance.

- Gain Output Ratio (GOR): which expresses the amount of thermal
energy consumed in the desalination process, and is defined as the ratio of the
mass of distillate to the mass of the input steam. As shown [4.11], GOR
values up to 10 may be obtained for a standard MED process. This indicator
heavily depends from the number of effects compounding the MED system,
and in particular, an increase in the numbers of effects allows for an
additional distillate generation.

- The Specific heat transfer surface area expresses the area required
for heat transfer process for unit distillate product. As shown in [4.11], a
typical value of 250 m?/(kgaist/s) is obtained for a MED process constituted by
12™" effects and a TBT equal to 60°C. This indicator is highly sensitive to the
number of effect and to the TBT values. More specifically, its values
decrease when operating with high values TBT, due to the higher driving
force available for heat transfer process.

- The specific cooling water flow rate indicate the amount of cooling

water supplied to the down condenser for condensing the unit mass of
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distillate generated. This indicator is a measure of electricity consumed for
pumping and treatments. Its values decrease from 9 to 2.7 (kgcw/s)/(KQdist/S)
while increasing the number of effects respectively from 6 to 12 [4.11]. This
trend can be explained by considering that an increase in the number of
effects allows for an additional distillate generation thus reducing the amount

of cooling water required for condensation,

Both the GOR and the specific flow rate of cooling are a measure of MED
operating costs, since they are related respectively to the supplied motive steam and
to electricity consumed for pumping the intake seawater. Conversely, specific heat
transfer surface area is a measure of capital investment required for process

realization.

4.3.1 Enhancement of MED process performance by means of “Vapor Compression”

In order to enhance the process energy efficiency, MED units are often equipped
with vapor compression system, which compresses part of the distillate vapor
generated within the last effect before supplying it to the first effect. The following
systems are used for vapor compression: (i) Thermal Vapor Compression (MED-
TVC), (i) Mechanical Vapor Compression (MED-MVC).

In MED-TVC configuration, a fraction of the steam from the last effect is
entrained and compressed to the pressure of the first effect in a steam jet ejector by
means of a middle pressure steam. A scheme of MED-TVC plant is provided in
Figure 4.4. Once compressed, the steam flow is supply to the first effect where it
releases its energy content to the feedwater [4.6, 4.11, 4.13]. By means of this
configuration, the GOR of the plant increases for about the 30—-40% with respect to
the standard MED process, thus producing 15-16 kg of distillate per kg of motive
steam supplied to TVC. Also, the specific electricity consumption is lowered for this

configuration with respect to a standard MED process. Indeed, due to steam
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extraction from the last effect, less cooling seawater is required to reject heat from
distillate coming from the last effect, thus reducing the electricity consumption for
pumping intake seawater. Typical specific electricity consumption value ranges from
1.5 to 2 kWhe/m3. As concerns specific heat transfer surface not sensible variation
are observed for a MED-TVC configuration with respect to a standard MED [4.11].
It is worth stressing that all the recent MED installation showed in Table 4.1 are of
the MED-TVC type.

In MED-MVC system, only electric power is supplied to the process. The MVC
process was developed in the early 1980s. A scheme of this system is shown in Fig.
4.3. The necessity to develop this technology was motivated by the need to have an
alternative thermal desalination system which uses electric power as unique energy
source. The electrical consumption of such system ranges among of 8 to 15 kWhe/m?®
[4.8, 4.14]. Due to current limitation in compressors technology, the maximum
capacity of MED-MVC units is limited to 5000 m3/day per unit. [4.14]
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4.4 Environmental impacts of MED process

As explained in [4.6, 4.22, 4.27], the main environmental burdens of
desalination process can be grouped as follows: (i) greenhouse gases (GHG) and air
pollutants emissions due to energy consumptions, (ii) brine disposal back the sea,
(iii) the use of large quantities of seawater for cooling purposes and as feed water and
(iv) construction-related impacts on coastal and nearshore habitats

As concerns GHG emissions, it is clear that since most of the MED process still
rely on fossil fuel powered generation system, a large amount of CO; is produced for
supplying steam to MED process. In [4.16] CO2 emissions for a stand-alone process
account for 18-24 kgcoo/m? according to the type of fossil fuel used for steam
generation.

With respect to brine disposal, it important to consider the effect of scale
inhibitor, antifoam chemicals and metals (usually nickel and copper are released
from corrosion of evaporator bundle) which could be harm for the receiving
environment [4.22]. Brine temperature is usually 15°C higher than that of the
seawater before blending with cooling water. In order to avoid “thermal pollution”,
rigorous guidelines provided by national authorities must be followed in order to
avoid local increase on seawater temperature. With respect to brine concentration, a
pre-dilution of this flow is usually carried out by means of waste water before brine
disposal to the seawater. [4.6, 4.22, 4.23].

4.5 Economic aspects of MED process

Many studies have been carried out during these years on economics of
desalination processes [4.25-4.30]. From a keen analysis of scientific literature, it
could be noted that freshwater unit cost from MED process differs from case to case.
As explained in [4.6, 4.25, 4.30], differences in cost values can be attributed to
several factors which may be summarized as follow: (i) plant capacity and design (ii)

site condition (iii) feed water properties, in particular salinity and turbidity, (iv)
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energy cost, (v) plant life and amortization. In Alardin et al. [4.30] provided a typical
breakdown of freshwater unit cost from thermal desalination process. More
specifically, the authors stressed how the overall energy consumption (i.e. both
thermal and electrical) account for 60-80% of operating cost, thus stressing the
criticism of energy consumption in this process. Nowadays, typical specific capital
cost values for MED process range among 900 and 2000 US$/(m3/day) [4.5].
Regarding unit fresh water cost, Soldatos et al. [4.25] classified values according to
MED plants capacity. In particular, for plant capacity of more than 90,000 m%/day,
the reported cost ranged between 0.52 and 1.01 US$/m3. Conversely, for medium
MED capacities of 12,000 to 55,000 m®day, the cost varies between 0.95 and 1.95
US$/m3. For plant capacity less than 100 m3/day, unit cost ranges among 2 and 8
US$/m?

Freshwater unit cost higher than 2 US$/m? are typical of MED process powered
by renewable energy sources as solar thermal (for instance, solar pond/MED or
concentrating solar plant (CSP)/MED) and geothermal energy [4.30-4.39], whose
costs are heavily affected by the high capital cost of the renewable energy technology

and the low capacity of MED system.

4.6 Exergy and Thermoeconomic Analysis of MED process: literature review

Very few studies focusing on exergy evaluation of the MED process have been
carried out so far. In [4.40], Nafey et al. carried out an exergy analysis for a 15,000
m3/day capacity MED desalination plant. In that paper, the author showed that the
number of effects influences the exergy efficiency of the desalination process. More
specifically, an increase in the number of effects, from 1 effect to 6 effects, increases
the exergy efficiency from 3.8% to 8.4%. In [4.41], a comparative study of three
different configurations of MED-TVC systems highlighted the thermocompressor

and effects as the units most contributing to the exergy losses. Other works focused
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on the ExA of the MED-TVC process can be found in [4.42-4.44]. As concern
thermoeconomic application to multiple effect distillation desalination systems,
many research works have been focused on the exergoeconomic optimization. For
instance, in in a recent paper by Sayyaadi and Saffari [4.45], a multi-objective
evolutionary algorithm was used to minimize the unit cost of product calculated by a
thermoeconomic expression. The analysis identifies relevant margins for
improvement by reduction of exergy destruction and product cost compared to a
reference base case. Manesh et al. [4.46] proposed an exergoeconomic multi-
objective optimization of an integrated MED-RO desalination plant, identifying a
Pareto optimal frontier for the two objective functions “Gained Output Ratio” and
“cost of desalinated water production”. In [4.47], Piacentino studied an 8-effect
forward feed MED plant’s thermodynamic performance and thermoeconomics by
using a high disaggregation level which allowed for analyzing in depth the exergy

(physical and chemical) costs variation throughout the plant.

4.7 Description of the reference MED-TVC plant

The examined TVC-MED is an existing plant located in Trapani (Sicily),
constructed and started up in 1995. The plant is composed of four identical MED—
TVC units with a specific capacity of 9000 m®/day each, for a total plant capacity of
36,000m3/day [4.6, 4.48, 4.49, 4.50]. A schematic layout is presented in Figure 4.4.
The MED-TVC unit configuration is parallel-feed type with 12 effects each. Each
effect is a falling-film evaporator with the feed water sprayed on the external part of
the tube-bundle. The produced distillate within each effect is condensed into the next
one, by releasing its latent energy content for generating further distillate from
seawater. Each effect is equipped with a tube bundle counting about 11,000 tubes, 7
m long and with an external diameter of 22 mm. In each unit steam is extracted from

the 12" effect at a 6 kPa absolute pressure and compressed up to the pressure
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reigning in the first effect, i.e. 22 kPa, by means of thermal vapor compression. The
steam re-compressed and de-superheated into the TVC is supplied to the first effect
at a temperature around 63°C, in order to minimize scaling problems in the tube
bundle. A temperature drops between two consecutive stages of 2-3 C is maintained,
and the temperature of the brine exiting from the last effect ranges between 35°C and
38°C. As concerns details for each effect, experimental data are provided in Table
4.2. For a sake of clearness, the subscript “D” is referred to distillate, whereas “B” is
referred to brine.

The feedwater is preheated into the down condenser by condensing a fraction of
distillate generated into the 12" effect; then, along its way to the first effect, feed pre-
heaters are located every two effects. The GOR of the plant ranges between 14 and
16 kg distillate per kg of motive vapor. At the moment, the motive steam, whose
total flowrate is equal from 36 up to 60 t/h, is produced by two boilers at 260°C and
45 bar, with a methane consumption estimated at 5.56 Nm?® per m® distillate.
Electrical energy consumption is estimated at 2 kwh/m?, including pumps and

utilities from the intake to the post-treatment section.
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Figure 4.4 Layout of the reference MED-TVC.
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Table 4.2 Thermodynamic data for the reference MED-TVC plant [4.6, 4.48-4.50]

Effect 1 Effect 2 Effect 3 Effect 4 Effect 5 Effect 6

teea  (°C) 55.0 55.0 53.3 53.3 48.8 48.8
Crea  (mol/l)  0.63 0.63 0.63 0.63 0.63 0.63
s (Kgls) 262 26.2 26.2 26.2 26.2 26.2
to (°C) 61.7 60.3 58 55.8 53.5 51.3
o (Kgls) 10 9.94 0.8 9.74 9.84 9.08
tg (°C) 62.5 615 59.4 57.3 55.0 52.9
Cs  (molll)  1.021 1.016 1.015 1.014 1.004 1.000
ms  (kgls) 16.2 326 49.0 65.3 82.4 99.2

Effect 7 Effect 8 Effect9 Effect 10 Effect11l Effect 12

tred  (°C) 44.2 44.2 39.6 39.6 29.6 29.6
Creed  (molll)  0.63 0.63 0.63 0.63 0.63 0.63
ries  (KQ/S) 26.2 26.2 26.2 26.2 26.2 26.2
to (°C) 49 46.7 44.4 42.1 39.8 37.2
mo  (kg/s) 9.29 8.20 8.54 7.16 7.63 5.63
ta (°C) 50.6 48.4 46.1 43.9 415 39.1
Ce  (molll)  0.989 0.982 0.968 0.962 0.945 0.934
ms  (kgls)  117.2 134.8 153.8 172.3 192.8 212.7

4.8 Exergy Analysis of MED processes

In this paragraph, insights into the exergy analysis of MED processes are
provided. First, the exergy analysis for the whole MED process is presented, then the
analysis is carried out at subprocess level.

4.8.1 Exergy Analysis for the whole MED process

Exergy analysis can be applied to MED desalination processes at a whole system
level, by referring to Figure 4.5. As shown in the scheme, according to the
disaggregation level adopted, the entire process is treated as a “black box”, where
only the exergy of energy/matter flows entering and exiting the whole plant are

considered.
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Figure 4.5 Exergy Balance for the whole MED process

As previously shown, energy input for a MED process is constituted by the
following contributions: (i) heat supplied by means of a “hot stream”, commonly in
the form of low-pressure steam or, more rarely, hot water produced by a boiler or
supplied by an industrial process and (ii) electricity used to drive pumps and
auxiliaries. In terms of exergy inputs to the MED process, it must be considered that:
(i) the amount of thermal exergy released by the “hot stream” is lower than the heat
content of the stream, and it may be calculated by the expression given in Equation
(4.1) and (ii) the electricity used to drive pumps and other auxiliaries may be

considered as pure exergy.

B'hot stream rﬁhot stream ~ I:( hhot stream ~ hO ) _TO ) (Shot stream S0 ):I (41)

As can be seen in the previous equation, the chemical exergy of the supplied
steam or hot water (i.e. hot stream) is not considered, since no variation in its
chemical composition is observed.

The exergy output is constituted by the chemical exergy of the brine and
freshwater flows exiting the MED process, whose expressions are respectively
provided in Equations (4.2) and (4.3). Both these expressions are derived from the
chemical exergy of a stream of matter equations presented in Chapter 1, where
chemical potentials are explicitly expressed in terms of salt and water activities in

each solution and in the reference state. The thermal exergy content of these flows is
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not considered since they are assumed to leave the whole system approximately in

thermal equilibrium with the environment.

. - 1
Bch, fresh — RTO |:N fresh IN [ a\NVO j:| (42)
B —RT,| N In| Zee In| 2we
ch,brine — 0 B XS,B n a + XW,B n aw (43)
s,0 ,0

It is worth underlining that no exergy flow enters the MED system with the

feedwater stream, since it is assumed in thermo-mechanical and chemical
equilibrium with the environment. By setting the exergy balance to the overall
process as shown in Eq. (4.4), exergy destruction due to all the irreversibility
occurring within the plant is easily assessed by the following equation:

. . < ¢h < ¢h e
Bhot stream + Ffel _( Bbrine + Bfreshwater ) =1 (44)

If the unit operated reversibly, no irreversibility would be generated and the
minimum amount of exergy input to the system would be required for a specified

freshwater production rate. It is trivial that under this ideal condition all the supplied

exergy, i.e. (B

hot stream

+P, ) would be entirely converted into the exergy content of

concentrated brine and freshwater.
In order to formulate a synthetic indicator for the thermodynamic performance of
the MED process, exergy efficiency for this unit may be defined as shown in
Equation (4.5). In particular, this 2" law-based efficiency is calculated as the ratio
between the chemical exergy of the freshwater product and the thermal exergy of the

supplied hot stream driving the unit [4.51].
B?:]eshwater

) (4.5)

Nex,MED-TVC :B
hot stream
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It is worth observing that chemical exergy of the exiting brine is not accounted
for in the exergy efficiency of the MED process as shown in Equation (4.5). This
choice is justified by the productive scope of MED plants which consists in
producing freshwater, without further exploiting the chemical exergy of brine which
is usually discarded back to sea. Only when the exiting brine is supplied to further
units (such as a Salinity Gradient Power system that recovers it to produce electricity
[4.52]), its exergy content would represent a useful product of the MED-TVC plant.

The examined MED-TVC plant is constituted by four identical units. For the
sake of simplicity, below in this section the analysis is carried out for only one of the
installed units.

Based on their chemical composition, both seawater and brine streams were
properly modelled as water-NaCl solutions. In order to calculate activity coefficients,
the Pitzer’s model was adopted, which has been outlined in details in Chapter 2.

With reference to the environmental conditions to be used when calculating
specific exergy of the material streams involved in the MED process, an average
ambient temperature To= 298.15 K and pressure po=101.3 kPa were considered. Also,
a salt concentration of seawater equal to 37000 ppm was considered as reference for
chemical exergy calculations.

As clarified in the previous sections, the reference MED-TVC is fueled with

motive steam produced by pressurized boilers at 260°C and 45 bar. The thermal

exergy flow (B , difference between the exergy of the superheated

motive,in Bcond to boiler)

steam and the exergy of condensate water recirculated back to the boilers, represents
the total exergy consumption of the whole MED-TVC process.

The exergy efficiency at a whole plant-level is calculated according to Eqg.
(4.6):

B'?:]eshwater 299.8 (4 . 6)
ectreove (g ; = (6348-64.42) 1 750~ O
(Bmotive,in - Bcond to boiler ) + I:)el ( - : )+
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The low value of exergy efficiency at a whole plant level pinpoints the high
incidence of thermodynamic irreversibility occurring along the MED system, when
attempting to convert the thermal exergy content of motive steam into chemical

exergy of freshwater product.

4.8.2 Exergy Analysis of the MED system at single-subprocesses level

In order to understand the origin of the low exergy efficiency of the MED-TVC
system, exergy analysis may be carried out at a higher disaggregation level, i.e. by
examining separately the elementary subprocesses involved in the MED plant. In this
way, a complete and detailed picture of exergy flows, irreversibility and exergy
efficiencies of each specific conversion process could be obtained. Looking at the

MED-TVC process, the following main subprocesses could be distinguished:

4.8.2.1 Thermal Vapor Compression of the entrained steam

As previously mentioned, in the MED-TVC process a fraction of distillate
generated within the last effect is entrained and compressed from the pressure level
of the last effect to the pressure reigning in the first effect by means of a steam
ejector. As clearly explained in [4.53], the ejector is a static component where low
pressure steam is compressed by means of a mid or high-pressure steam, usually

named “motive steam”.

Once indicated with b

eam o vep  LNE SPeCific exergy of the compressed steam

exiting the TVC (corresponding to the inlet condition to the 1% effect of MED) and
with b

entrained

the specific exergy of the steam exiting the 12 effect and entrained by

the TVC, it follows that:

1) the exergy consumed by the TVC unit is equal to the exergy variation of the

motive steam when expanding from its high pressure p,.. to the pressure of the
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compressed steam supplied to the 1% effect, i.e. Pyouniowen- THEN, the amount of

exergy consumed is expressed by m Beeam 0 vien) @S Shown in Figure 4.6;

motive (bmotive M
2) the increase of exergy content of entrained steam, due to compression from
pentrained to psteam to MED ! iS equal to rf.]entrained : (bsteam to MED _bentrained) as ShOWﬂ in Figure
4.6 .
In Equations (4.7) and (4.8) exergy balance and exergy performance for the

thermal vapor compressor are respectively given.

M otive” (bmotive - bsteam to MED) M irained” (bsteam to MED ~ bentrained) = ITVC (47)

— m entrained (bsteam to MED ~ bentrained ) (4 8)

nex,TVC
mmotive (b motive bsteam to MED)

Thermal Vapour Compressor

m . . Msteam to MED» Psteam to MED
motiver Pmotive

Mentraineds Pentrained

()

Thermal Vapour Compressor

mmotlve(bmotive bsteam to MED) mentrained(bsteam to MED — bentrained)

(b)

Figure 4.6 Physical Scheme (a) and Exergy model (b)
for Thermal Vapor Compressor
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4.8.2.2 Feedwater preheating

As shown in Figure 4.7, in a generic feed preheater the thermal exergy of

feedwater is increased (together with its temperature) from B!

feed,in

tO B‘thed Jout by

recovering the thermal exergy released by condensing a fraction of the distillate

th

produced within the coupled effect, i.e. B, .

By means of the exergy balance

presented in Equation (4.9), it is possible to quantify the amount of exergy destroyed
mainly due to the heat transfer across finite temperature difference between the two
streams. The exergy efficiency of preheater can be calculated by the simple

expression provided in Equation (4.10).

s th 2 th © Bth
Bfeed,out - Bfeed,int +1 ph — BD, j to ph (49)
5th Sth
_Bfeed,out B Bfeed,int
Mex,pn = B (4.10)
D, j to ph

Ipn l
m(eed,oul' T[eed,out 7hD,j toph: TD B th B th

feed,out feed,in

-
f J <:I Preheater
oo pth
. mfeed,inv Tfeed,in D,] to prEh.

Condensed distillate

(a) (b)
Figure 4.7 Physical Scheme (a) and Exergy model (b)
for a generic feed preheater
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4.8.2.3 Distillate generation within 1% effect

A schematic representation of the exergy flows entering and exiting the 1% effect
Is given in Figure 4.8. Exergy balance for this effect is expressed by Equation (4.11),
whereas exergy efficiency may be calculated based on Equation (4.12).

As intuitive from a rapid analysis of the figure, exergy flows entering the 1%
effect are related to the following contributions: (i) the thermal exergy rate
B

released by the supplied steam flow (exiting the thermal

(Bsteam to MED ~ “cond to boiler)

vapor compressor) which condensates tube-side of the falling film evaporator, (ii) the

thermal exergy of feedwater, indicated as BY,, .

Some additional consideration is needed for the thermal exergy of the distillate
produced in the 1% effect, i.e. Béh,l- According to the definition of exergy efficiency
given, for the examined effect, in Equation (4.12), the thermal exergy content of the

distillate is intended as a sort of “non-extracted” (i.e. non-consumed) fraction of the

thermal exergy supplied to the effect, that will be used in successive effects to
generate further distillate. This interpretation clarifies the presence of B;;l as a

subtractive term at the denominator of exergy efficiency formula, rather than as a

positive term at the numerator (where only the useful exergy product of the effect,

i.e. the chemical exergy of distillate B, is included).

Sth ; ; S th 5 ch 3 th sch |
Bfeed,1+(Bsteam to MED ~ Bcond to boiler)_(BD,l_'_ BD, 1t BB,1+ BB, 1] - Ieff,l (411)

5 ch
BD,l

Sth > yth
Bfeed 1t ( Bsteamto MED ~ B cond to boiler ) -B D,1

77ex,eff 1=

(4.12)
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1% Effect

Mmp1 TD,1 CD,1 =0

mfeed,l Tfeed,l Cfeed,l

—_—

msteam to MED I Condensed Steam
Tsteam to MED & “ g & “ =
O S e M R B
.
mp1 Ip1 Cp1
(@)

Ath
Bfeed,ll

5th
Bp;1

Hth th
Bsteam toMED — Bcond to boiler

Figure 4.8 Physical Scheme (a) and Exergy model (b) for the 1% effect

4.8.2.4 Distillate generation within the generic “j-th” effect

As regards a generic “j-th” effect, for j =2 to N, a simple scheme of exergy flows
entering and exiting the effect is presented in Figure 4.9. Also, the exergy balance
and the analytical expression of exergy efficiency are provided in Equations (4.13)

and (4.14), respectively. For a generic effect, the supplied exergy is constituted by
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the following contributions: (i) the thermal exergy of feedwater B}';ed' ; (due to the

parallel-feed configuration of the examined plant), (ii) the thermal exergy B,‘D“, () 0]

of the distillate produced at the “(j-1)-th” effect (excluding the fraction eventually
used for feedwater preheating), and (iii) variation of thermal exergy of the brine

flow, indicated as (B;“ ()~ Be.; )

Exergy product of the “j-th” effect is represented by the chemical exergy of
distillate, i.e. ng ; - As already explained for the 1% effect, also for the generic “j-th”
effect the thermal exergy of distillate, i.e. B"

b, » IS not considered a useful product but

as a “non -extracted” fraction of the exergy input.

5th 5th 5 th 5th ‘ 5 ch 5th 5ch T

Bfeed,j + BD, (j-i)toj + BB, (j-1) _(BD,j + BD,j+ BB,j + BB,jj_ Ieff,j (413)
5 ch
BD‘j

nex,effj =
S th 5 th 5 th 5 th
Bfeed,j + BD, (j-iytoj BD,j +(BB, (j-i)

Ty (4.14)
_BS"J

"j-th" Effect

mD’j TD,]' CD,]' =0

mfeed,j Tfeed,j Cfeed,j

mp,(j-1) toj H > ]
TD:(i“l) ™ - Condensed distillate
Y Y & &
3 . = LY i & . ™ S .
mB_(j_l) TB,(i—l) CB,(i—l) _ mB,j TB,j CB.i
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5 th
B feed,j

B lt)h(i—l) toj
—
— peh
Effect "j-th"

BEi-1)
) (—
—

5ch -
Bg,-1) .
‘ Legt

(b)

5ch
BBJ-

Figure 4.9 Physical Scheme (a) and Exergy model (b) for the “j-th” effect

4.8.3 Exergy Analysis for subprocesses of the reference MED-TVC
Once defined the general formulation of exergy balances and exergy efficiencies

for each of the main subprocesses occurring in a MED unit, a detailed exergy
analysis is carried out for the reference MED-TVC, based on its actual operating data

shown in Table 4.2.

Thermal Vapor Compression of entrained steam
According to Equation (4.15) the exergy performance of thermal vapor

compression is equal to 15.64%.
709.6
2537 = 0.156 (4.15)

M entrained - (bsteam to MED bemrained ) _

bsteam to MED)

nex,TVC = )
Mmotive * (bmotive -
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This poor performance highlights that a high exergy destruction rate occurs

within this component. Two aspects can be here remarked:

Despite the low exergy efficiency, the inclusion of the TVC is beneficial in
terms of overall exergy performance of the plant, compared to the hypothesis
of directly producing by methane boilers the whole amount of low-grade
steam supplied to the 1% effect. In fact, the conversion of chemical exergy of
methane into thermal exergy of the supplied steam would achieve an even
lower exergy efficiency, due to the low temperature of the required steam;
Although seemingly located upstream the whole energy conversion chain in
the MED-TVC system, the very low efficiency of the thermal vapor
compressor does not represent an upper bound for the efficiency of the whole
plant, since its lay-out is not “strictly sequential”, due to the presence of
exergy recirculating flows (such as the entrained steam). However, the plant
achieves an overall exergy efficiency much lower than the TVC alone, due to
the additional exergy destructions occurring along the evaporation processes
in each effect.

Feedwater preheating

Exergy performance for each preheater was assessed on the basis of Equation

(4.10). Results are shown in Figure 4.10. As can be seen, the down condenser and the

preheater 5 achieve a lower exergy efficiency than preheaters 1, 2, 3 and 4. Exergy

destruction in the feed preheating process is related to heat transfer across a finite

temperature difference between a fraction of the produced distillate which condenses

shell-side and the feedwater being heated up tube-side. In the specific case, by

analyzing the temperature profile for each preheater, a greater temperature difference

is observed for preheaters 5 and down condenser with respect to the others, thus

being justified the lower values of their exergy performance. It can be observed that
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in most of the preheaters quite high exergy efficiencies are achieved, due to the
“tightly”” designed temperature profiles between the exchanging fluids.

100% B Exergy efficiency * Distillate Temp. —s—Feedwater Temp.

90%

70

—80%
—E: 70% 55
560% z
Z,50% 58
L£40% é

30% it

20%
10%
0%

Preheater 1 Preheater 2 Preheater 3 Preheater 4 Preheater 5 Condenser

Figure 4.10 Exergy Efficiency and Temperature profile
for feedwater preheaters

Exergy Analysis Results at whole effect level

Exergy flows related with brine, distillate and feedwater streams for each effect
are shown in Table 4.3, also providing the values of specific exergy. It is worth
noting that:

- specific chemical exergy of brine bg", decreases when passing from the first

to the last effect: this trend is related to the reduction in brine concentration,
I.e. Corine, @S Observed from the values provided in Table 4.3. In a PF-MED
configuration, as the one examined in details in the present chapter, pure
water is not separated from brine exiting the previous effect as occurs in a
FF-MED configuration. As a consequence, no increase in salt concentration
of the brine is observed when passing from one effect to the next one.
Conversely, chemical exergy flowrate of the brine g" increases from the 1%

to the last effect, due to the gradual increase in the mass flowrate of brine that
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overcomes the influence of the aforementioned slightly decrease in the
specific chemical exergy.

- specific thermal exergy of the brine, by, decreases when passing from the 1%

to the last effect, due to the decrease of brine temperature. When combined
with the gradual increase in the brine mass flow rate, the above trend leads to
a non-monotone behavior of the thermal exergy of brine flow, which initially
increases and, after a maximum value at effects no. 6 and 7, gradually
decreases in the successive effects.

- aconstant value is obtained for specific chemical exergy of distillate bZ",, due

to the assumption of a salts-free distillate in all the effects. In terms of exergy

flow, a decrease of the chemical exergy of distillate g, is observed passing

from the 1% to the last effect, due to the reduction in the amount of distillate

generated at lower temperatures.

In Figure 4.11, values of exergy efficiency for each effect are shown, calculated
based on Equations. (4.12) and (4.14). As can be seen, the 2" law-based efficiency
ranges between 16% and 22 %, indicating that only a small fraction of the thermal
exergy used to evaporate feedwater within each effect is converted into chemical
exergy of the distillate product.
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Table 4.3 Exergy analysis results for the examined case

Brine Distillate Feed
th 5 th h 5 ch th S th h ych th 5 th
Effect vai BBYJ' b;l Blg'J bDyJ' BDJ ng BBI bei BF:J'
(Jex/ g) (kWex) (Jex/ g) (kWex) (Jex/ g) (kWex) (Jex/ g) (kWex) (Jex/ g) (kWex)
1 9.12 147.7 9.01 7.786 266.6  2666.0 51.48 28.60 5.924 155.2
2 8.65 282.1 8.79 15.29 2575 25238 5148 28.03 5.924 155.2
3 7.72 378.2 8.72 22.79 242.5 2376.2  51.48 28.03 5.290 138.6
4 6.83 446.3 8.72 30.38 2278  2065.7 5148 28.31 5.290 138.6
5 5.92 488.1 8.29 36.46 212.4 19324  51.48 26.02 3.777 98.95
6 5.15 510.5 8.15 43.15 197.3 1603.7  51.48 26.88 3.777 98.95
7 4.35 510.2 7.66 47.97 181.4 14873  51.48 23.45 2.482 65.02
8 3.65 492.5 7.39 53.23 165.2 11417  51.48 24.59 2.482 65.02
9 2.98 459.1 6.86 56.41 148.8 1071.2  51.48 20.59 1.449 37.97
10 241 414.6 6.61 60.84 1321 687.8 51.48 22.02 1.449 37.97
11 1.84 355.4 5.98 61.66 115.2 656.6 51.48 16.30 0.147 3.85
12 1.35 287.8 5.62 63.93 95.8 95.8 51.48 18.02 0.147 3.85
50
45
— 40
2
o
— 35
%1
= 30
2
2 25
84}
20
B
;_% 15
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0
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Figure 4.11 Exergy Efficiency for each effect

4.9 On the main outcomes of Exergy Analysis
In this paragraph, some brief interpretations of the results of exergy analysis are
proposed. Based on the results of exergy analysis carried out at subprocesses level,
two main criticisms may be identified in the proposed lay-out:
- The largest contribution to exergy destruction is related with the thermal

vapor compressor. Consuming high-pressure motive steam to produce the
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low-pressure steam supplied to the 1% effect is intrinsically inefficient, also
operating with a well design steam jet ejector. In order to overcome this
inherent limit of the plant, rethinking of the heat supply strategy would be
absolutely needed, designing the system to be driven by low pressure steam
produced exploiting heat cascades from a power cycle or a higher
temperature industrial process. This need would be even more evident if the
boundary of the analyzed system were extended to comprise the additional
exergy destructions occurring in the methane boilers.

- The conversion, taking place in the evaporators, of thermal exergy released
by condensing vapors into chemical exergy of the distillate is rather
inefficient. Possible improvements based on designing the evaporators to
operate with a lower temperature difference are limited by both
thermodynamic constraints (i.e. related to the Boiling Point Elevation, which
consumes part of the driving force available for heat transfer) and cost

considerations.

4.10 Exergy Cost Accounting of the reference MED-TVC

Exergy analysis provides insights on location and magnitude of the
thermodynamic losses occurring within an energy conversion system. By this tool,
however, it is not possible to assess the contribution of each material or energy flow
to the total exergy consumption of external resources. In this sense, the use of
rigorous and systematic cost accounting techniques provides much more
comprehensive results, since it reflects not only the intrinsic exergy efficiency at
component or subprocess level, but it also considers the functional interactions
among components which depend on the peculiar design of plant lay-out. A same
component, in fact, even achieving a same exergy efficiency, may contribute
differently to the consumption of external resources if located in different position

along the “energy conversion chain”
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One of the most reliable and comprehensive thermoeconomic approaches for
the analysis of complex energy conversion systems is the well-known “Theory of
Exergetic Cost” [4.54].

The Exergetic Cost of a material stream or energy flow represents the amount
of external exergy consumed by an energy conversion system to obtain it according
to a well specified process and sequence of components. Exergetic Costs are
calculated based on a rigorous accounting of all the exergy destructions involved
along the plant to obtain the examined stream or energy flow. Obviously, the more
inefficient the energy conversion process that generates the stream, the higher the
amount of irreversibility “charged” on it and, consequently, its Exergetic Cost (per
unit of exergy). By means of this method, insights on the cost formation process are
obtained and a clear view of the subprocesses (or the components or the specific
inefficiencies) mostly contributing to increase the energy consumption of the system
may be derived.

The resulting model essentially consists of the following set of equations:

- Exergy Cost Conservation (one for each subprocess) that, according to the
conservative nature of costs, imposes that the cost of all the exergy resources
entering a component equals the cost of the flows exiting the same
component [4.54];

- Auxiliary equations, formulated based on a number of different principles
(exergy extraction, multiple outputs, external assessment) and included
whenever in a plant component we have several products (with unknown
exergoeconomic costs), thus being insufficient the use of one single “cost
balance” equation [4.54].

- Allocation of Residues: such flows are not allocated on the component where
the exergy is uselessly discarded, but assigned as an additional input cost to

the upstream components where the residue has been generated [4.55].
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For the examined MED-TVC plant, the exergy cost equations are presented below in

details for each sub-process. With regard to the adopted symbolism, the unit exergy

cost of the “i-th” component product, indicated ask. expresses the amount of the

external exergy consumed by the plant for producing a unit of exergy of the product
itself (being thus measured in KWex/kWey).

v" Exergy Cost Balance for the Thermal Vapor Compressor

kmotive Bmotive + kentrained Bentrained = ksteam to MED Bsteam to MED (4'16)
Auxiliary Equations for TVC:
kth,D,lZ = kentrained (417)

The auxiliary equation for the TVC imposes that the thermal exergy cost of
entrained vapors is equal to the exergy unit cost of distillate produced in the 12t
effect. An external assessment is required for the unit exergy cost of motive steam,
since the boundary of the analyzed system does not comprise the methane boiler used

to produce steam. As a reasonable assumption, considering an exergy efficiency of

the boiler equal to 0.45, K ... results equal to 2.22 kWex/ KWiex.

- Exergy Cost Balance for the 1% effect

* - . N - 1 . .
ksteam to MED (Bsteam to MED ~ Bcond to boiler ) +kth, feed _1Btfl;ed 1 + E kth,B,lZ Blt3h,12 = (418)
kCh,D,l Bl(::)rjl + kth,D_lBlt:)h,l + kCh,B,lBél:]l + kth,B,lBtBh,l
- Aucxiliary Equations for the 1% effect
kch,B,l =0 kch,D,l = kth,D,l klh,B,l = kth,D,l (4.194a,b,c)
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Exergy balance for the 1% preheater is given in Equation (4.18). Referring to
Figures. 4.8.b, all the exergy costs of input flows are summed up and imposed equal
to the total cost of the exiting exergy flows.

As can be from Eqution (4.18), thermal exergy of the brine exiting the 12"

effect is considered as a residue flow and its exergetic cost, i.e. Ky 51,Bay,, i

uniformly re-allocated as an additional input cost to all the upstream effects,
following the previously mentioned approach proposed in [4.55] for the allocation of
residues.

In Equations (4.19 a), (4.19 b) and (4.19 c) auxiliary equations for the first
effect are expressed. In particular:

- Equation (4.19 a) imposes that specific cost of chemical brine is null. This
condition is coherent with the assumption not to consider the chemical exergy
of the brine as a useful product of each effect (being finally rejected back to
sea).

- Equations (4.19 b) and (4.19 c) impose a same unit exergetic cost for the
thermal and chemical exergy of the distillate and the thermal exergy of the
brine. The rational of this assumption lies in the fact that, at the proposed
plant disaggregation level (with the “effect” modelled as a unique elementary
component), it is not possible to distinguish between the subprocesses
occurring within the effect and leading to produce these exergy flows. Then,
having these exergy outputs a same “productive history”, they are charged
with a same amount of “exergy destruction provoked per unit exergy” and

consequently assigned a same unit cost.

- Exergy Cost Balance for ‘“j-th” effect

* - * - * - * - 1 * -
th th ch th th
kth,feed j Bfeed,j + kth,D,j—lBD, (j-1) to next + kch,B,j—lBB,j—l + kth,B,j—lBB,j—l +E h,B,lZBB,lz - (4 20)

*

* 5ch
kch,D,j BD,j + kth,D,

*

5 th
'BD,j + kch,B,

5ch * 5th
i iBe.j +Kne.iBs,j
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- Auxiliary Equations for the “j-th” effect

k:h,B,j =0 k:h,D,j = kI:LD,j k;],B,j = kI:LD,j (4.214a,b,c)

v' Exergy Cost Balance for the generic preheater

* Sth * Sth L Sth
kth,feed in Bfeed in + k1h,D j BD to preheater — kth,feed outheed out (422)

Referring to Figure 4.7, Equation (4.22) expresses the cost balance for the
generic preheater.

The set of equations presented above constitutes a balanced system of linear

equations that can be easily solved by software.

4.10.1 Results of Exergy Cost Accounting for the examined plant

Once defined the exergy cost accounting model for MED-TVC process, it was
applied to the examined case and solved by means of Engineering Equation Solver
[4.56]. In Table 4.4 specific costs of thermal exergy of the motive steam, entrained
vapor and compressed vapor supplied to the first effect of the MED section are

shown. As concerns the specific cost of thermal exergy of the motive steam, the

external assessment k™ . =222 kWex /| KWex Was used in this analysis. This

motive
condition states that motive steam is produced by a boiler whose exergy performance

is equal to 0.45 (in particulark’ ... = SEE N S 2.22)

motive =
nex,boiler 045

From the exergy cost balance of TVC, the specific cost of thermal exergy

exiting from TVC and supplied to the first effect, i.e. K. .wueo . results equal to

15.84 kWex/kKWeyx. This value indicates that the unit exergy of steam supplied to 1%
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effect implies the consumption of nearly 15.84 kWex of external exergy resources.
This value is nearly seven times higher than the exergy cost of motive steam, due to
the extremely low exergy efficiency and the high exergy destruction by irreversibility

generated during thermal vapor compression of the entrained steam.

Table 4.4 Specific exergy cost for TVC unit

Brnotie (KWey) 6348
K oive (KWer KWe) 2.22
Buriranes (KWe:) 354.3
K s (KWex/kWex) 88.73
Bsteam to MED (KWex) 2875
S toMED (KWex/kWey) 15.84

The values obtained for the specific exergetic cost and the exergetic cost flow

for each effect are presented in Table 4.5.

The unit cost k, , of the chemical exergy of distillate sharply increases, from 20.05

KWex/kWex to 88.73 kWex/kWex, when passing from the first to the last effect.
Analogous results are observed for the specific cost of thermal exergy of distillate
and brine. In spite of the parallel configuration adopted to feed salty water to the
different effects, the sequential exploitation (along the effects from 1 to 12) of the
thermal exergy of compressed steam (supplied to drive the 1% effect) and the high
irreversibility occurring in each effect when converting thermal exergy into chemical
exergy of the distillate induce a gradual increase of the unit exegetic cost of thermal
exergy. Then, in cumulative terms, a unit of chemical exergy of the distillate produce
in the 12" effect is “charged” with a higher amount of exergy destruction, compared
to the distillate produced in the 1% effect, thus justifying the trend observed in the

specific exergetic cost.
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*

The specific cost of the thermal exergy of the feed, i.e. e , dramatically increases
along the feed pre-heating line, passing from 69.66 kWex/kWex (in the 1%t and 2"
effects) t0 461.26 KWex/kWex, (in the 115 and 12" effect). As previously explained,

the thermal exergy of a small fraction of distillate is consumed as exergy source

along the feedwater preheating process. Since k;,o, ; Values steeply increase when

moving forward along the MED plant (from the 1% to the 12™ effect), the preheater 5
(see plant scheme in Fig. 4.4) consumes a much more “precious” or costly exergy
input to preheat the feedwater. Then, an increase in the specific cost of thermal
exergy of the preheated feed is well explained, being also augmented by the lower
exergy efficiencies achieved by the last preheaters (see Fig. 4.10). It is worth noting,
in fact, that the steep increase of specific cost of thermal exergy from 134.91
KWex/kWex t0 461.26 kWex/kKWex, Observed when passing from the 10" to the 11%

effect, is caused by the extremely low exergy efficiency of the down condenser.

Table 4.5 Specific Exergy Cost and Exergy Cost profiles along the MED plant

Brine Distillate Feed
Effect kth,B,j kth,B,j Blt;j kth,D,j kth,D,j Bg,lj kch,D,j kch,D,j Blg: kfeed kf*eed Bft:ed
{kwex] (KWey) [ kWexJ (KWey) [ kWexJ (KWex) [ kWex} (KWex)
kW, kw_ kw_ kW,

1 20.05 2960.2 20.05 53446.6 20.05 573.3 69.66 10810.7
2 23.92 6746.7 23.92 60363.0 23.92 670.3 69.66 10810.7
3 28.34 10718.2 | 28.34 67336.4 28.34 794.2 74.49 10323.5
4 32.84 14657.4 | 32.84 74083.1 32.84 92.8 74.49 10323.5
5 37.78 184395 | 37.78 72999.7 37.78 983.1 88.57 8763.8
6 42.32 21602.9 | 42.32 78495.0 42.32 1137.6 88.57 8763.8
7 48.16 24573.1 | 48.16 71634.1 48.16 1129.5 107.54 6992.7
8 53.63 26414.3 | 53.63 76189.2 53.63 1318.9 107.54 6992.7
9 60.16 27623,1 | 60.16 64445.8 60.16 1238.8 134.91 5122.5
10 67.09 27818.0 | 67.09 68249.6 67.09 1477.4 134.91 5122.5
11 75.79 26936.9 | 75.79 497635 75.79 1235.4 461.26 1776.9
12 88.73  25538.7 | 88.73 53532.3 88.73 1598.7 461.26 1776.9
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4.11 Outcomes of this analysis

In this chapter, exergy analysis and exergy cost accounting have been proposed
for the in-depth interpretation of thermodynamic behavior of Multiple Effect
Distillation processes. Exergy analysis has allowed for assessing in which processes
the highest exergy destruction occurs. Exergy Cost accounting has provided with a
comprehensive view of the cost formation process. A twelve effects MED parallel
feed coupled with thermal vapor compression has been selected as case study. The
low exergy efficiency of the whole MED process suggests that high exergy
destruction occurs when converting thermal exergy of motive steam into chemical
exergy of freshwater.

In order to provide a clear interpretation of the reasons for the low exergy
efficiency of the MED system, a conveniently high disaggregation level has been
adopted, by analyzing separately the thermal vapor compression, feedwater
preheating and distillate generation. As concerns thermal vapor compression, the use
of high-pressure steam to produce low pressure steam supplied to MED process
resulted to be among the main responsible subprocesses for the poor plant
performance. This result testifies the great convenience in supplying such low
temperature processes, like the examined MED plant, by means of cogenerated heat
recovered from power plants or waste heat cascaded from other industrial processes.
Also, the conversion of thermal exergy into chemical exergy which takes place in the
effects resulted quite inefficient, mainly due to the finite temperature difference
between the heat exchanging fluid, which is in its turn limited by thermodynamic and
cost constraints.

By means of exergy cost accounting, the cost formation process of the distillate
could be clearly depicted. A substantial increase in specific cost of freshwater
product has been observed from the first to the last effects, as a consequence of the

irreversibility being cumulated along the quasi-sequential production process.
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The applicative example has confirmed the potential of exergy and
thermoeconomic analysis to provide with a comprehensive understanding of plant
behavior, allowing the plant designer to identify the possible margins for
improvement. Also, it is widely recognized in literature that the proposed
methodologies can be conveniently used during plant operation, to allow for rational

pricing of the product (especially in case of “dual purpose configurations).
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Chapter 5

Exergy Analysis and Thermoeconomic  Cost
Accounting for a Combined Heat and Power steam
cycle integrated with Multi-Effect Desalination-
Thermal Vapor Compression plant

In this chapter exergy analysis and thermoeconomic cost accounting for a Combined
Heat and Power steam cycle integrated with Multi-Effect Desalination-Thermal Vapor
Compression plant is presented

In the first part of this chapter, a brief overview on dual-purpose plants which include
Multi-Effect Desalination (MED) process is provided. Also, a literature review on
Thermoeconomics for these systems is carried out.

Starting from a retrofit scheme proposed in literature for the investigated MED system, a
thermoeconomic model is built. The goal is to show the capabilities of thermoeconomic cost
accounting to provide: (i) a detailed picture of the cost formation process of freshwater and
electricity produced in the system and (ii) a rational criterion to allocate sustained costs on
both products. In the last part of this chapter, a Reverse Electrodialysis unit is integrated, in
order to exploit the chemical exergy of the brine exiting the MED process. In this scenario,
exergy costs for each product are evaluated.

5.1 On “Dual Purpose” and “Hybrid Plant” configuration for MED process

As already shown in Chapter 4, one of the main barriers to the spread of Multi-
Effect desalination systems lies in their high-energy consumption per m® of
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freshwater product [5.1]. Nevertheless, one of their advantage is the possibility to be
fueled by low temperature heat [5.1]-[5.3]. This feature allows for the exploitation of
low-grade heat available from industrial processes (which would be otherwise
wasted if not used) [5.4], from power plants [5.5], or by using renewable thermal
energy sources [5.6]]-[5.[5.9]. For this reason, current researches have been paying
growing attention to the design of dual-purpose systems for simultaneous production
of electricity and fresh water. Freshwater production from a cogeneration system
allows for a decrease in specific cost and in environmental burdens of freshwater
production. For instance, according to [5.10], typical cost value for MED process
operated in cogeneration mode is 0.5 US$/m?, against the 1.25 US$/m?® obtained from
a stand- alone MED process. Further economic benefits may be achieved in those
contexts where cogeneration is supported by national directives as in the case of
European Union Directive [5.5]. To this regard, Piacentino et al. [5.5] proposed a
condensing cycle with steam extraction as an efficient CHP retrofit solution for an
existing Multiple Effect Distillation with Thermal VVapor Compression (MED-TVC);
the cited paper proposed a sensitivity analysis of design and operation parameters, in
order to assess whether or not the produced electricity was eligible for the “high
efficiency cogeneration” assessment, according to the current legislative framework.

As concerns the achievable environmental benefits, Valero et al. [5.11] carried
out a Life cycle assessment for MED process in order to assess environmental
impacts of this technology. In particular, by comparing results for a stand-alone
configuration with respect to a cogeneration operating mode, it was shown that CO>
emission reduces respectively by 61% when coupling MED process with a natural
gas fueled Combined cycle (CC), and by 55% when considering a coal fueled CC.

A viable solution is provided by thermal desalination processes with fossil-fuel or
nuclear power plants coupled with MED process [5.12].

The technical feasibility of small-medium scale integrated schemes including

cogeneration and thermal desalination units has been analyzed in a recent paper by
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Salimi et al. [5.13], where thermodynamic modeling and economic assessment for a
reciprocate engine coupled to a multiple effect desalination unit were presented.

An increasing interest for coupling MED processes with Concentrating Solar
Power (CSP) technologies has been shown during these years. However, this is only
limited to a small capacity of the system. For instance, in [5.8] the attractiveness of
Concentrating Solar Power schemes integrated with thermal or mechanical
desalination systems was investigated, in terms of levelized water cost and for
possible application in Middle East and North Africa countries. An analysis of the
potential for highly integrated solar energy systems to supply the requests from
isolated communities is presented in [5.14] and [5.15]. An interesting analysis
of technological and economic aspects of Multi-effect Distillation process integrated
with CSP can be found in [5.7] . Also, geothermal energy represents a possible
source to drive water desalination units, as testified by the comprehensive review of
technologies presented in [5.9].

One of the main drawbacks of cogeneration system for electricity and freshwater
is the simultaneous water and electricity generation [5.16] which does not allow for
plant flexibility during plant operation in those contexts where seasonal water and
power demands are extremely variable and not perfectively matched. In this
situation, the system is not run at its maximum efficiency values, thus not achieving
profitable energy saving. A way to address this problem is the use of “hybrid
systems” [5.17]. Hybrid desalination systems combine thermal and membrane
processes. The main advantages of these systems are: (i) the reduction in specific
energy consumption, (ii) the flexibility in operation in the case of highly variable
water and electricity demand, (iii) the cost saving due to the reduction in post-
treatment of freshwater, and (iv) the possibility to use a unique low intake/out fall
construction. In other words, by means of a “hybrid plant configuration” full load
operation for the overall plant is maintained in those periods when power demand
decreases significantly. The profitability of hybrid system as CC+MED+RO with
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respect to a stand-alone RO plant is highly sensitive with fuel market prices [5.18].
Clearly, in GCC, where fossil fuels are extensively subsided, profitability of a hybrid
plant with respect to stand alone RO is still assured [5.18].

One of the largest hybrid desalination plant in the world is “Fujairah 2” located
in the United Arab Emirates [5.18]. The capacity plant is equal to 596,500 m®/day. It
combines Multiple Effect Distillation process with Reverse Osmaosis, whose capacity
is respectively equal to 450,000 m®/day and 136,500 m3/day. By means of this

configuration, the power plant runs at its maximum capacity all year long.

5.1.1 Applications of Thermoeconomics in the analysis of dual-purpose plants

Most of the works available in literature focusing on the application of
Thermoeconomics in dual purpose power plants integrated with desalination units
has been oriented to the optimization of these systems. For instance, in Uche et al. in
[5.19] carried out a thermoeconomic optimization of the design of dual-purpose
power plant, composed by a steam power plant coupled with a MSF desalination
unit. The minimization of total cost has been achieved by local optimization of each
subprocess, thanks to the thermoeconomic isolation principle. A reduction in the
computing resources and a simplification of the mathematical problem were
achieved. In [5.20], thermoeconomic optimization of a hybrid pressurized water
reactor (PWR) power plant coupled with a multi effect distillation desalination
system with thermo-vapor compressor (MED-TVC) was carried out. In Ortega-
Delgado et al. [5.22], an exergoeconomic cost accounting was carried out for
comparing thermal (MED) and membrane (RO) desalination processes integrated
with CSP. The analysis allowed for selecting a plant configuration with the lowest
levelized cost for the freshwater and the electricity produced. In [5.23] two different
combined solar cycles with different configurations of Multi-Effect distillation
(MED) processes are considered. In the first configuration, the solar energy is

directly utilized from the solar collector field via evaporator heat exchanger to the
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first effect of the MED process. In this case, only potable water is produced. In the
second case, the exhausted energy from the organic Rankine cycle (ORC) turbine is
used in the first effect of the MED process and both electric power and desalted
water are produced. The exergoeconomic analysis allowed for evaluating unit cost
variation according to different design alternatives. Another interesting paper
concerning exergoeconomic analysis of alternative solar-driven polygeneration
systems can be found in [5.24]. A thermoeconomic assessment of an innovative dual-
purpose system composed by transcritical CO> refrigeration cycle coupled with a
MED system was carried out [5.25]. The analysis provided insights into the effect of

exergy destruction and capital investments at each component sublevel.

5.2 Description of retrofit steam cycle for the investigated MED-TVC process

The thermoeconomic analysis carried out in this chapter refers to the same CHP-
MED-TVC plant presented in [5.5]. Here, the potential of thermoeconomic cost
accounting is investigated as an instrument to provide with a rational criterion to
allocate costs of the consumed resources, either in the form of natural gas and capital
investment, on the produced freshwater and electricity.

As concern the MED-TVC process, it is the same described in Chapter 4. It is worth
reminding here, that it is an existing plant located in Trapani (Sicily), constructed and
started-up in 1995. The plant is composed by four identical MED-TVC units with a
specific capacity of 9000 m*/day each, for a total plant capacity of 36000 m%/day.
The MED-TVC units are of the parallel-feed type and are constituted by twelve
effects each Temstet C., Canton G., Laborie J. and Durante A. A large high-performance
MED plant in Sicily. Desalination; Vol.105, pp 109-114, 1996.[5.26]-[5.27].

The retrofit scheme proposed consists of a topping CHP steam cycle with
condensation and steam extraction. The scheme is illustrated in Figure 5.1, where all

the material flows are identified and consecutively numbered to allow for a clear
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formulation of the thermodynamic and thermoeconomic models of the plant. Steam is
assumed to be produced in a conventional natural gas-fueled boiler (consisting of
different sections, namely economizer, vaporizer, superheater and reheater);
furthermore, three stage steam turbines are considered and respectively indicated as
High Pressure, Intermediate Pressure and Low Pressure (i.e. HP, IP and LP). Surplus
heat is discarded via a water-cooled condenser; in order to increase the efficiency of the
cycle, a number of pre-heaters is included, and in particular:

a.1 closed-type feedwater heater with drains pumped forward,;

b.5 closed-type feedwater heaters with drains cascaded backward;

c.1 direct-contact feedwater heater, which also serves as a deaerator.

In order to allow for a more comprehensive assessment of plant efficiency, 5
different steam extraction pressures will be alternatively considered, respectively equal
to pa=4890 kPa, ps=2800 kPa, pc=1480 kPa, pp=700 kPa and pe=290 kPa and
corresponding to the five extraction points indicated as A, B, C, D and E in Figure 5.1.

Also, the number of MED units simultaneously operating will be imposed to range
between 1 and 4, in order to account for possible scheduled or unscheduled
maintenance and eventual unexpected reductions in the freshwater demand. It is
worthwhile observing that the retrofitted plant layout exploits the methane-fueled
boilers as backup units, to supply motive steam for the desalination unit in case of
temporary unavailability of steam extraction from the turbines, or in peak hours when
the high price of electricity might suggest to maximize the power production and

operate the CHP plant in “power production only” mode.
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Figure 5.1 Physical layout of CHP-MED-TVC plant [5.5]
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The main thermodynamic parameters of the power cycle are presented in Table 5.1

and Table 5.2. Some design values as Terminal Temperature Difference (TTD) of

preheaters, steam extraction pressure for preheating section were selected according to

the common practices in thermal power plant design, as suggested in [5.28].

Table 5.1. Main features of Steam Power Plant

Parameter
Superheating Temperature 450°C
Reheating Temperature 450°C
Efficiency of steam generator 0.94
Isentropic efficiency of HP turbine, 5" 0.90
Isentropic efficiency of IP turbine, #'® 0.86
Isentropic efficiency of LP turbine, n-° 0.84
Isentropic efficiency of pumps, #Pms 0.85
Terminal Temperature TTDopreheater 1 3°C
Difference of preheaters, TTD TTDpreheater 2 3°C
TTDpreneater 3 0°C
(i.e. “saturation TTDpreneater 4 -1°C
temperature TTDgpreheater 5 1°C
of bled steam — exit TTDgpreheater 6 -2°C
water temperature”) TTDpreneater 7 -3°C
Net electric power production, Wpet 90 MW

An accurate thermodynamic model of the “CHP+MED-TVC” system was

developed and implemented in Engineering Equation Solver software [5.29]. For the

sake of brevity, the model is not presented here into details; it essentially consists of

energy and mass conservation equations applied to each component by using EES built-

in thermo-physical properties functions. The model includes a semi-empirical

polynomial correlation representing the behavior of the steam-jet ejectors that drive the

MED units.
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Furthermore, as will be shown below, additional equations concerning the off-
design operation mode of some components were also implemented in this model.

As concerns the effects of non-ideality, pressure drops along the pipes and in the
steam generator are neglected, while irreversible expansion of the working fluid is taken
into account by the isentropic efficiencies. Although this approach implies some
deviations from the actual behavior of real-world plants, accounting only for the
internal irreversibilities along the expansion process seems sufficient and coherent with
the methodological scopes of the present analysis, which is essentially aimed at
developing a reasonable structure of the cost formation process. Also, being the model
based on a simplified modelling of a steam cycle, validation was not necessary (nor
could it have been performed against experimental data, since the steam plant only
represents a theoretical retrofit scheme, the real installation currently including only the
MED units supplied by steam boilers). However, the technical soundness of the model
is sufficient since the values obtained for the thermodynamic properties and plant
performance are absolutely coherent to the typical values which can be found in
literature and practice.

In Table 5.2 the thermodynamic parameters of the working fluid in each state are
shown, for the particular operating condition with null steam extraction, i.e. with the
plant operated in “power production only” mode. At full load operation, the steam cycle

achieves a 90 MW, net power production.
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Table 5.2 Thermodynamic properties of material streams
in case of null motive steam extraction for the MED units

Pi Ti hi Si .

Flow [kPa] [°C [ki/kg] [ki/kg-K] [g 8
1 56.0 34.9 146.2 0.503 34.45
2 1476.0 56.5 237.9 0.786 34.45
3 1476.0 59.1 248.5 0.818 73.07
4 1476.0 86.7 364.4 1.154 73.07
5 1476.0 120.0 504.6 1.526 73.07
6 1476.0 166.0 702.4 2.002 73.07
7 1476.0 196.6 836.9 2.298 90.00
8 8000.0 197.7 844.7 2.299 90.00
9 8000.0 232.1 1001.0 2.618 90.00
10 8000.0 265.5 1161.0 2.926 90.00
1 8000.0 295.0 1317.0 3.207 90.00
12 8000.0 295.0 2758.0 5.743 90.00
13 8000.0 450.0 3272.0 6.555 90.00
14 4890.0 378.4 3144.0 6.577 7.24
14 4890.0 262.5 1147.0 2.907 7.24
15 2800.0 305.7 3013.0 6.603 82.75
15 2800.0 230.0 990.3 2,610 13.62
16 2800.0 450.0 3347.0 7.118 76.38
17 1480.0 364.3 3179.0 7.158 3.30
18 700.0 275.8 3008.0 7.205 31.04
18" 700.0 165.0 697.2 1.992 6.26
18" 700.0 275.8 3008.0 7.205 42.03
19 290.0 190.0 2845.0 7.456 3.85
19 290.0 120.0 503.5 1.527 10.11
20 101.9 104.3 2688.0 7.560 3.10
20 101.9 89.7 375.9 1.190 13.22
21 28.1 59.5 2529.0 7.679 0.62
22 5.6 34.9 2391.0 7.789 34.45
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As stated above, the analysis will be performed, for five different steam extraction
pressures, assuming the number of MED-TVC units to be supplied with extracted steam
to range between 1 and 4. When the number of operating MED units varies, the mass
flow rate of steam to be extracted also varies proportionally, and the operating condition
of the steam turbines consequently changes. Of course, the pressure profiles are also
influenced by the steam extraction pressure. The adopted thermodynamic model
accounts for such off-design operating conditions by calculating all the intermediate
pressures and all the modified isentropic efficiencies, based on the following equations

derived from application of nozzle analogy [5.30]:

(5.1)

(5.2)

In Equations (5.1) and (5.2) px and puy indicate respectively the pressure
downstream and upstream the steam extraction section; the subscript “d” refers to
design case, while the superscript “t” refers to total pressure. The coefficient a is a
constant that depends on the number of stages and the design of each specific
turbine; in the present study, this coefficient has been assigned respectively the value
0.10 for the high-pressure turbine and 0.14 for the intermediate and low-pressure
turbines [5.30].

In Table 5.3 the off-design pressure variations (for any given design extraction
pressure between pa and peg, each one indicated as “Case A”-“Case E” in the column
headers in the table) are reported, when all the four units are supplied. It is

worthwhile observing that the bold black values in the grey-highlighted cells refer to
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the pressure levels that do not experience any variation with respect to the values in
the first column (“Design” case, intended as plant operating condition in “power only

mode”), being situated above the steam extraction level as evident in Figure 5.1.

Table 5.3. Off-design pressure for any design extraction pressure
when all MED units are supplied

“Design”

Case
p1z(kPa)  8000.0 8000.0 8000.0 8000.0 8000.0 8000.0
pis (kPa)  4886.0 4886.0 4886.0 4886.0 4886.0 4886.0
pis (kPa)  2798.0 1882.0 2798.0 2798.0 2798.0 2798.0
p17 (kPa)  1476.0 1147.0 1124.0 1476.0 1476.0 1476.0

Case “A” Case “B” Case “C” Case “D” Case “E”

pis(kPa)  701.0 450.8 439.8 435.3 701.0 701.0
pio(kPa)  291.0 183.1 178.0 175.8 171.0 291.0
po(kPa) 1017 63.5 61.7 60.9 59.3 56.9
P (kPa)  28.0 18.6 17.9 17.7 17.3 16.7

Also, based on the aforementioned semiempiric model for the steam jet ejector
[5.31], it was possible to calculate the amount of steam to be extracted to supply any
number of MED units, as a function of the steam extraction pressure. The results are

shown in Table 5.4.

Table 5.4. Motive steam flowrate supplied to MED-TVC units

Steam Flowrate to MED-TVC units

(kgls)
Nunits=1 Nunits=2 Nunits=3 Nunits=4
Steam Extraction in A 5.70 11.40 17.10 22.80
Steam Extraction in B 5.82 11.65 17.47 23.30
Steam Extraction in C 5.98 11.97 17.95 23.94
Steam Extraction in D 6.20 12.39 18.59 24.78
Steam Extraction in E 6.52 13.05 19.75 26.09

A very interesting result that can be obtained by solving the thermodynamic
model consists in the evaluation of the penalties, in terms of lower power production,

related with the CHP operation of the plant, i.e. with the steam extraction to supply
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the MED-TVC units. Obviously, such penalties may be expected almost proportional
to the number of MED units to be supplied and also dependent upon the steam
extraction pressure assumed. In fact, when the steam extraction pressure increases
(passing from the extraction point “E” toward the extraction point “A”), a larger
fraction of the steam mass flow rate does not expand in low pressure stages, seriously
reducing the power generation capacity. This effect may be expected to be much
smoother when steam is extracted at a lower pressure.

The results are shown in Figure 5.2. As expected, the highest penalties in terms of
power production are observed, for any number of MED units to be supplied, when
steam is extracted at higher pressure. In particular, when all the 4 MED-TVC units
are operating, the power production decreases only by 23 MW, when steam is
extracted at the lowest pressure (point “E”), while the production decreases by
almost 36 MW, when steam is extracted at the highest pressure (point “A”).

[ Steam Extraction in "A" Steam Extraction in "B" [ Steam Extraction in "C"
Steam Extraction in "D" Steam Extraction in "E" ENOQO Steam Extraction
90.0
E 850 =
= 80.0 2
g o
% 75.0 g
T 700 7 7
—
% 650 g g -
Z 600 7 ﬁ %
zz 4 aé |
“on 7 % A
0 1 2 3 4
Noie

Figure 5.2. Power Production for any design extraction pressure
and number of MED units supplied

5.3 Exergy analysis

A preliminary exergy analysis is carried out in order to calculate the exergy flow
associated with all the fluid streams. In thermoeconomic modelling, it is useful and

common to decompose the exergy flows into their physical and chemical fractions, in
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order to allow for a more accurate definition of the productive scope of each
component [5.32]. Physical exergy is related with the difference in pressure and
temperature between the examined material stream and the reference state, while
chemical exergy is related with the difference in chemical potentials of the
constituent species of the stream; a detailed description of this topic can be found in
[5.33].

Considering that in a steam cycle the working fluid does not undergo any change
in its chemical composition, only physical component of exergy was considered.
Once indicated as “b” the specific exergy of a material stream (kJex’kg), and referring
to the reference state by the subscript “0”, the specific physical exergy can be

calculated as follows:

bph:(h_ho)_To'(S_So) (5-3)

For the MED-TVC units, conversely, a significant variation in the chemical
composition of water is observed during the evaporation process occurring in each
effect, since the water passes from the incoming seawater condition to the state of the
output flows, i.e. freshwater and concentrated brine. Then, in this case the chemical
exergy has to be considered.

In order to calculate the chemical exergy content of distillate and brine, the
approach proposed in [5.34] was used; here only some brief explanatory notes are
given, being the reader invited to examine the reference work [5.34] for further
details. The adopted approach adopts an “ideal solution” model to describe each
material flow entering and exiting the desalination unit; as observed in [5.35], this
assumption is correct only when feedwater salt concentration is lower than 70000
ppm and for recovery ratios (i.e. the ratios between the flowrates of distillate product
and incoming seawater) lower than 0.7; in the examined case both these conditions
are well satisfied considering that the feedwater salt concentration is equal to 38000
ppm (average value for the Mediterranean sea) and the recovery ratio is

approximately 0.29 [5.26]. Chemical exergy of brine and distillate were calculated
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based on the minimum theoretical work of separation required in any reversible
desalination process; the chemical exergy flow of the freshwater and brine are

respectively equal to:

. . xno.diss Xno.diss
_ no.diss s,brine s,brine
Bfreshwater = N fesh % Ru TO XSyfeed Xno.diss _ Xno.diss In Xno.diss (54)
s,brine s, feed s, feed
.di .di
B _ N R T Xno,diss Xsn,ct))l’il’llzS In Xsn,grir:SeS _ 1 5 5
brine — 1N fresh = = Ry = 1o X eeg Xno.diss . Xno.diss Xno.diss ( : )
s,brine s, feed s, feed

In Equations (5.4) and (5.5), ¢ represents the dissociation factor of salts (equal to
2 for sodium chloride), Ry is the universal constant of gases, xs is the molar fraction of
the dissolved salts and Fresn is the molar flowrate of product freshwater

The reference state adopted for exergy calculations was seawater composition
(particularly, 38000 ppm) at T¢=288,15 K and po=101.325 kPa. All the required

expressions for exergy analysis were implemented in the EES model.

5.4 Thermoeconomic modeling of the examined dual-purpose plant

In Figure 5.3 the productive structure of the examined plant is shown. In Figure 5.4
a zoomed representation of the productive structure for the desalination unit and its
thermal vapor compressor is also provided. As can be seen from both figures, the
productive structure is much more complex than the physical lay-out since it includes
not only the physical units, but also a number of fictitious/virtual elements, named
nodes (represented by diamond-shaped symbols and associated with either
branchings or junctions), which distribute (collect) exergy flows toward (from)
different components, not involving any physical energy conversion process.

In the figures, all the exergy flows (represented by thin continuous black lines)
are numbered according to the notation adopted in Figure 5.1 and Table 5.2. In
Figures 5.3 and 5.4 the costs associated with capital investment are represented by
red arrows, while the costs associated with the “residue” flows are represented by

green dotted arrows.
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The productive structure of the steam power plant adopted is not characterized by
a simple sequential arrangement of the main components, due to its intrinsically
cyclic operation and to the presence of preheaters. Nevertheless, keeping in mind the
thermodynamic evolution of the working fluid in the Hirn cycle, it can be stated that
a first increase of its exergy content is provided by the preheating systems, pumps
and boiler (particularly in the economizer, vaporizer and superheater sections), while
a second contribution is given by the reheater section of steam generator.

For the examined case, Mixer and Feedwater Heater 1 were considered as unique
component in order to simplify the model.

The only dissipative component is the steam condenser: the residue here
generated is the exergy flow released during steam condensation and dissipated to
the cooling water. According to [5.36], this flow was assigned to the different plant
components proportionally to their contribution to the increase of exergy content of
the working fluid.

A brief explanation is here given for a single component, in order to accompany
the reader towards an easier interpretation of the scheme, i.e. the Boiler (including its
economizer, vaporizer and superheater sections). This component “consumes”

different types of resources, that represent its fuels: (i) the exergy of the fuel input,
BFueI, which is associated with a cost that depends on the unit cost of fuel, (ii) the

capital investment ZECO—Vap—SH, expressed in (€/s) or (€/h), (iii) the residue

W eco—vap-sH Peno that represent a fraction of the exergy lost by the working fluid at the

condenser (PCND) which is allocated, as an additional cost, to the boiler that has

contributed to generate it. Conversely, the useful output is represented by the

increase in the physical exergy of the working fluid, B1s— Buo.

As regards the level of disaggregation adopted for the desalination units, the MED
section and the Thermal Vapor Compressor were treated as separate components (see
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Fig. 5.4), in order to assess the different incidence of these units on the cost formation
process of freshwater.

The exergetic model adopted for the thermal vapor compressor has a particular
conceptual interest for expert thermoeconomic analysts. The TVC basically consists of
an entrainment and a successive compression of the low-pressure steam (usually called
entrained flow) operated by means of a relatively high-pressure steam (motive steam);
the reader is invited to refer to [5.31] for further details on the operation principle of this
device. As evident in Fig. 5.4, being “Bmep-B23” the total exergy input to the TVC-
MED unit, only a fraction of this flow is used by the thermal vapor compressor to
increase the exergy of the entrained steam during its compression, while the remaining
part virtually bypasses this component and is consumed directly by the MED section. In
particular, once indicated with b the specific exergy of the steam exiting the TVC
(corresponding to the inlet condition at the 1% effect of MED) and with bos the specific
exergy of the steam exiting the 12" effect and entrained by the TVC, it follows that
[5.28]:

- the fraction of the inlet exergy flow which constitutes the thermal vapor

compressor fuel is M veo- (b,y —b,g) ;

- the fuel of the TVC is used to the increase the exergy content of the entrained

steam from bas up to bze; hence the quantity mzs(b26 —b,;) constitutes its

product.

A black box model was adopted for the MED unit, since a higher level of
disaggregation is not needed to achieve the desired results. The productive structure
of the MED section indicates that it is fueled by the thermal exergy supplied by the
steam flowrate and by some electricity driven from the generator and used to drive
auxiliary components (i.e. pumps). Only freshwater is considered, at this step, as a
useful product, since the concentrated brine is initially assumed to be disposed back to
the sea, wasting all its exergy content. In this case, the exergy content of the brine was
not considered a residue flow, because as shown in [5.32] the components which

contribute to its formation process are the twelve MED effects and, according to the
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adopted disaggregation level, the residue flow would be allocated entirely on the same
MED with no influence on the unit cost of freshwater.

In Figure 5.4, the exergy flow “Bmep-B2s” fueling the MED units is derived from
both the nodes X; and X,: this representation should not lead to misleading
conclusions: in fact, it indicates that the MED fuel is derived from node X1 whenever
the motive steam is assumed to be extracted at point “A” or “B” in Fig. 5.1, thus
indicating that the reheater does not contribute directly to the formation process of
the consumed steam. Conversely, for any other steam extraction pressure (points
“C”, “D” and “E” in Figure 5.1) the exergy flow consumed in the MED unit is
assumed to be derived from node X».

In Table 5.5 the fuel, product and residue flows are presented; in the last
column, the specific exergy consumption k; is also shown: this quantity is defined as

the exergy consumed by the “i-th” component in order to obtain a unit of its product:

k= (5.6)

Obviously, the specific exergy consumption is the inverse of exergetic

efficiency, i.e. ngy =ki. Here, using ki instead of 7ex,i was preferred, following the
i

commonly adopted symbolism in thermoeconomic analysis. High values of k; are
clearly achieved by the devices with a poor exergetic efficiency, which are
characterized by high exergy destruction rates. In Table 5.5 the fuels, products and
residues are shown for the specific case “E” (i.e. with steam extraction in “E”): it
may be observed that the highest value of ki, i.e. 11.11 kWex/kWex, is obtained for the
MED unit, testifying that very high irreversibility occurs during the thermal separation
process.

In the power section the steam generator achieves, as usual, the highest k; value
due to both the irreversibility occurring in the heat transfer process between hot
combustion gases and working fluid and the high discharge temperature of exhaust

gases. No specific exergy consumption is defined for the condenser, due to the
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difficulties in identifying its “product” (it is a dissipative component that lacks a useful

product measurable in exergy units).

Table 5.5. Thermoeconomic model results for the case of steam extraction in “E”

Component F P R ki
(KWex) (KWex) (KWey) (KWex/kWey)
Steam Generator

(Eco-Vap-SH) 199755 95862 826 2.084
Steam Generator (RH) 29477 14146 179 2.084
Steam Turbine (HP) 23558 22384 0 1.052
Steam Turbine (IP) 27089 25079 0 1.080
Steam Turbine (LP) 33362 25425 0 1.312
Feed Water Heater 1 (FWH,) 949 820 7 1.157
Feed Water Heater 2 (FWH,) 1580 1191 10 1.327
Feed Water Heater 3 (FWHs) 4602 3786 33 1.216
Feed Water Heater 4 (FWH.) 3693 3352 29 1.102
Feed Water Heater 5 (FWH) 6962 6581 57 1.058
Feed Water Heater 6 (FWHe) 6078 5746 50 1.058
Feed Water Heater 7 (FWH>) 6804 6481 56 1.050
Pump 1 (P,) 58 49 0 1.163
Pump 2 (P2) 695 683 6 1.017
Generator 72888 71362 0 1.020

Condenser (CND) 4910 1253 0 -
Thermal VVapor Compressor 9700 2665 0 3.640
MED 15076 1356 0 11.115

216



Chapter 5

Key
Flow associated with: ) B 7 Pons -
— > Exergy Vrwn, Cno| Yrwn, f:\D WEWH, ool _ . _ _
. B 5o — B Byy — B 3,0 — E : B By4Bp —m——
— Capital Investment . 17’ . Bygr — Bygr . +1g ) 19" B2g — Bagrt + Bigr a9t + B21 + B2z
. L 4 4 v 18 Condenser
e Residue generated h 4 v  J h 4
[ ] '
5 GEIEEIEEr FWH FWH FWH FWH FWH , m 1+
5 4 3 2 1 Penp ® |
: + | . |, ., 1 t* 4 T | 4 Zowo
YEco-vap-suFenp = 5 s 157 Bs=B5s o lb —B 7 . 7 . b _3
» “Eco—Vap—sH Zpwp,| FromZ FWH, FWH;| 55 — Ba FWH.| = FWH, " 27
. - n -
4 Yrwn,Ponp  [WFwr, FPenp
) v B, — B MED-TVC fuel only for|. . :
Bruet—» 3 Eco-Vap-SH cases "A"and "B" !l Bi—B3 UrePonn 5
. : B3 — By L Fuel.RH
| Biz — Bip Ll o RH € «——
|
= 316 - 3151” Z.'
o By—B; Yewn,Penp P RH
By — By . By —Bg 16— 51 N 5,
. 810 - EQ - ‘
Yrwn, Penp v . ) ) S MED-TVC
" Bygr — By + By By — B17 — Big fuel only
L - FWHG for cases
Vs RN = 3 am — Byg— Bog — Byy — B
7 \,‘ ( /pj_\ - v Bgim — Byg — Byg — Bay — Bay nen npn
/PN (/P2 P, ; . . ; _i
\_]l/ o/ - ZrwH, Byy — Bam Bygp — Bas| and "E"!!
‘ “ FWH? -+ . Freshwgter
. ; " 12 — D14 — Dy5" — D45 —
Yp, Penp Ye,Fenp FWH [ HP J‘ i reesizier
| W, 't P LP v e
W"?J-p. . —— Freshwater
o Z Wy T4 T
@, S ot O [EGre o —
P | f/‘ Wi Z1pturb. Z0p rur
. . LJLUTD,
Waro ZeEN MED n°4 ~4—
wg{,m MEDs

Figure 5.3 Productive Structure of CHP-MED-TVC plant
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Figure 5.4 Productive Structure of the MED-TVC desalination unit for the case of
steam extraction in “E”

It is worthwhile examining how the exergetic efficiency of the “MED-TVC”
section varies with the pressure of the supplied steam; as shown in Figure 5.5, the
efficiency of the unit always maintains lower than 10%, indicating that in all the
examined cases a very relevant exergy destruction occurs in this component. In
particular, the exergy efficiency decreases when increasing the steam extraction
pressure, passing from 7.1% for steam extraction in “E” down to 4.8% when steam is

extracted at the highest pressure in “A”.
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Figure 5.5. Exergy efficiency of the “MED-TVC” section for different
steam extraction pressures

5.5 Overall exergy efficiency of the dual purpose plant

Looking at the whole plant as a black box, the exergy of the natural gas supplied
to the boiler represents the unique exergy input, while the exergy content of freshwater
and the net produced electricity constitute the plant products. The exergy content of
natural gas was approximated by its low heating value (thus neglecting the required
correction factor [5.33], which slightly depends on the gas composition and ranges
between 1.03 and 1.05). The exergy efficiency at a whole plant-level is calculated as

follows:

B W
SHPMEDTVC (o) - —resmalel S0 100 (5.7)

B NaturalGas

In Figure 5.6 the trend of the exergy efficiency is presented for all examined cases.
It may be observed that when the steam extraction pressure decreases, i.e.
gradually passing from the point “A” to the point “E”, for any number of MED units
supplied the exergy efficiency of the whole plant increases. Two factors justify the

observed trend:
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1 at a lower extraction pressure a higher specific work is obviously obtained,
since the extracted mass of steam has undergone a more intense expansion
process before being supplied to the MED-TVC units;

2 at a lower extraction pressure the exergy efficiency of the MED-TVC unit
also increases, as shown in Figure 5.5, due to the lower exergy destruction
rete involved in freshwater production.

When the number of operating MED units decreases, the overall exergy
efficiency increases; this trend is justified by the fact that the thermal desalination
unit is the section of the plant with the lowest exergy efficiency. In fact, previous
studies have revealed that the thermal separation of a seawater by distillation
processes implies high exergy destructions, due to the very low chemical exergy
content of freshwater product [5.5]. When the numbers of operating MED-TVC units
decreases, the motive steam supplied to drive these units decreases almost
proportionally, and a large fraction of the total exergy destruction is consequently

avoided, allowing at meantime to increase the electricity production rate.
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Figure 5.6. Overall exergy efficiency at whole plant-level, for different steam extraction
pressures and number of operating MED units
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5.6 Insights into the Economic Model of the case study

In order to perform the thermoeconomic cost accounting, data on the purchase
cost of plant components and equipment are also necessary. For the examined plant,
appropriate cost figures derived from literature were used; in particular the cost figures
were derived: for steam generators from [5.19], for turbines, condenser, pumps and
preheaters from Ref. [5.37] and, finally, for the MED units from Ref. [5.38]. All
these formulas were eventually updated to account for the variable value of
currencies.

When referring to a steady-state thermoeconomic model, capital cost flows Z
(€/h) are required; as along the last few years the MED-TVC sections have been
observed to operate quite discontinuously (for a number of reasons related with
scheduled and unscheduled maintenance), calculating hourly capital cost flow becomes
more difficult than if the plant was operated at constant load. For components with
irregular operation profiles, a possible criterion to calculate the capital cost flows Z was
provided in [5.39], where the purchasing cost flow of the “j-th” component in a generic
“i-th” hour was obtained on the basis of the amount of product produced in the
examined hour, according to the following equation:

. P (5:8)
Zj=2;-CRF &
ij,i
i=1
where
@+1)" 1
CRF =— " — 5.9
@+0)" -1 9)

In Equation (5.8), CRF is the Capital Recovery Factor of the investment to be
calculated by Equation (5.9), where “t” represents the interest rate and “n” is the plant
technical or economic life; once assumed, for the examined case, an interest rate equal

to 5% and a 30 years plant life cycle, a CRF=0.065 was obtained. This means that the
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annuity corresponding to the capital investment for each component is calculated as
6.5% of its initial cost.

In Equation (5.8) Pji indicates the product of the “j-th” component during the “i-
th” examined hour, according to the supposed operation schedule; finally, the
summation of Pjiover the year indicates the annual productivity of the “j-th” unit.

Based on historical data, the following annual operation schedule was assumed
for the MED-TVC units, which is justified by the typical trends of scheduled and
unscheduled maintenance activities and by possible control of the freshwater
production capacity aimed at facing the highly irregular demand on a seasonal basis:

- 1000 h/y with only one MED-TVC unit in four operating;
- 2000 h/y with two MED-TVC units in four operating;

- 2000 h/y with three MED-TVC units in four operating;

- for 4760 h/y with all the four units operating.

5.7 Results of thermoeconomic cost accounting

The thermoeconomic cost accounting was applied on the basis of the proposed
productive structure. The thermoeconomic model, not described here in details for the
sake of brevity, essentially consists of cost balances (1 equation per component) and
auxiliary equations formulated, for all the components with more than 1 output flow, on
the basis of well-established rules presented in the Chapter 1.

In Table 5.6, for each component the thermoeconomic cost flows (i.e. capital
investment Z, cost of fuels Cr and residues Cr and cost of products Cp), the unit
thermoeconomic cost of products cp (calculated dividing the cost of products Cr by the
product measured in exergy units) and the capital and residue exergoeconomic factors
are shown.

The thermoeconomic unit cost of a product, here indicated as cp (€/kWh),
represents the monetary expense in terms of external fuels and equipment purchase in
order to produce a unit exergy of the examined product; the capital and residue

exergoeconomic factors, f, and fr, respectively represent, the contribution of the capital
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investment and residue costs on the total production cost of each component, calculated

as follows:
;=52 (5.10)
Ce
fo=t (5.11)
Ce

Looking at Table 5.6, from the values of exergoeconomic factors f; it emerges that
the capital investment and residue costs account for less than 6% of the total production
cost for almost all the plant components; then, the thermoeconomic unit costs of the
products are mainly influenced by specific exergy consumption and by the
thermodynamic irreversibility occurring in each component. Only for the MED units
the capital cost has a higher influence on the total cost (i.e. 18.8%), but even here the
fuel cost still represents the main fraction.

The MED unit is characterized by the highest unit exergoeconomic cost: in fact,
its poor exergetic performance (i.e. its very high value of “kmep”) is responsible for such
a relevant increase in the unit cost of desalted water.

It is worthwhile noticing the enormous difference between the thermoeconomic
unit costs of desalted water and electricity, respectively equal to 1.313 €/kWhey and
0.078 €/kWhex, which is a consequence of the two different cost formation processes
within the examined plant.

The above analysis represents a rigorous procedure based on exergy costing, i.e.
on the allocation of the costs proportionally to the exergy content of the product
streams, thus keeping into account the whole productive chain involved in the
generation of each material stream; other alternatives for cost allocations have been
proven in literature to lead, eventually, to misleading conclusions. In our case, the total
hourly cost at whole plant level in case of steam extraction in “E”, when all the MED
units are supplied, is 7051.24 €/h, while the exergy contents of products are respectively
equal to 67609 kWhex for electric power and 1356 kWhex for freshwater. If a same cost
per unit exergy was assumed for both these products (renouncing to analyze the
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productive chain), a 6912.60 €/h cost would have been allocated on the electric output
and only a 138.64 €/h cost on the produced freshwater. Conversely, the rigorous
thermoeconomic cost accounting led us to allocate a 5563.29 €/h on the produced

electric output and 1780.50 €/h on freshwater.

Table 5.6 Thermoeconomic cost accounting results in case of steam extraction in “E”

Z CF CR Cp Cp fz fR
(€/h) (€/h) (€/h) (€/h) (€/kWhey) (%) (%)
Steam Gen.
(Eco-Vap- 141.06 5453.98 213.58 5808.63 0.0606 2.4% 3.7%
SH)
Steam Gen. 2.2%
(RH) 19.24 804.82 46.27 870.32 0.0615 5.3%
HP Turbine 57.72 1499.46 0 1557.18 0.0696 3.7% 0%
IP Turbine 73.97 1715.98 0 1789.95 0.0714 4.1% 0%
LP Turbine 76.99 2113.36 0 2190.36 0.0861 3.5% 0%
FWH; 5.62 60.08 1.83 67.53 0.0824 8.3% 2.7%
FWH, 4.60 100.11 2.65 107.36 0.0901 4.3% 2.5%
FWH3 5.57 291.53 8.44 305.54 0.0807 1.8% 2.8%
FWH. 4.80 233.96 7.49 246.22 0.0735 1.9% 3.0%
FWHs 11.70 442.01 14.66 468.37 0.0712 2.5% 3.1%
FWHe 7.50 386.86 12.80 407.16 0.0709 1.8% 3.1%
FWH- 8.28 433.07 14.44 455.79 0.0703 1.8% 3.2%
Pump 1 0.17 4.50 0.11 4.78 0.0962 3.5% 2.3%
Pump 2 0.62 54.17 1.52 56.31 0.0825 1.1% 2.7%
Generator 25.81 5537.48 0 5563.29 0.0780 0.5% 0%
Condenser 12.75 311.02 0 -- -- -- --
TVC 1.63 614.45 0 616.09 0.2312 0.3% 0%
MED 334.42 1446.09 0 1780.50 1.3127 18.8% 0%

5.8 Cost sensitivity to the steam extraction pressure and to the number of
desalination units supplied

In this section a sensitivity analysis is carried out in order to evaluate the
variations in the product costs when the extraction pressure of motive steam supplied to
MED units is changed; the proposed analysis allows to identify the optimal values of
the steam extraction pressure in order to minimize the unit cost of both products.
Another important parameter included in the analysis, to account for the different
operating conditions of the plant throughout the year, is represented by the number of

MED units operated and supplied with “cogenerated” motive steam.
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In Figures 5.7 (a) and (b), the freshwater and electricity costs are respectively
shown. It may be observed that:

- for any given steam extraction pressure, the freshwater unit cost
increases with the number of MED-TVC units supplied. As previously
observed, when a larger amount of freshwater is produced, a higher mass flow
rate of steam is extracted along the fluid expansion line and subtracted to the
power production process; due to the poor exergetic efficiency of the
desalination units (see Figure 5.5), the total exergy destruction dramatically
increases with the numbers of MED units supplied. Starting from this
consideration, it follows that when a higher number of MED units are activated,
a larger fraction of the exergy content of the natural gas fueling the plant is
devoted to freshwater production, rather than to the production of electricity. As
regards the unit cost of electricity, since steam flowrate through low-pressure
turbine stages (below the extraction pressure) decreases when the steam
extraction increases to drive a higher number of MED units, according to
Equation (5.1) the turbine isoentropic efficiencies also decrease, and their
exergetic efficiency too, as a consequence; this poorer performance of the steam
turbines implies that a greater exergy destruction occurs when producing 1
kWhex of electricity, so that the unit cost of electric power slightly increases
with the number of MED units simultaneously operating.

- When the steam extraction pressure decreases (i.e. from point A to point
E), the freshwater unit cost decreases: lower pressure of steam extraction leads
to lower exergy destruction in desalination unit, due to the improvement of
MED-TVC exergetic performance, as shown in Fig. 5.5: it follows that since
less exergy destruction occurs, the decrease in freshwater cost is justified. The
discontinuity of cost values observed for case “C” depends on the modification
of the productive structure adopted when steam extraction occurs before or after
steam reheater (i.e. case “A” and “B” or case “C”, “D” and “E”): in fact, as
shown in Fig. 5.7 (a), freshwater cost slightly increases, respectively to case “A”

or “B”. It is important to note that for case A and B, according to the productive
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structure adopted (the reader should refer to Fig. 5.3), exergy destruction
occurring in the reheater does not influence freshwater cost; conversely, for
other cases the reheater has to be included in the productive process of
freshwater. However, as can be seen from the values shown in figure,
freshwater unit cost is not heavily sensitive to the irreversibility occurring within
the reheater. As regards the sensitivity of the unit cost of electricity to extraction
pressure, lower unit costs are obtained at low extraction pressures due to the
better exergetic performance of turbines when their steam mass flowrate

approaches its design value.
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Figure 5.7 Trend observed, for different steam extraction pressures and number of operating
MED units, in terms of: (a) Freshwater cost, (b). Electricity cost
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5.9 Improved lay-out based on exergy recovery from the concentrated brine by a
Reverse Electrodialysis Unit

In the previous analysis, the brine released from the 12" (last) effect of each MED
unit was not considered a useful product, since it was assumed to be disposed back to
the sea. In this section the potential feasibility of exploiting its exergy content to
produce further amounts of electricity is investigated. Such an energy conversion
process may be performed using a Salinity Gradient Power (SGP) unit [5.40] In
particular, in this section the use of Reverse ElectroDialysis unit (RED)

The use of a highly-concentrated brine and a low concentrated solution (like
freshwater or pretreated urban wastewater [5.35]) enhances RED power output due to
the high chemical potential difference between these solutions. However, for a
desalination system freshwater (which would represent an excellent dilute solution)
cannot be used to this scope, since it represents the useful product of the plant;
furthermore, due to the large quantity of brine produced in the process, the
wastewater eventually needed for the operation of a RED unit highly exceeds its
reasonable availability. For this reason, below in this study the hypothesis to improve
the plant layout presented in Fig. 5.1 is made by including a RED unit which uses
seawater (obviously free available in any desired quantity) as dilute solution.

The technical features of the prototype supposed to be installed are similar to the
ones reported in [5.41] and not repeated here for the sake of brevity; the output
parameters and the performance of this unit were predicted by making use of the model
described in [5.42]. A 3643 m®h of brine flowrate and an equal seawater flowrate were
considered; taking into account that 75% of the gross electricity production is consumed
by the auxiliary pumps of the unit (i.e. pumps), a net power production of 32.5 kWex
resulted.

As concerns the inclusion of the RED unit in the productive structure, the functional

relation between the MED and the RED unit can be represented as shown in Figure 5.8.
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Figure 5.8 Productive Structure of MED/RED unit

As evident in the figure, only a fraction of the exergy content of the brine (indicated

. RED
as Burine) IS used as a fuel for the RED unit, inside the concentrated compartment; in

particular, this exergy flow is represented by the variation in the brine exergy content
when it dilutes from its original concentration Xnigh in=1 mol/l to its outlet concentration
Xhigh_out=0.89 mol/l. The electric output of the unit represents its useful product. As
regards the seawater entering the RED unit, since its chemical composition was
assumed as dead state for exergy calculation, it has a null exergy content; furthermore,
as can be seen in Fig. 5.8, the exergy of the seawater exiting the unit (at a concentration
slightly higher than the dead state value) was not considered because this flow is

disposed back to the sea. Then, the exergy efficiency of this unit was calculated as

follows:
_ RED
W el net
RED el,ne
ex =.RT (512)
Borine

Being the RED technology for salinity gradient power production at a prototypal
development stage, no reliable cost figures are available. Then, the thermoeconomic
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cost accounting for this additional unit was limited to consider only the exergy-related
costs, thus neglecting the contribution related to the capital investment cost.

Then, a full comparison between the exergoeconomic costs (C, in €/kWhex)
achieved in the two scenarios, the first coincident with the plant scheme in Fig. 5.1 and
not including the RED unit, the second including this additional unit for brine exergy
recovery, is not feasible. Hence, the comparison was made on a different basis, i.e. in

terms of exergetic unit cost k; (KWex/KWex). This exergetic cost of a material stream is

defined as the quantity of input exergy to the plant consumed (along the examined
energy conversion process) to produce a unit exergy of the examined stream [5.43] .
Then, it only provides information on the consumption of resources measurable in
exergy units, losing any information about the contribution of capital investment costs
and avoiding the use of monetary units.

As can be seen in Table 5.7, the two scenarios (without and with the RED unit)
were analysed to allow for an easy comparison. It should be observed that for the
second scenario, with inclusion of the RED unit, only cost data related to the MED and
the RED unit are presented; in fact, only the desalination plant directly interacts with
the RED unit, thus remaining the results for the steam cycle unchanged with respect to
those obtained in the first scenario (and then not duplicated in the Table for the sake of
brevity).

Looking at Table 5.7, when passing from the first to the second scenario the
freshwater exergetic unit cost decreases from 37.40 down to 30.17 kWex/kWey: in fact,
considering that the total MED cost production does not vary since the freshwater
production is assumed not to vary between the first and the second scenario, this cost is
no longer allocated only on the freshwater (as occurred in the first scenario), but also on
the exergy fraction of the brine used as a fuel to drive the RED unit. Furthermore, the
methodology suggests very different unit costs for the freshwater and the electricity
produced by the steam cycle and by the RED unit, which resulted respectively equal to
30.17 KWex/kWex, 2.60 KWex/kWex and 301.77 KWex/KWex.

The extremely high unit cost obtained for the product of the RED unit is a

consequence of its very low exergy efficiency (i.e. 75" =10%) and the high unit

ex
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exergetic cost of its “fuel” (i.e. 30.17 KWex/kWex): as concerns this latter aspect, in fact,
it must be observed that this device is fuelled by an exergy flow (i.e. part of the
chemical exergy of the concentrated brine) which is approximately at the end of the
“energy conversion chain” and is consequently assigned a high unit exergetic cost,
since it cumulates the effects of the exergy destructions occurring along its whole
“productive history” (i.e. not only in the power plant section, but also in the MED-TVC

unit where high exergy destruction occurs).

Table 5.7 Results of exergetic cost accounting of the two examined scenarios

First Scenario

k. k. k. k.
(KWexlkWex)  (KWex/kWey) (KWex/kWeyx) (KWex/kWey)
Steam Gen. 2.16 FWH; 2.24
(SH) 1.00 2.72
Steam Gen. 2.20 FWH, 2.24
(RH) 1.00 2.92
HP Turbine 2.25 2.37 FWH;3 2.24 2.71
IP Turbine 2.24 241 FWH, 2.24 2.63
LP Turbine 2.24 2.87 FWHs 2.25 2.45
Pump 1 2.60 3.16 FWHe 2.25 2.46
Pump 2 2.60 3.25 FWH- 2.25 2.44
CND 2.24 2.24 TVC 2.24 8.16
Generator 2.55 2.60 MED 3.37 37.40
Second Scenario
ki F k; P k;
(kWex/ kWex) (kWex) (kwesl k (kWex) (kWex/ kWex)
ex
MED 8.97 15075 3.37 1680 30.17
RED 10.00 325 30.17 32.5 301.77

5.10 Outcomes of this analysis

In this chapter, a thermoeconomic cost accounting of a CHP-MED-TVC plant has
been performed. This method has provided a rational basis for the allocation of costs on
freshwater and electrical power.

The analysis has been carried out by considering two distinct scenarios, which differ
for the rejection or the recovery of the chemical exergy content of the concentrated

brine. In the first case, the brine is disposed back to the sea and its exergy is entirely

230



Chapter 5

wasted; the methodology has pointed out that in such conditions the thermoeconomic
unit cost of freshwater is significantly higher compared to the electricity cost, due to the
higher exergy destruction involved in the production process of the former output.
These two values differ approximately by one order of magnitude, being this result
justified by the exergy efficiency of the MED-TVC which resulted lower than 10%.
Furthermore, the sensitivity analysis has shown that the unit cost of freshwater is quite
sensitive to the steam extraction pressure, suggesting a low pressure of motive steam as
an optimal criterion for plant design.

As concerns the second scenario, the possibility to use the chemical exergy content
of brine in order to drive a Reverse Electrodialysis unit has been considered. Due to the
prototypal nature of this technology, only exergetic cost accounting has been
performed. The productive structure has been modified and an opportune exergy
efficiency for the RED unit has been defined. The results showed that the exergetic cost
of freshwater slightly decreases, compared to the first scenario, due to the increase in
the total “MED product”; in this case, in fact, a portion of the brine exergy content
represents an additional useful product of the desalination unit. Furthermore, the
methodology has highlighted that the exergetic cost of the electricity produced in the
RED unit is extremely high, due to its low exergetic efficiency and the high unit cost of

the resource/fuel it consumes.
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Chapter 6

Thermoeconomic Diagnosis of Air Conditioning
Systems

Thermoeconomic diagnosis is a method for supporting detection of faults which provoke
an increase of the energy consumption during the operation of energy systems. Only recently
this diagnosis technique has been extended to air conditioning systems. Once properly refined,
this method will allow for scheduling maintenance strategies, and cost-effective energy saving
will be achieved.

Developments of this technique have relied only on simulation data without being
evaluated using real data. For the first time, the performance of this diagnostic technique is
tested by using experimental data obtained from a 17.5 kW packaged rooftop air conditioning
unit (RTU) installed at Herrick Laboratories, Purdue University (United States of America).
The RTU has been tested under a wide range of operating conditions and fault levels. The
following faults have been experimentally investigated: (i) evaporator fouling, (ii) condenser
fouling and (iii) evaporator fouling along with condenser fouling. The experimental results are
used as input data in the latest thermoeconomic model proposed in literature in order to verify
results previously obtained.

6.1 Thermoeconomic Diagnosis: objectives and historical development

Diagnosis is generally aimed at discovering anomalies which may lead to possible

failure and to a decrease in the overall efficiency of the energy systems. The preventive
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identification of malfunctions helps predicting failures and reduces system downtime
by planning ad-hoc maintenance strategies. During the decades, Fault Detection and
Diagnosis techniques (FDDs) have been proposed to detect faults in energy system. It
is worth reminding here the fault matrix [6.1], the artificial intelligence [6.2], and the
gas path analysis [6.3] which are currently used in industrial practice. Most of them
are based on a simple comparison between the “actual operating condition” and the
“reference condition” (i.e. where no anomalies occur). In particular, the Fault Matrix
reveals the qualitative effects of the main anomalies on the thermodynamic parameters
of a power system, allowing to assess the deviation of the operational indicators of the
plant with respect to the reference condition. Such an approach can be adapted to
specific components, by knowing in advance the consequences of all the possible
malfunctions. Artificial intelligence relies also on the concept of anomaly effect, and
once an anomaly occurs, the value of indicators such as efficiency, mass flow rate, etc.
exceeds the predefined and acceptable values. Based on the known effects (variation
of efficiency, mass flow rate, etc.) that each anomaly has, the analyst could identify
the faulty component. Finally, Gas path analysis calculates indicators such as pressure
ratio, rotor speed or shaft power during the operation, and compares such values with

the reference operating condition.
However, the aforementioned techniques are affected by two drawbacks:

« They usually monitor a specific component of the system, or even part of it, thus
not providing any comprehensive insights into interactions among system components

when faults occur;

¢ Such methods can only provide information to predict failures if the component
continues to operate anomalously. In general, not only detection of the anomaly and
prediction of the failure are of interest, but also the quantification of inefficiencies in
terms of additional fuel consumption is crucial for the operators, which may also lead

to huge economic expenses.
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As regards the latter aspect, Thermoeconomic Diagnosis tries to overcome this
limit by providing a quantitative approach for assessing the impact of faults in the
additional energy consumption. The idea to extend Thermoeconomics to the diagnosis
of malfunctions in energy systems arose in 1980s at the University of Zaragoza, Spain.
The first works concerning the application of this method to the diagnosis have been
published by Valero et al. in [6.4]. In that paper, for the first time, Valero et al.
presented the concepts of malfunctions and they analytically demonstrated the impact
of faults on the additional energy consumptions provoked. The Fuel Impact Formula
was proposed as a tool for diagnosis purposes. However, only in 1993, those concepts
were fully described in the “Theory of the exergetic cost” which is one of the milestone
papers on this method [6.5] .

The fuel impact formula is the key for understanding the added-value of this
method with respect to other diagnosis technique such as the ones mentioned at the
beginning of this paragraph. In fact, it links the variations of the unit exergy
consumption of each plant components (which is so assumed as an indicator of a
“possible” fault within the component), with the additional energy consumption of the
whole system. In this way, a quantitative evaluation of the effect of each individual
fault is provided. In paragraph 6.2, this formula will be thoroughly explained.

In 1999, Torres et al. [6.7] developed the Structural Theory for Thermoeconomic
diagnosis in order to quantify the effect of malfunctioning component on the other
components of the plant. To this aim, Dysfunction concept was defined (which
quantitively assess the impact of malfunctioning component on the consumption of
faults-free components) and the analytical procedure for determining this quantity was
duly described. However, one of the main limits of fuel impact formula is to rely on
the variation of unit exergy consumption of a component as an indicator of fault
occurrence. Actually, the performance alteration of a component could be due to either
the effect of anomaly which takes place in the component itself (i.e. intrinsic

malfunction), or to the effect of other malfunctioning components (i.e. induced
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malfunction). The latter can be also determined by the control system intervention,
which acts in order to meet the set points such as pressure, temperature, generated
power, etc. For this reason, carrying out diagnosis procedure by means of

Thermoeconomics is not an easy task.

With this respect, in the decade 2000-2010, lot of efforts were devoted in Italy and
Spain for developing methods aimed at filtering induced malfunctions. A thorough
description of these approaches will be presented in the paragraph 6.3 of this chapter,
so only the main contributions are mentioned here. In [6.8]-[6.12], Verda et al. have
been focused on the effect the control system intervention on induced malfunction.
The authors proposed a filtering technique based on the definition of a fictious
condition, commonly indicated as free condition, where the system freely changes due
to faults without being influenced by the control system. By comparing the actual
condition with the free one, malfunction induced by the control system are filtered.

Another approach was developed by Lazzaretto et al. [6.13]-[6.14] who introduced
the characteristic curve concept. Basically, the characteristic curve of a component
provides an analytical relation among a thermoeconomic indicator such as unit exergy
consumption or irreversibility, and a set of variables which are highly influenced by
malfunctions occurring in the given component. By looking at changes in
characteristic curve, it is possible to detect if an intrinsic and/or induced malfunction
occurs.

In order to provide a benchmark case study for comparing the different approaches
in 2001, the TADEUS Project (which is the acronyms of Thermoeconomic Approach
to the Diagnosis of Energy Utility Systems in honor of Prof. Tadeus Kotas) started
[6.15]. It consists of a combined cycle composed by two gas turbines (125 MWe each),
two heat recovery steam generators, and a steam turbine (about 100 MWe). Two
operating conditions were also defined, i.e. the operating condition to be analyzed and
a reference condition without anomalies. A critical comparison of the previous

approaches based on the TADEUS problem is provided in [6.15].
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In 2012, Verda applied Thermoeconomic diagnosis on micro turbine to discover
possible malfunctions when steady state and transient operating conditions occur
[6.16].

In 2011, Melli et al. [6.17] combined Thermoeconomic Analysis and Artificial
Intelligence for diagnosing energy systems. The approach integrated the capabilities
of both methods to provide a more robust diagnosis technique. In particular, the
capability of Al to detect malfunctions through the analysis of deviations registered by
ad-hoc indicators was combined with the capability of Thermoeconomics to filter the
mutual dependence of the efficiencies of the components.

In 2018, Keshavarzian et al. [6.18] enlarged the application of Thermoeconomic Input-
Output Analysis (TIOA) to the diagnosis of energy systems. After duly providing
basics on the method, the authors showed that: (i) the approach allowed to understand
the interdependencies between the components and (ii) the method provides useful
information for the system operators to define practical strategies to reduce the
negative effects of malfunctions. The CGAM benchmark was selected to test the
performance of the method. The authors considered a fault in the combustion chambers
(CC). After quantifying induced effects among components, they showed the

capability of the method to predict the effect of some control strategies.

6.2 The Fuel Impact Formula and the Malfunction/Dysfunction Analysis

Thermoeconomic approach for diagnosis of malfunctions in energy systems relies
on the comparison between the exergy consumption in the ‘“actual operating
condition”” and the “reference or design operating condition”. When a malfunction

occurs, the additional overall fuel consumption AF; is easily calculated by comparing

the overall fuel consumption in the operating condition, indicated as F; (X) and the

one in the reference or design condition, i.e. F;(X°)as shown in Equation (6.1).

AR, =F (X)-F(X) (6.1)
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where X and X° represent two sets of thermodynamic variables measured and/or
calculated respectively when the system operates under “design” (i.e. faults-free) and
“faulty” conditions. In Thermoeconomics, this quantity is also known as Technical

Exergy Saving [6.5].

By applying the exergy balance for each system component, it is possible to split

the additional fuel consumption AF; into the following contributions: (i) the extra

irreversibility generated within each system component Al;and (ii) the variation of the

overall plant product AP, as shown in Equation (6.2)

N
AF; = AP+ Al (6.2)

i1

Assuming that no variation in the final product occurs, i.e. AP, =0, an additional

exergy consumption is equal to the additional irreversibility generated within each
N

subprocess, i.e. AF; = ZAIJ. . Unfortunately, it is not possible to rely on the variation
j=1

in the irreversibility generated in each component as an indicator of faults. To clarify

this concept, in Figure 6.1 (a), a simple sequential system is shown. If a fault occurs in

“component 3” (Figure 6.1 (b)), all the other components placed upstream are forced

to “produce” more exergy to satisfy the additional exergy consumed by the

“component 3”. An increase in the irreversibility generation is observed in all of them.

Also, the same increase in the irreversibility generation within two different
components leads in general to different variations of the overall exergy consumption.
In fact, as shown in Figure 6.1 (b) and 6.1 (c), an additional exergy destruction, equal

to 20kWe, occurring first in “component 3” and then in “component 2”, leads to a
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different AF; . As already mentioned in Chapter 1, in Thermoeconomics, this is known

as the Principle of non-equivalence of the irreversibility [6.5].

Reference Working Condition

90 kW,

Component 1

k, = 2.0

=

60 kW,

Component 2

ky, =15

Component 3
ks =15

Fal Product Py
40 KW,

4

Fuel F;
180kW,,

4

19=90 kW,

4

19 =30 kW,

(@)

19 =20 kW,

Operating Condition with a Faultin Component 3 (Al;= 20kW,,.)

80 kW,

Final Product
40 kW,

120 kW,

Component 1 - Component 2

ky =20 k, =15

Fuel
240 kW, ‘ ‘
AFp= 60 kW,

120 kW, 1,=40 kW,
AL =30kW_, AL=10kW,,
(b)

' Component 3 [

L=12 +20 kW, =10 kW,

Operating Condition with a Fault in Component 2 (Al,= 20kW,,.)

110 kW,

Component 1

Iy = 2.0

Fuel
220 kW,
AFp= 40 kW,

120 kW,
Al;=30kW,,

60 kKW_,

Component 2 '

L=12 +20 KW, =50 kW,

(©)

Component 3 Final Product
k15 40 kW,
L=20 kW.,
Al;= 0kW,,

Figure 6.1 Sequential System operating in: (a) reference condition; (b) with faults on
component 3; (c) with faults on component 2
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In order to overcome the aforementioned limit, Thermoeconomics provides a
useful support for fault diagnosis and detection by the Fuel Impact Formula and the
Malfunction/Dysfunction Analysis.

First of all, in order to derive the Fuel Impact Formula, it is worth reminding here
some concepts presented in Chapter 1. It has been mentioned that the PF
representation of the thermoeconomic model is suitable for diagnosis purposes. In
particular, it has been shown that the overall fuel consumption Fr can be expressed as
a function of: (i) the vector ke, which collect the values “xoi” defined as the external
exergy resource consumed by the “i-th” component per unit exergy of its product, and
(i) the vector of Products P. (Equation (6.3))

FT = tKeP (63)
Be using the matrices of the technical coefficients (KR) and (KR), it has been shown

that the vector of product P can be decomposed as shown in Equation (6.4).

P=Ps+<KP>P+<KR>P (6.4)
When a fault occurs in the system, variations of Fr and P are observed. By

differentiating Equations (6.3) and (6.4), it is easy to show that the additional exergy

consumption AF; and the variation in product AP are equal to:

AR =A('k, ) P° + 'k, AP (6.5)
AP =|P)| AP, +A({KP))P° +A((KR))P’ | (6.6)
In Equations (6.5) and (6.6), P°represents the vector of the product in the reference

condition, and the matrix |P) is equal to (UD—<KP>—<KR>)_1. By substituting

Equations (6.6) in (6.5), and by considering that 'k; = 'k, |P), it follows that:

AR, =A('%, ) PO+ K,AP, + 'K | A((KP))P° +A((KR)) P’ | (6.7)
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Equations (6.7) can be expressed by using a scalar notation as follows:

]

-3

N
i=1 =0

[k;j (X)[ Ak +40; [P (X )]+ ks, (X)AF?SJ} (6.8)
Equations (6.8) is known as the Fuel Impact Formula. If no variation in the overall

plant production is observed, i.e. AP,; =0, Equation (6.8) is simplified as follows:

NN . (6.9)
AR =Y > [ ke (X)[Ary+ 46, R (X°) ]
i=1 \_j=0

The meaning of the fuel impact formula can be explained as follows: when the
exergetic efficiency of a malfunction component decreases due to faults (which is

quantified by the factor (Azcji +A9ji)), the effect on the additional fuel consumption
AF; depends on the exergetic costs of the flows consumed by the considered
component, i.e. k;; (X)(Ax; +A6; )R(X°). In fact, the higher the cost, the greater its

impact on the additional fuel consumption. In Thermoeconomics, this quantity is
named Malfunction Cost [6.6] [6.7]. In 1994, M. Reini developed the exact
mathematical formalization of the Fuel Impact Formula in differential terms using both

a Lagrangian and non-Lagrangian technique [6.19].

As previously shown, when a fault occurs in a component, the other system
components are forced to adapt their behavior in order to supply the additional exergy
consumed by the faulty one. Consequently, the amount of irreversibility generated in
faults-free components varies as well. The overall increase of exergy destruction in the
“i-th” component induced by the presence of faults is composed by two portions: (i)
the additional local exergy destruction due to irreversibility Al (where li=Fi-P;) which

is related to the variation of the unit exergy consumption Aki (which is equal to
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N
Ak, =ZA;<“) and (ii) the additional residue consumption AR;. related to the unit
j=1

1#]

residue consumption Ari (which is equal to Ar, = ZN:Aeji ).

3
It is easy to show that the variation in irreversibility generation in the “i-th”
component, i.e. Al,, and the variation in the residue consumption, AR, can be

decomposed as follows:

Al +AR =A[(k ~1)P |+ A(rR) = Ak R (X°)+[k (X)-1]-AR +ARR(X°)+1 (X)-AR  (6.10)

In Equation (6.10), it is possible to distinguish two kinds of irreversibilities:

- Malfunction (or endogenous irreversibility), represented by the terms

A kP (X°) and A r,R,(X°) which are associated with increases in unit exergy

consumptions or unit generation of residues in the “i-th” component:

MF, =MF® + MF© = AP (X°)+ ArR (X°) (6.11)

- Dysfunction (or exogenous irreversibility), induced in the “i-th”” component by
the malfunction of other components that provoke a variation AP; in the

production rate of the “i-th” component:

N N
DF, =Y DFY +> DR =[k (X)—-1]-AR +1,(X)- AR (6.12)
i=1 i=1

The capability to distinguish between the additional exergy destruction in the “i-th”
component provoked by faults occurring in the same component and those induced by
malfunctions occurring in other components is the main added value of

thermoeconomic diagnosis. To this aim, for a generic “i-th” component a malfunction

cost MF. [6.7] is defined:
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MF" = MF +ZN:(DFJ.EK) + DFJ.?)) (6.13)

=1

According to Equation (6.13), MF." represents the additional fuel consumption

provoked by faults occurring in the “i-th” component, and is calculated summing up
the additional exergy destruction MF; that these faults induce on the same “i-th”
component (see Equation (6.11)) and the dysfunctions that these faults induce in other
“ j-th” components (for j=1 to N, with j#i) [6.7].

It is easy to show that the total fuel impact equals the sum of the malfunction cost

of each component as shown in Equation (6.14)
AFr =Y MF’ (6.14)

It is apparent that the thermoeconomic diagnosis depends on the definition of the
Fuel-Product model of the system. The expected accuracy of the results is influenced
by the aggregation level of the representation adopted. Generally, two different levels
are available: one is related to the number of components and the other one is related
to the number of exergy flows [6.20]. More specifically, the higher the number of
components, the higher the number of faults detectable. As concern the number of
productive flows, the diagnosis procedure could be facilitated by separating exergy
into its components (i.e. thermal, chemical and mechanical fractions). This was
addressed in [6.20], where these effects on the results of the thermoeconomic diagnosis
were investigated. A particularly sensitive test was carried out by simulating an
anomaly in the HRSG of a combined cycle plant. It was shown that better results can

be achieved when a more disaggregated level for exergy flows is adopted.

Thermoeconomic diagnosis can be classified as a model-based approach [6.17]
since it does not require any preliminary information about the effect of the faults on

thermodynamic parameters such as temperature, mass flowrate and so forth, but it
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only requires the use of ad-hoc model of the system (i.e. the FPR model). This is the
key difference with the fault matrix method [6.1], the gas path analysis [6.2], the Al
based techniques [6.17] which are generally classified as deductive approach, since all
rest on the preliminary knowledge of the effects provoked by all the anomalies on a
set of selected parameters, generally indicated as “signature”, in order to deduce

possible malfunction during the operation of the systems.

6.3 Limits of Malfunction/Dysfunction analysis and overview on alternative
approaches to thermoeconomic diagnosis

As previously shown, the malfunction/dysfunction approach to thermoeconomic
diagnosis aims at assessing at which extent a faulty component affects the operation
of other system components.

Also, the method assumes that a variation of the unit exergy consumption of a
component is a sign that a possible fault may occur on it. However, there is not a
biunivocal relationship between the variation of the efficiency of a component and the
presence of a fault. When the variation in the unit exergy consumption in a component
is not associated with faults but it is originated by the dependence of it from the
operating condition, it is said that an induced malfunction occurs. Induced malfunction
does not allow for the proper quantification of the effect of each fault (Equation
(6.14)), and in order to address this issue, some approaches have been proposed. A

brief description is given here follow.

One approach has been developed by Verda et al. in [6.8]-[6.12]. The authors
proposed a technique for filtering malfunctions induced by the control systems and by
the variation of exergy efficiency of faults-free components with the operating point.
More specifically, the procedure is based on the determination of a fictious working
condition named “Free Condition” that would have taken place if the control system

did not intervene. Since this condition is fictitious as the constraints imposed by the
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control system are not complied, it must be mathematically determined. Once removed
the effect of the control system, the last step of the diagnosis technique involves the
erasure of the effects induced by the dependence of unit exergy consumption from
variation of the operating point. In fact, even when the free condition is determined,
changes it thermodynamic parameters such as temperature, pressure and so forth, still
affect the unit exergy consumption of faults-free components and further induced
malfunctions occur. To take into account this contribution, a linear thermoeconomic
model for each component is built.

In [6.11], Verda et al. evaluated the effect of the control system when detecting
fault in a gas turbine-based cogeneration plant. The filtering approach was applied in
order to filter the action of the control system and it allowed for detecting the
malfunctioning component. However, the authors stressed that in order to further
improve the performance of the diagnostic technique, filtering the effect of
malfunctions induced by nonlinear behavior of the components (i.e. due to changes in
the operating conditions) was necessary. In 2003, Verda [6.9] introduced the concept
of anamnesis in diagnosis to refine the performance of the technique by filtering the
residual induced effects. More specifically, anamnesis is the analysis of the plant case
history, i.e. a series of operating condition disposed in temporal succession and
referring to a sufficiently long period. In this period, it can be reasonably assumed that
anomalies only increase. Thus, if the application of the diagnosis procedure to the
series reveal that some of the malfunctions present an increasing trend with the time
(or constant, sometime), these ones can be assumed as intrinsic malfunctions, (i.e.
directly caused by the presence of anomalies). In contrast, if some other malfunctions
present a decreasing or fluctuating trend with the time, these ones can be identified as
induced effects.

In [6.12], Verda dealt with the accuracy level achieved in thermoeconomic
diagnosis. To this regard, the author stressed how an accurate procedure can provide a

lot of information but it is generally difficult to be implemented. Conversely, a simple
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procedure is less accurate but much easier to be used. To this aim, three different levels
of accuracy were investigated by the author: (i) comparison of the operating and
reference conditions; (ii) elimination of the effects due to the intervention of the
control system; (iii) elimination of the induced effects in the components. The analysis
was applied to the TADEUS problem. Results showed that a simple procedure based
on the direct comparison between the actual operating condition and a proper reference
condition did not guarantee the correct localization of the anomalies (this is what
actually is done by malfunction/disfunction analysis). Improvements in the accuracy
were observed by applying the second level which filtered the induced effect by the
control system intervention. In this case, the complexity of the procedure was not
highly increased, but only the major anomalies were detected. In order to improve the
performance of the technique, the third level was applied and effect induced by the
dependence of exergy unit consumption from changes in the operating point were
filtered. In this case however, the author stressed that anamnesis procedure could be
more effective in improving the accuracy of the diagnostic technique.

In 2007, Verda and Borchiellini [6.21] considered the effect of errors in
measurements of thermodynamic variables on the diagnosis results. The analysis
considered the detection and diagnosis of an anomaly occurring in the high-pressure
evaporator of a Heat Recovery Steam Generator. Results showed that the impact of the
errors was not negligible, but they did not impede to locate correctly the anomaly,
provided that a sufficiently large set of data were considered. Also, it was shown that
malfunction less sensitive to the effects of errors in measurements than unit exergy

consumption.

An alternative approach for addressing the intrinsic/induced malfunction problems,
was proposed by Toffolo and Lazzaretto in [6.13]-[6.15]. The method relies on
characteristic curve of a component as a tool for distinguishing intrinsic and induced

malfunction in a component. In particular, a characteristic curve expresses an
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analytical relationship between a thermodynamic or thermoeconomic quantity (such
as mass flowrates or exergy unit consumption) and some independent variables which
are mainly affected by faults occurring in the given component. When an operation
anomaly occurs, the characteristic curve of the malfunctioning component changes.
Conversely, all faults-free components continue to operate on their original
characteristic curve (i.e. the one determined in reference state), but, in general, in a
different point. In this way, by looking at the operation point location on the
characteristic curve, it is possible to distinguish if the components are affected by an

intrinsic or an induced malfunction.

The previous approaches have been compared in [6.15]. Results showed the
capabilities of these approaches to distinguish among intrinsic and induced
malfunction. However, none of them is capable to provide with information about the

impact of each fault on the additional exergy consumption.

6.4 Thermoeconomic Diagnosis and other FDDs technique for air conditioning
systems

Among Fault Detection and Diagnosis techniques for Heating, Ventilation and Air
conditioning systems (HVAC), it is worth mentioning the Statistical Rule Based FDD
developed by Rossi and Braun in [6.21]. The method relies on a set of thermodynamic
variables, as pressures and temperatures, whose variations, indicated as “residual”, is
uniquely determined by a specific fault. More specifically, residuals are calculated as
the difference between the measured value and an “expected value” for this set of
parameters. The directional changes in the residuals (i.e. decrease or increase) are
statistically compared with a set of rules, preliminary defined, in order to diagnose a
fault. The approach is able to detect single faults, but it has difficulty in handling
multiple faults scenario. To this aim, an alternative approach based on the “decoupling

features” was then developed by Li and Braun in [6.22][6.23]. Differently from the
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Statistical Rule Based, this approach associates only one thermodynamic variable for
each fault. For instance, air flowrates were selected for detecting evaporator and
condenser fouling. The technique has been proven to be promising for multiple faults
scenarios, but it cannot provide any quantitative information on the impact of each

fault on the additional energy consumption.

Thermoeconomic diagnosis has not been extensively applied to HVAC systems
and for this reason, the method is still at a very early stage of development. In Dentice
d’Accadia and De Rossi [6.26] , the method was applied for the first time to a simple
vapor compression system. By means of the “fuel impact approach” the authors
quantified the effect of some basic faults. In [6.27], Picallo-Perez et al. combined the
capabilities of characteristic curve method with the malfunction/dysfunction approach.
The proposed analysis [6.27] tried combines the main capabilities of both approaches:
in fact, the first one is able to distinguish whether a malfunction is induced and/or
intrinsic. Conversely, the second one provides quantitative information of the impact
of each fault in additional exergy consumption. Also, in the cited paper the challenge
of applying diagnoses to building thermal facilities was addressed and a dynamic
representation of the thermoeconomic model of the system was included. The method
was applied to a domestic hot water and heating facility by considering also the
dynamic behavior of energy demands. A multiple faults scenario was simulated, and
promising results were achieved. However, no air-cooling units were included in the

analysis.

In Piacentino and Talamo [6.28], thermoeconomic diagnosis was applied for the
first time to an air-cooled direct expansion air conditioning unit considering some
faults commonly occurring in HVAC systems [6.25]. By means of “virtual
experiments” carried out by the simulator IMST-Art [6.31], fault-free scenarios were
first simulated and then faults were imposed by changing the most affected parameters
associated with the fault under consideration. Results showed that: (i) the method is

not able to deal with “system level” faults, i.e. faults not associated with any specific
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component like refrigerant under- or over-charge and (ii) the “productive” model for
the expansion valve erroneously leads to identify this component as faulty even when

its operation has no anomalies.

An innovative thermoeconomic model was proposed in [6.29]. This model filters
the malfunction induced on the expansion valve. Promising results were achieved
when considering single faults scenario as condenser fouling, compressor valve
leakage but the performance of the method was still unsatisfactory when handling
multiple faults scenarios. Also, in [6.29] the sensitivity of the performance of the
technique to the fault level was evaluated. Results showed that when passing from a
light to a heavy level of the fault, the performance of the technique got worst due to
non-linearity in the thermodynamic behavior of components not properly filtered by
the adopted thermoeconomic model. In [6.30], the robustness of the diagnostic
technique for the detection of evaporator fouling in direct-expansion air-conditioning
units was investigated. Particularly, the sensitivity of the technique to the
thermodynamic conditions of the air entering the evaporator coil (i.e. temperature and
relative humidity) was evaluated. It was observed that the technique was very efficient
in detecting the fault on the evaporator, but the quantitative performance was highly
sensitive to the psychrometric conditions of the air. More specifically, the performance
of the technique became unsatisfactory when the relative humidity of the inlet air

increased.

6.5 On the thermoeconomic model proposed for direct expansion air conditioning

system.

The productive structure presented by Piacentino and Talamo in [6.29] was used in

this chapter and it is shown in Figure 6.2 In this model, refrigerant exergy flows were

split into thermal fraction (indicated as AB, ) and mechanical fraction, (indicated as
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ABM), which characterize “thermal” and “mechanical” disequilibrium between the

refrigerant state and the reference dead state. Exergy flow splitting allows for easier
analysis of the productive function of some components: for instance, mechanical
exergy (blue lines in Fig. 6.2) is produced only by the compressor and then is used by
other components (i.e. evaporator, thermal expansion valve (TXV) and condenser).
Two types of residue flows are shown in Figure 6.2: (i) “conventional residue” (red
dotted lines) which refers to the refrigerant exergy dissipated by the condenser into the
external cooling air when the plant works at the design condition and (ii) “marginal

residues” (green dotted lines) related to the additional exergy destruction in the TXV

(i.e. AB;=[ABY (X)-AB](X)]-[ABY (X°)-AB](X°)]) and in the condenser (i.e.
AB; = ABJ™ (X)—-AB;™(X°)) when faults occur. The marginal residues were

introduced in order to filter the induced malfunction especially in the TXV. In the
improved thermoeconomic model [6.29], when malfunction in the TXV can be
reasonably excluded then all the TXV marginal exergy consumption is allocated to the
compressor, the condenser and the evaporator by means of the distribution factors aj,
az, and as. The conceptual bases of their definition may be clarified by an example: if
laboratory tests reveal that condenser fouling implies much higher additional exergy
destruction at the TXV than evaporator fouling, when diagnosing a real-world unit and
attempting to filter the additional exergy destruction at the valve (which works
correctly and cannot be responsible of this additional exergy destruction), a larger
fraction should be probabilistically attributed to the possible fouling of the condenser
and only a lower fraction to the possible evaporator fouling. The factor “a;” is the
fraction of the additional exergy consumed by the expansion valve that should be
allocated to the i-th component, and it is calculated as the ratio between the increased
exergy consumption in the TXV observed when the fault on the i-th component is
occurring and the sum of the increase in exergy destructions at the valve observed

imposing simultaneously the different possible faults. For instance, a, indicates the
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fraction of the additional exergy destruction at the valve that could be originated by
condenser fouling (i.e. the component 2 in Figure 6.2) and it is calculated as shown in
Equation (6.15).

(4B (X)~AB3 (X) ]y oy ~[AB5 (X°) -85 (X*) ]
DS [ABY (X)-AB] (X)]_—[ABY (X°)-AB] (X°)] (6.15)

K=cond _ foul
evap _ fouling
comp _ leakage

2

The factors a; and as are the fraction of AB;allocated to the compressor and the
evaporator, respectively, as a consequence of valve leakage and evaporator fouling.
Also, it is easy to demonstrate that the condition a1+ a>+ as=1 is satisfied. The same

procedure should be followed for calculating the distribution factors ci.
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Figure 6.2: Thermoeconomic model for a direct expansion system proposed
by Piacentino and Talamo in [6.29]
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6.6 Description of the Experimental Set-Up

A rooftop unit (RTU) was considered in this study having a rated capacity of 17.5 kW
and a Seasonal Energy Efficiency Ratio (SEER) rating of 20.0. The refrigerant used is
R410a. The unit can be operated in a staged mode or in a variable speed mode. Since
thermoeconomic diagnosis has been developed for systems equipped with a fixed-
speed compressor and fixed-speed fan, the unit was operated in “high stage mode”.
More specifically, in “high stage mode” both the compressor and the indoor fan run at
their maximum speed, so that the RTU provides its maximum cooling capacity,
conversely, in the “low stage mode” both compressor and indoor fan run at their lower
speed, thus providing the minimum cooling capacity. A schematic of the test facilities
is shown in Figure 6.3 (a)-(b). Two psychrometric chambers (each one equipped with
its own reconditioning system) allowed to simulate the outdoor and indoor
environment. A summary of the instrumentation installed on the RTU is presented in
Table 6.1. A real-time controller from National Instruments was used for data
acquisition and control of the RTU [6.33].

(@)
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Figure 6.3: (a) Packaged rooftop air conditioning unit installed at Herrick Laboratories[6.33]
(b) Schematic of the experimental facilities

Table 6.1: Description of RTU instrumentation [6.33]

Sensors Type

Sensors Location

Refrigerant
Temperature

T-type Thermocouples
(Accuracy +0.5°C)

TXV inlet
Compressor Suction Evaporator
Compressor Discharge Inlet
Condenser Outlet Evaporator

Outlet

Refrigerant
Pressure

output

reading)

Pressure Transducers with voltage

(Accuracy £0.5% of the full-scale

Compressor Suction
Compressor Discharge
Liquid line outlet

Refrigerant
Mass flowrate

Coriolis Mass flowmeter

reading)

(Accuracy £0.5% of the full-scale

On the liquid line

Dry Bulb Air
Temperature

+0.5°C)

T-type Thermocouples (Accuracy

Return Air: two-by-two grid was
spaced equally in a rectangular grid
placed before the evaporator

Supply Air: two-by-two grid spaced
equally in a rectangular grid placed
after the supply fan

Condenser _Inlet: 8 thermocouples
mounted in a four-by-two grid on the
face of the condenser

Condenser OQutlet: 4 thermocouples
mounted radially on the condenser
outlet
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Dew Point Air | Dew point hygrometer with chilled Alr samplgsl wer% takr? nbbe_forfe thi
Temperature | mirror probe (Accuracy +0.15°C) evaporator infet and at the beginning o
T the supply air duct
Power Watt Transducers Indoor Fan Supply Air
. (Accuracy of 0.5 % of the full- | Compressor Power
Consumption .
scale reading) Condenser Fan

6.7 Description of Testing Procedures

The following variations in boundary conditions were considered during the
experimental activities: (i) temperature of the outdoor environment (here indicated as
Toutdoor); More specifically, two values of Toutdoor Were investigated: 30°C, 35°C; (i)
temperature of the air entering the RTU. Particularly, the following values were
examined: 24°C, 26.5°C and 29°C. For this set of temperatures, the indoor relative
humidity was kept equal to 50%, (iii) for a return air temperature equal to 26.5°C, the
following values of relative humidity were tested: 25%, 45% and 55% in order to

isolate the effect of relative humidity on the technique performance.

The operation of the unit at each set of driving conditions was first recorded with
no faults present. Then, the faults were introduced and all tests were repeated.
Measurements were taken every second for all of the input and output variables. The
steady state of the system was detected by comparing data of a moving averaging

window of 20 minutes.
6.7.1 Faulty Scenarios: testing procedure

In order to test the performance of the technique, the following faults were
experimentally investigated: (i) evaporator fouling, (ii) condenser fouling (iii)
evaporator and condenser fouling. Also, two levels of faults, respectively indicated as
“light” and “heavy” were tested in order to evaluate the sensitivity of the performance

of the technique.
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Condenser fouling was tested by placing some layers of fabric on the condenser
surface as shown in Figure 6.4 (a). The number of layers was selected in order to
simulate a “/ight” and a “heavy” fouling. Each level caused a reduction in the
condenser air mass flowrate equal to 20% and 35% with respect to the fault-free
scenario. Measurements of the condenser air flowrate were carried out by means of the
virtual sensor proposed by Li and Braun in [6.23] which is based on an energy balance
on this component. In Table 6.2, some experimental results for the heavy condenser
fouling are shown. An increase in the condensing pressure and subcooling was
observed. Conversely, the evaporating pressure, the refrigerant quality at the
evaporator inlet and the superheat at the compressor suction were approximately
constant. The power consumed by the compressor increased as a consequence of the
increased pressure ratio. No changes in the consumption of indoor fan and in the

cooling capacity were observed.

Evaporator fouling was tested by acting on the opening of an iris damper placed
on the supply air duct of the unit as shown in Figure 6.4 (b). Different levels were
selected by measuring the air pressure drop across the RTU while running the indoor
fan at its maximum speed (around 1250 rpm). Considering a 150 Pa air pressure drop
(about 0.6 inch of water) across the RTU for the fault-free scenario (i.e. when the
damper is fully open), two levels of fouling were tested: (i) a “/ight” fault which
corresponds to a 280 Pa air pressure drop (about 1.0 inch of water) and (i) a “heavy”
evaporator fouling which corresponds to 380 Pa air pressure drop (about 1.5 inches of
water). In Table 6.2, some experimental results are shown for the heavy evaporator
fouling. Differently from the condenser fouling, this fault provoked a significant
reduction in the RTU sensible capacity (about 26%). Also, due to reduction in the air
mass flowrate across the evaporator, the exiting air was cooler and more dehumidified
as shown respectively by the dry bulb temperature and dew point temperature of the

supply air. Reduction in the evaporating and condensing pressure was also observed.
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In the multiple fault scenario, both heavy condenser fouling and heavy evaporator
fouling were tested. As shown in Table 6.2, a reduction of the RTU cooling capacity
Is observed due to the reduction in the air mass flowrate across the evaporator. An
increase in the condensing pressure and the subcooling was observed due to the
condenser fouling. Also, the compressor power increased due to increases in the

pressure ratio.

() (b)

Figure 6.4: (a) Light Condenser fouling simulated by a layer of fabric placed on the
condenser surface (b) Iris damper used for simulating evaporator fouling equipped with a
black screw for adjusting its opening.

Table 6.2: Experimental Results for the free-fault case and
faulty scenarios (Toutdoor=35°C)

Return Air Supply Air

Air
Dry Bulb Dew Dry Dew Mass
Temp. Point  Bulb Point Flowrate
Temp. Temp. Temp.
[°C] [°C] [°C] [°C] [kg/s]
Free-Fault 26.5 14.2 15.9 11.6 1.22
Condenser 26.5 142 155 116 1.28
Fouling
Evaporator 56 142 1429 1108 0.90
Fouling
Multiple Faults 26.5 14.2 1342 103 0.931
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Refrigerant

Refrigerant Suction  Suction  Suction Discharge Subcooling Mass

Quality Pressure  Temp. Superheat Pressure Flowrate
[-] [kPa] [°C] [°C] [kPa] [°C] [ky/s]
Free-Fault 0.20 1095.6 15.3 5.8 2827.9 9.5 0.102
Condenser 0.19 10781 154 5.7 32746 154 0.103
Fouling
Evaporator 0.20 1036.1 14.33 5.88 2746.5 9.38 0.097
Fouling
Multiple Faults 0.19 1016.4 13.0 5.2 3347.3 16.7 0.097
Indoor Fan Outdoor  Compressor Sensible Cooling
Power Fan Power Capacit Capacit
Power pacity pactly
(W] (W] (w] (W] (W]
Free-Fault 1131 291 3788 15115 17035
Condenser 1140 342 4351 14837 16727
Fouling
Evaporator 862 287 3700 11189 16444
Fouling
Multiple Faults 890 340 4481 12810 16380

6.8 Analysis of Diagnosis Performance by using experimental data

Before implementing the diagnostic procedure, it is useful to analyze the exergy
variation of refrigerant through each component for some tested conditions. In Table
6.3, variations of thermal and mechanical exergy of the refrigerant across each
component (indicated as AB; and AB") are shown for the following scenarios: (i) fault-
free, (ii) evaporator fouling (iii) condenser fouling and (iv) condenser fouling along
with evaporator fouling. Also, for each faulty scenario the marginal exergy destruction
(i.e. AB; ) occurring in the TXV and the condenser are shown. It is worth noting that
exergy quantity (kJex) instead of exergy flow (generally measured in kWey) are shown.
In fact, when considering evaporator fouling (similarly in evaporator fouling along
with condenser fouling), a reduction in the RTU sensible capacity is observed due to
reduction in the air mass flowrate across the evaporator. As a consequence, the control

will act by adjusting the cycling time of the unit in order to achieve the same average
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cooling in both fault-free and faulty scenarios. In order to consider this, all the exergy
flows in the faulty scenario were multiplied by the “capacity correction factor acapacity”
shown in Equation (6.16), defined as the ratio of the sensible cooling rates evaluated

in fault-free and faulty conditions

QNo,fauIt
Xeapacity = S”fiun (6.16)

sens

When testing condenser fouling, no reduction in the sensible capacity of the unit was

observed (see Table 6.2), thus the capacity correction factor was equal to one.

Looking at the results shown in Table 6.3, it can be observed that the mechanical
exergy of the refrigerant consumed in the evaporator is negligible with respect to the

thermal one in all the examined scenarios, i.e. AB; > AB}'. Also, the mechanical exergy
produced by the compressor, i.e.AB)", is entirely used in the expansion valve to

increase the thermal exergy of the refrigerant supplied to the evaporator.

An increase in the variation of mechanical exergy of the refrigerant through the

compressor (i.e. AB,") occurs when condenser fouling is imposed, as a consequence of

the higher condensing pressure. Conversely, when evaporator fouling is tested, this
increase is related to the prolonged on-time of the system, since no substantial variation

in condensing and evaporating pressure are observed, as shown in Table 6.2.

The thermal exergy consumed in the evaporator to cool and dehumidify air is
approximately constant for condenser fouling since evaporating pressure and
refrigerant mass flowrate are also constant (see Table 6.2). Conversely, when
considering evaporator fouling, the thermal exergy consumed in the evaporator
increases due to both the decrease in the evaporating pressure and changes in the on-

time of the system.
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The highest value for the mechanical exergy produced by the compressor, i.e. AB)’

=2.213 kWex, is observed in the multiple faults scenario, as a consequence of: (i)
increase in the condensing pressure due to condenser fouling and (ii) a longer on-time
of the system due to reduction in the cooling capacity. For the same reasons, the highest

values for the additional exergy destruction in the TXV and the condenser are obtained
in this case.

Table 6.3: Refrigerant Exergy Results for Toutaoor=30°C, Tra=26.5°C, RH;2=50%

. . Evaporator Fouling +
Faults-free Evaporator Fouling Condenser Fouling Condenser Fouling
ABY" AB[ | ABM" AB] AB;| AB" AB] AB{| AB! AB[ AB;
[kJex] [kJed [kJex] [kJed]
1'C°mrpre530 1684 0766 | 2009  0.842 1827 1272 2213 1851
2.Condenser | -0.013 -0.806 | -0.013 -0.946 0.141 | -0.010 -1.231 0451 | -0.011  1.912  1.106
3.TXV 1671 1413 | -2.084 1761 0066 | -1.814 1473 0083 | 2199 1731  0.210
4. Evaporato
r -0.001 -1.360 | -0.001 -1.870 -0.001  -1.330 -0.001 1673

6.9 Calibrating the Thermoeconomic model for the tested unit

Before carrying out thermoeconomic diagnosis, it is necessary to calculate the
distribution ratios ai and c; for the examined system. Since compressor valve leakage
was not considered, it is possible to set a: and c1 equal to zero. For this reason, the

marginal exergy destruction in the condenser, i.e. AB;, and in the TXV, i.e. AB;, are

evaluated only for the condenser and evaporator fouling. Results are shown in Table
6.3. The marginal exergy destruction in the condenser is greater when imposing
condenser fouling with respect to evaporator fouling. Since the mechanical fraction of
exergy used in the condenser is always negligible, this marginal exergy destruction is
due to the thermal exergy. In fact, when condenser fouling is tested, more compressor
power is consumed due to increase in the condensing pressure. As a consequence, a
greater amount of thermal exergy has to be discharged into the cooling air. Conversely,

the marginal exergy destruction in the expansion valve is comparable for both faults.
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By means of the previous values, calculation of the distribution factors for the
tested system was done as follows:
[ABY' (X)- AB} (X)] {ABQA (X°)-AB; (x°)}

o [ABY' (X)-AB} (X) | —[ABQ" (X°)-A8] (;Zdj}'T[ABy (X)-AB} (X)] —[ABQ" (X°)-A8] (x")} =0T (6.17)

cond _ foul evap _ foul

Since the condition ax+as=1 has to be respected, it follows that as; = 0.443. By
comparing the values obtained for a2 and as, it follows that for a given increase in the
marginal exergy of the TXV, the approach allocated it almost equally to the condenser
and to the evaporator. The same procedure was followed for calculating the ci factors,
and the following values are obtained: c2 = 0.762 c4 = 0.238. Since cz is greater than
Cs, it is clear that marginal exergy consumption in the condenser is mainly induced by

condenser fouling rather than evaporator fouling.

6.10 Definition of the diagnosis performance indicator

The efficiency of the diagnostic procedure in properly identifying a generic “fault
“ and quantifying the additional energy consumption that it provokes can be
evaluated by introducing an appropriate indicator, ¥™!I defined as ratio between the
malfunction cost (i.e. the additional energy consumption induced by the “fault j”,
according to the estimation provided by the diagnostic technique) and the “fuel
impact” AFr, i.e. the actual additional energy consumption induced by the “fault <j”,
calculated as difference between the energy consumption evaluated by the simulator
in presence of “fault j” and the consumption evaluated when “fault j” is absent. For an
air-conditioning system, being the energy consumption related with the electricity W
needed to drive the compressor and the fans, once indicated by {Q} a generic set of

multiple simultaneous faults that include “fault ;” (i.e. a fault in the component *}”),

pultijs expressed as:

262



Chapter 6

MF; MF;

J
AR~ Wl ot

lI,faul'[j _ (6.18)

If a single fault is considered, for instance evaporator fouling, then in Equation
(6.18) {Q}={fault 4} is imposed, having been the evaporator identified as component
4. As PRt 4 represents the ratio between the “estimated additional energy
consumption” and the “actual/exact additional energy consumption”, we may

conclude that:

- when ¥™4=1 the diagnostic procedure perfectly quantifies the additional energy

consumption provoked by the fouled evaporator (i.e. by “fault 4);

- when P4 >1 or PRUIt4 <1 the diagnostic procedure respectively over- or under-

estimates the additional energy consumption provoked by “fault 4”.

6.11 Sensitivity analysis of diagnostic performance to outdoor and return air

temperature

In Figure 6.5 and 6.6, the performance indicators ™2 and wfut4 gre presented
for condenser fouling and evaporator fouling, for different temperatures of both the
outdoor environment and the returning air to the RTU. In both cases, the relative
humidity of the returning air (RH) was kept equal to 50%. Also, heavy faults were
assumed in this analysis. In the figures, the fuel impact and the malfunction costs are
expressed in kWex, while the performance indicators are dimensionless, according to
Equation (6.18).

An ideal performance of the diagnostic technique would be represented by the
following results: (i) AFT=MF, (i.e. the estimated additional fuel impact MF, due to
condenser fouling equals the total fuel impact), (ii) MF =MF, =0 (i.e. the estimated

additional fuel impacts due to compressor leakage and evaporator fouling are null) and
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(iii) P™"2=1. Looking at the results for the condenser fouling in Figure 6.5, it is

possible to observe that:

- the malfunction cost MF, is always positive and greater than other malfunction
costs (i.e. MF, and MF, ) thus allowing for detection of this fault regardless of the

boundary condition. From a quantitative point of view, promising results are
achieved by means of the adopted thermoeconomic model, which provides a
reasonable quantitative estimation of the additional consumption provoked by
these faults as testified by the value of the indicator ¥™!*2 which has a range 0.5-
1.5 for almost all cases.

- A non-null malfunction cost MF is detected for the compressor. This is due to

the effect of the induced malfunction on this component which is not properly

filtered by the adopted productive structure. The negative values of MF, prevent

the risk of erroneous detection of the compressor as a “faulty component”. In
fact, these negative values indicate that the compressor works “better than in
fault-free conditions” (at least from an exergetic viewpoint), and this is a
consequence of the increase in its isentropic efficiency when condenser fouling
is imposed. In a more refined thermoeconomic model, this induced malfunction
should be properly filtered and reallocated on the component which originates
this. No malfunction is induced on the evaporator by condenser fouling as shown

by negligible values of MF, .

- The performance of the diagnostic technique is not particularly sensitive to the
outdoor temperature and the temperature of the air entering the evaporator coil.
Looking at the results for the evaporator fouling in Figure 6.6, it is possible to observe
that:

- For a given outdoor temperature, the performance of the diagnostic technique is
influenced by the temperature of the air entering the evaporator coil. More

specifically, it gets worst when increasing this temperature from 24°C to 29°C.It
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is worth noting that in this case the malfunction induced on the condenser is not
always negligible and the malfunction cost MF, can be even higher than MF,,
thus not allowing for an easy and univocal detection of this fault.

Also, for evaporator fouling a non-null malfunction cost MF is detected for the
compressor. However, since MF is negative there is no risk of erroneously
detecting this component as “faulty”.

The performance of the diagnostic technique is not particularly sensitive to the

outdoor temperature.
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Figure 6.5: Condenser fouling: sensitivity analysis of the technique to the outdoor
temperature and to return air temperature.
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Figure 6.6: Evaporator fouling: sensitivity analysis of the technique to the outdoor
temperature and to return air temperature.
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6.12 Sensitivity analysis of the diagnostic technique to fault level and return air

relative humidity

As shown in [6.29], when increasing the level of the fault, the performance of the
technique gets worst due to non-linearities in the behavior of components responsible
for induced malfunction in fault-free components. To consider this effect,
experimental tests were carried out by considering two levels of condenser fouling and
evaporator fouling, indicated as “light” and “heavy”. At the same time, in order to
evaluate the influence of the relative humidity on the performance of the technique,
these tests were carried out considering three values of the return air relative humidity
(RH), i.e. 25%, 45% and 55%. The return air temperature was kept equal to 26.5°C.
Results of this analysis for the condenser and evaporator fouling are shown in Table

6.4. For condenser fouling, it is possible to observe that:

- A good performance of the technique is achieved as proved by the values of the
indicator ¥™"2 which always ranges between 0.5 and 1.5 regardless of the
imposed level of condenser fouling. Then, it is worth noting how the
performance of the diagnostic technique decreases when passing from a “light”
to a “heavy” condenser fouling. This trend is verified regardless of the relative
humidity of the air entering the evaporator coil.

- The performance of the technique is moderately sensitive to the relative humidity
of the air entering the RTU. In particular, at higher relative humidity the
condenser fouling is more readily detected as the main contributor to the
additional consumption (as evident from the higher values of ¥f!t?)

In Table 6.4, results for evaporator fouling are also shown. It is possible to observe
that:

- the performance of the diagnostic technique decreases when passing from a
“light” to a “heavy” level, as can be seen by looking at the of indicator Pfu!t4,

Also, a good performance of the technique is achieved from a quantitative point
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of view as supported by the values of the indicator ¥f'*? which always range
between 0.5 and 1.5.

A positive malfunction cost is detected for the condenser MF, . Even though its
values are lower than those assumed by evaporator malfunction cost MF, , this is

a weakness of the diagnostic and future developments of the technique should be
aimed at filtering this induced malfunction.

A high sensitivity of the performance of the diagnostic technique to the relative
humidity of the entering air is observed. Specifically, the higher the humidity
content of the air, the worst its performance. Looking at Table 6.4, it is possible
to note that when the evaporator coil is dry, i.e. when the RH=25%, the
quantitative performance is quite good (¥™!"? ~1). These trends are coherent
with the main results achieved in [6.30], where a great sensitivity of the technique
performance with the relative humidity of inlet air at the evaporator coil was also

observed.

Table 6.4 Sensitivity analysis of the diagnostic technique to the fault level and
the return air relative humidity.

Condenser Fouling

Light Fault Heavy Fault
RH 25% 45% 55% 25% 45% 55%
MF, | 0.102 0.653 0.760 | 2.167 1.278  1.150

AFr | 0133 0.810 0.576 | 1.805 1.98 1.515
pralt2 | 0763  0.807 1.319 | 0659 0.646  0.760
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Evaporator Fouling

Light Fault Heavy Fault
RH 25% 45% 55% 25% 45% 55%
MF, 0.193 0.149 0.102 | 0.847 0.340 0.193

AFT | 0197 0.130 0.186 | 0.928 0.517 0.360
plalt4 1 0979 1145 0549 | 0.913 0.653 0.536

6.13 Analysis of the technique performance in a multiple fault scenario

In this section, the analysis considers the presence of both heavy evaporator and
heavy condenser fouling. In [6.29], it was shown that the performance of the technique
got worst in multiple fault scenarios. The results for the examined case are presented
in Table 6.5. It is possible to observe that: The technique is able to detect a combination
of condenser and evaporator fouling faults as demonstrated by the positive values of
the malfunction cost MF, for condenser fouling and MF, for evaporator fouling.

Negative values for MF are obtained, due to induced malfunction on the
compressor. From a quantitative point of view, the performance is not satisfactory.
The adopted thermoeconomic model is extremely sensitive to the relative humidity of
inlet air, eventually leading to ¥™U2 and P4 yalues much lower or higher than 1.
In particular, while in dry coil conditions the technique tends to overestimate the
additional consumption provoked by evaporator fouling (see P™"4=4.069) and
underestimate the one provoked by condenser fouling (see ¥™2=0.470); the opposite
occurs when a wet operating condition is examined. In both cases, the negative values
are one of the main causes of this erroneous quantitative estimation, and
methodological refinements are needed in order to converge toward the “ideal

performance” condition where MF =0would be obtained (since no faults were

imposed to the compressor).
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Table 6.5: Results for the multiple fault scenario

Heavy Condenser Fouling - Heavy Evaporator
Fouling
RH=25% RH=45% RH=55%
MF -0.733 -0.481 -0.729
MF, 1.123 1.367 1.282
MF, 0.941 1.236 1.301
AFT 1.36 2.144 1.875
pfault2 0.470 0.951 0.965
praulta 4.069 1.372 0.488

6.14 On the main outcomes of this analysis

For the first time, thermoeconomic diagnosis of air cooling systems has been
applied by means of real data available from a packaged rooftop air conditioning unit.
The analysis has aimed at verifying results obtained from previous studies in the

literature based on simulation-based data.

Three faulty scenarios have been considered: evaporator fouling, condenser
fouling, evaporator fouling along with condenser fouling. Results have shown that: (i)
the diagnostic technigue is able to detect a single fault, but its quantitative performance
is satisfactory only for the condenser fouling, (ii) The performance of the technique
depends upon the level of fault imposed, and specifically it decreases when the fault
level increases and this trend was verified regardless of the type of tested fault, (iii) for
evaporator fouling, the performance of the diagnostic technique is sensitive to the
relative humidity of the air entering the evaporator coil. More specifically, when
considering a dry evaporator coil very promising results were achieved. Conversely,
when the latent fraction of the cooling rate increases, the quantitative performance of
the diagnostic technique is less reliable and (iv) in multiple faults scenarios, the

technique is capable of detecting the simultaneous presence of condenser and
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evaporator fouling, but it provides a poor quantitative estimation of their impacts on
the increased consumption mainly due to the induced malfunctions on the compressor,
which should be filtered.
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Chapter 7

Integrating Thermoeconomics and Life Cycle Assessment for

the analysis of energy systems

In this chapter, an integrated approach based on Life Cycle Assessment and
Thermoeconomics is proposed as a method for evaluating the “exergo-environmental profile”
of energy conversion systems along their life cycle.

The procedure combines the capabilities of these two techniques to account
simultaneously for aspects related to thermodynamics of energy conversion processes and to
the environmental impacts along the plant life cycle, i.e. from raw material extraction to the
disposal of facilities. First of all, a brief overview on exergy-based method proposed for
evaluating the energo-environmental profile of energy systems is carried out. Then, after
giving some insights into both methods, the capabilities of the integrated approach are
illustrated by applying it to a water-cooled vapor compression chiller. A number of scenarios
concerning possible design alternatives, context conditions and levels of maintenance are
investigated by means of this approach.

7.1 Overview on Exergy-based environmental analysis

In the last few decades, large efforts have been devoted to develop rigorous
techniques aimed at minimizing both the consumption of non-renewable energy

sources and the environmental impacts of energy systems.

273



Chapter 7

To this regard, through first- and second-law based approaches such as Exergy
Analysis or Thermoeconomics [7.1]]-[7.[7.3], it is not possible to evaluate the
consequences of different design options in terms of environmental impacts, health
hazards and total consumption of natural resources. In fact, even when accounting for

energy consumption, the following limits could be observed:

- both methods consider only processes occurring within the physical boundaries
of the energy system, thus excluding those involved for supplying resources to this
system. For instance, in the case a coal-fueled power plant, the energy consumed
for the mining process, for the transportation of the fuel to the physical facility are
not accounted.

- secondly, only the operative phase is considered, thus energy consumptions of

processes involved for the construction and disposal of the facilities are excluded.

It is apparent that any design improvement proposed by these methods should be
verified in a life-cycle perspective, since a reduction of the irreversibility within a
given system may not always involve a reduction of its primary energy-resources
requirements. This concept may be clarified by a simple example: when selecting the
refrigerant to be used in a conventional chiller, it could be argued that the best choice
is represented by the fluid that would best perform during plant operation (for instance,
allowing to achieve highest values of Energy Efficiency Ratio). On the other hand, if
the perspective is broadened, it is worth considering also the energy embodied in the
refrigerant charge, i.e. the energy required to prepare it for industrial use, the
environmental impacts burdening its production process. Its global warming potential,
if the refrigerant is partially lost in air by leakage, should be considered along with the
potential risks and hazards for human health. Its effects to the environment and total

use of natural resources and the final disposal should be also considered.

In order to gain a thorough understanding (i.e. both environmental impacts and

energy use) of the results achievable by any plant design improvement, it is advisable
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to broaden the scope of these analyses by connecting them with the accounting of
environmental impacts occurring along the whole productive processes and along its
life cycle. Before introducing the integrated approach proposed in this chapter, a brief
literature review on relevant exergy-based methods developed to this aim is proposed

here follow.

7.1.1 Cumulative Exergy Consumption (CExC) and Thermoecological Cost

The concept of Cumulative Exergy Consumption was proposed by Szargut and
Morris in 1986 [7.4]. It was developed on the basis of the Cumulative Energy
Consumption (CEnC) concept proposed by Chapman in [7.5]]-[7.[7.6] some years
before. In particular, CEnC analysis aims at quantifying the consumption of fuels or
other energy carriers to obtain a given product by considering the productive chain
leading from natural resources to the final product. However, in [7.4], Szargut and
Morris stressed the following limits of CEnC analysis: (i) the CEnC does not account
for the consumption of non-energetic raw materials and (ii) this indicator does not
evaluate the degree of thermodynamic perfection of the production processes. To
overcome these limits, the authors proposed exergy as a basis for accounting for
natural resources consumption and similarly to CEnC, they introduced the Cumulative
Exergy consumption (CExC) concept [7.4]. In particular, the CEXC of a product
quantifies the exergy of the natural resources consumed in all the steps of the
productive chain burdening a given product. This analysis allows for identifying: (i)
those steps in a process where the main losses of exergy arise and (ii) for competing
processes leading to the same product (or products), it permits a selection based on a
thermodynamic criterion. In this way, the cumulative primary exergy “embodied” in a
product over its entire production process is evaluated. With this method, both
renewable and non-renewable exergy contributions are considered, including also the

exergy of water, metals, minerals and so forth. For instance, in [7.7] Morris carried out
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a CexC analysis of the chlor-alkali processes.

Some years later, Szargut proposed the concept of thermoecological cost [7.8]. The
thermoecological cost (TEC) was defined as ‘the cumulative consumption of non-
renewable exergy burdening a given product, which is increased by a supplementary
term accounting for the necessity to abate or compensate the negative effects of
harmful wastes rejection to the environment [7.9]. In this approach, the contributions
to TEC due to harmful wastes are divided in two fractions, which are related to: (i)
neutralized wastes, which are considered by their so-called “exergetic abatement cost”
and (ii) substances emitted directly into the environment, which are considered by a
“compensation cost” based on monetary indices of harmfulness accounting for the
external impacts. Some papers on TEC have been published during this decade. For
instance, in [7.9] Szargut et al. evaluated the thermoecological cost of products
connected with a blast-furnace process. In [7.10] Stanek et al. carried out an exergy
and thermoecological analysis for different chillers. In [7.11], the thermogeological
optimization of solar collector used for the generation of hot water was presented. The
original Szargut’s formulation of TEC analysis focuses only on the operational phase
of a production plant. In order to evaluate a global impact of a considered production,

in [7.12] Stanek supplemented the TEC approach with data resulting from LCA.

Kostowski et al. [7.13] proposed the integration of thermoeconomic analysis with
the theory of thermoecological cost. The method aims to overcome one of the limits
of thermoeconomic analysis, which usually does not consider the exergy used along
the supply chain of the resources in input to a given process. This approach has been
applied in order to evaluate the production of electricity in the process of natural gas
transmission at pressure reduction stations [7.13], and also to the analysis of
trigeneration systems fueled by fossil [7.10] and renewable energy sources [7.15]. In
[7.16], the thermoecological analysis of nuclear power plant was carried out. In that
paper, results showed the great influence of exergy consumption along the “uranium

chain” (defined as the ensemble of processes involved from uranium extraction, up to
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the delivery of the fuel to the power station) on the thermoecological cost of the
electricity produced. Results were also compared to the thermoecological cost of coal

power plant.

7.1.2 Exergoenvironmental Analysis

Meyer et al. [7.17] proposed the Exergoenvironmental Analysis as a tool for
allocating environmental impacts on products in energy systems. Like
Thermoeconomics, this method rests on the assumption that exergy of heat/mass flows
is a rational basis to allocate environmental impacts. In order to allocate impacts on
the exergy flows exiting a component, “environmental impact balances” are set,
imposing that the sum of the environmental impacts of output streams equals the sum
of impacts of input streams plus the component-related impacts (which account for the
construction, maintenance and disposal of the component). The environmental impacts
can be estimated by a preliminary materials inventory and Life Cycle Assessment
(LCA) and a successive evaluation of a “single aggregated indicator” (the Eco-
indicator 99 assessment method has been extensively adopted so far). This is a key-
aspect for the practical application of exergoenvironmental analysis: due to the need
to allocate environmental impacts to exergy flows and easily define
exergoenvironmental cost balances, the heterogeneous impacts obtained by an
“exposure and effect analysis” (e.g. eutrophication, ionization radiation,
carcinogenesis, etc.) must be preliminarily aggregated into a single indicator. The
results of an exergoenvironmental analysis and the value of ad-hoc indicators like the
exergoenvironmental factor allow the analyst for assessing whether the environmental
performance of a component is mostly affected by its thermodynamic inefficiencies or
by impacts generated during its manufacturing and disposal. Morosuk et al. [7.18]
performed an exergoenvironmental analysis at component level for a vapor-

compression refrigeration machine with a closed compressor and identified (a) the
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relative contribution of each component to the total environmental impact and (b)
options for reducing the environmental impact associated with the overall system. The
paper provided results in terms of single aggregated indicators: eco-indicator 95, eco-

indicator 99 and cumulative exergy consumption index.

7.1.3 Exergy Life Cycle Assessment

The Exergy Life Cycle Assessment (ELCA) was proposed by Cornelissen in 1997
[7.19]. This method represents an extension of cumulative exergy consumption for the
entire life cycle of the system. ELCA assumes the “global exergy destruction” as an
indicator of the environmental cost, and it computes the use of materials and energy
over the entire life cycle of a system, including operation and dismantling. However,

labor and capital externalities are not included in this method.

A refinement of ELCA was proposed by Rocco et al. [7.20] which integrates the
Input-Output analysis as an analytical framework to model the supply chain of
resources for a system operating in a given national economy. The method structured
a basis for comparison of similar products output by different systems operating in the
same context. In [7.21], the method was applied to an existing Waste-to-Energy Plant
operating in the Italian context and the non-renewable exergy embodied in the electric

output was assessed.

7.1.4 Extended Exergy Analysis (EEA)

The Extended Exergy Analysis (EEA) has been developed by Sciubba since 1998
[7.22]. The attribute “extended” is a reminder that the resulting product cost includes
materials, energy and externalities, and that the calculation is done along the whole
life cycle of the system. This method tries to join the features of the previously

mentioned exergy-based methods, but at the same time to account for labor and capital
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externalities, since they represent primary resource flows in input to the system. More
specifically, EEA uses exergy as a quantifier of the amount of resource consumed by
a system. This method calculates the exergy equivalents of human labor and capital
fluxes based on two postulates, thus allowing to include them (as homogeneous terms)
in the evaluation of a cumulative primary exergy “embodied” in a product over its
entire production process (in a life cycle perspective). EEA also provides a rigorous
definition of the spatial and time domains used to calculate equivalent primary exergy
of a process. Hence, EEA someway addresses one of the main criticisms raised by
economists on these methods, which is related to the strict dependence of costs, in real
worlds applications, on location and time. EEA has been successfully applied in
different sectors, allowing to perform articulate sustainability studies even at a societal
level [7.23].

7.2 Fundamentals of the integrated approach based on Thermoeconomics and

Life Cycle Assessment

The previous literature overview highlights that several comprehensive approaches
have attempted to integrate Life Cycle Assessment and exergoeconomic analysis.
Most of these methods, however, consider the environmental dimension of the
problem by highly simplified approaches, based on a preliminary assessment of
environmental externalities and a successive reduction of the results by adopting for
the different impacts a same metrics. Such an approach, while having benefits in terms
of computational efficiency and potential to provide easy-to-interpret results (a clear
optimal solution may often be identified), on the other hand provides the policy or
decision maker with only a limited set of indicators, which may also depend upon

some more or less arbitrary assumptions.

The integrated approach based on LCA and Thermoeconomics is a novel approach

centered around the performance assessment of energy conversion systems, focusing

279



Chapter 7

on both the thermodynamic aspects of the process and on the impacts related to the use
of energy and materials. The idea behind this approach is that assessing the
performance of an energy system through a single or a limited number of
environmental indicators (assessed through weighting several more specific ones) may
be scarcely effective. If the effect of the system design is to be evaluated, a
comprehensive set of results calculated along the entire life cycle of the system could
reveal very precious, allowing to detect trade-offs between contrasting effects that
would remain “hidden” when using methodologies based on a single aggregate
indicator. When assessing the performance of the system from a Life Cycle
perspective, the different impacts in terms of toxicity, health hazards, raw materials
use, etc. should be individually identifiable. Then the proposed approach, while
renouncing to provide a few synthetic performance indicators, is aimed at offering to
the analyst a detailed set of results about the individual energo-environmental aspects

to be considered.

Though it could be argued that such a complete set of data might be difficult-to-
interpret for non-expert analysts, it might conversely allow for keener insights during
the optimization or the energo-environmental assessment of energy systems. The
proposed approach will also allow for higher transparency and traceability of results,
based on the use of a wide range of indicators that will not be aggregated.

Obviously, this approach should be implemented through an adequate compromise
between computational time requirements, effectiveness of the decision support model

and simplicity of use for the decision-maker.

The approach is targeted at a wide number of problems (such as optimization)
where aspects related to both the primary energy consumption and the environmental
impacts are to be kept simultaneously into account. In such cases, multi-objective
optimization is often performed in order to identify the configuration that best fits with
the desired objectives. However, the use of Pareto frontiers is of limited effectiveness
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whenever the analysis is expected to account for a large number of objectives (not
being limited to energy consumption and CO2 emissions, but including different
environmental impacts). In this paragraph the fundamentals of the integrated
methodologies are briefly presented, clarifying the different contributions that
Thermoeconomics (and in particular, the exergetic cost accounting) and LCA provide

to the energy analysts.

7.2.1 Exergy Cost Theory: some complementary concepts

As shown in Chapter 1, the exergetic cost of a product is the amount of exergy
consumed to obtain the give product according to a selected energy conversion system
[7.24]. In particular, this cost is calculated based on a rigorous accounting of all the
exergy destructions involved along the energy conversion process. The more
inefficient the components that generate the stream, the higher the amount of
irreversibility “charged” on it and, consequently, its exergetic cost. Since, all details
about exergy cost calculation have been provided in Chapter 1, only an additional

concept is here introduced.

The “unit exergetic cost” k, does not discriminate whether the exergy

consumption involves exploitation of renewable or non-renewable sources. Then,
when analyzing an energy system, it is often useful (as already stated in literature) to
account separately for the amount of non-renewable exergy resources consumed to
produce the desired output. To this purpose, it is necessary to extend the boundary of
the examined system, in order to include the external processes that contribute to
supply exergy to the examined energy system.

Typical examples may be represented by systems, such as refrigeration plants,
which consume electricity that may have been generated by a mix of technologies
comprising both fossil-fueled power plants and renewable energy systems. After
having identified the mix of technologies contributing to power generation in a specific
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site where the plant is located, it is possible to define xnr,i as the amount of non-
renewable exergy consumed per unit of external exergy supplied (in the form of
electricity) to the examined system; then, multiplying the unit exergy cost of the

product k;’i of a generic “i-th component” by knr,i @ modified unit exergetic cost is

obtained, i.e. kyy; , which expresses the amount of non-renewable exergy consumed

per unit product.

7.2.2 Insights into Life Cycle Assessment (LCA)

A large number of methods and indicators to quantify sustainability have been
developed in the last decades; they differ in terms of shape, applications, rationale and
mathematics behind the calculations. The risk is, usually, to make decisions about
sustainable development without considering their effects on the broad consumption

and production systems.

The quantification of the sustainability of a product/service needs to be examined
throughout its whole life cycle, also including the upstream and downstream processes
associated with the production (e.g. production of raw, auxiliary and operating
materials) and with the disposal (e.g. waste treatment). Environmental impacts refer to
all relevant extractions from the environment (e.g. ores and crude oil), as well as

emissions into the same (e.g. wastes and carbon dioxide).

In this context, environmental sustainability can be quantified on a life cycle
thinking-based approach by using the Life Cycle Assessment (LCA). LCA evaluates
all stages of a product’s life from the assumption that they are interdependent, meaning
that one operation leads to the next. LCA enables the analyst to estimate the cumulative
environmental impacts resulting from all stages in the product life cycle, and it is
effective in both the analysis of environmental performance of a single product through
a careful eco-design (by identifying the hot-spots in the life cycle of the product) or as
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a metric of sustainability to perform design choices or choose between different

alternatives.

The LCA methodology was developed in the last decades starting from product-
oriented methods used to evaluate environmental impacts in a bigger framework
oriented towards the environmental, economic, and social perspectives. At the current
stage, LCA is being included into Life Cycle Sustainability Assessment (LCSA), first
developed by Kloeppfer [7.25] and Finkbeiner et al. [7.26], which links the
sustainability questions — including the environment, cost and social dimension — to

the knowledge and research needed to address them.

LCA is based on linear equations, energy and mass balances. It is a compilation
and evaluation of the inputs, outputs and the potential environmental impacts of a

product or a service throughout its life cycle.

Due to its holistic, systemic and rigorous nature, environmental attributional LCA
is the preferred technique when it comes to compiling and assessing information about
potential environmental impacts of a product. It has been standardized in 1ISO 14040
[7.27] and 14044 [7.28] and it is applied by practitioners globally. The ISO 14040
series provides a technically rigorous framework for carrying out environmental
LCAs.

LCA consists of four steps, briefly described in the following paragraph.

The goal and scope, including the system boundary and level of detail, of an LCA
depends on the subject and the intended use of the study. The depth and the breadth of
LCA can differ considerably depending on the goal of a particular LCA.

The life cycle inventory analysis (LCI phase) is the second phase of LCA. It is an
inventory of input/output data with regard to the system being studied. It involves

collection of the data necessary to meet the goals of the defined study
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The life cycle impact assessment (LCIA) [7.29] is the third phase of the LCA. The
purpose of LCIA is to provide additional information to help in assessing a product
system's LCI results and better understand their environmental significance.

Life cycle interpretation is the final phase of the LCA procedure, in which the
results of an LCI or an LCIA, or both, are summarized and discussed as a basis for
conclusions, recommendations and decision-making in accordance with the goal and

scope definition.

7.3 Description of the reference water-cooled chiller and basic assumptions for the
combined application of Thermoeconomics and LCA
A 315-kW water-cooled vapour compression chiller is used as reference case in
this chapter; the examined chiller uses R410A as refrigerant and produces chilled water
at 7°C supplied to an air handling unit for air conditioning. A simplified physical

scheme is shown in Figure 7.1

Due to the large cooling capacity, two independent refrigerant circuits are used to
allow for an efficient capacity control during low load periods and to increase system
reliability.

Brazed plate heat exchangers are used as condenser and evaporator. Details about
the technical features of these components are provided in Table 7.1. The condenser
discharges the heat released by the refrigerant into a cooling water flow, which
increases its temperature from 30°C to 35°C. Also, the condenser is equipped with an
induced-draft cooling tower, where water is cooled down by an external air flow. The
cooling tower was selected based on the required capacity and the aforementioned 30-
35°C temperature range. Details on this component are also provided in Table 1. Each
refrigerant circuit is equipped with two scroll compressors with a 345 cm®

displacement each and with Electronic Expansion Valves (EEV).
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The cooling load profiles of the user have been calculated for a large office building
in a Mediterranean area (based on aggregated consumption data) [7.30]. The annual
peak of cooling load is slightly lower than 315 kW, while substantial load fluctuations
were observed on a seasonal basis. Further details on the cooling load profiles are
omitted, for the sake of brevity and since they are outside the methodological scopes

of the study.

In order to meet a variable cooling demand, a thermostatic control for the
compressor is adopted: in this case, matching between chiller capacity and cooling

load is achieved by adjusting the “on” and “off” cycling time of the compressor.

Simulations were carried out by means of the plant simulator IMST-ART v. 3.40
[7.31], which adopts a finite volume discretization to solve momentum conservation
and heat transfer equation for both the refrigerant and water flows. The tool allowed
to simulate the dual circuit system for both evaporator and condenser. Assessments on
compressor consumption and efficiency were carried out through the “catalogue data”
option, which converts data from compressor catalogues into efficiency and
consumption curves already implemented within the software. About the metering
device, a 3°C superheat value at the evaporator outlet was fixed for the simulation.
This condition does not differ from the actual operating mode of this system, due to
the effective superheat control achieved by means of EEVs [7.32]. In Table 7.2 the

main thermodynamic parameters obtained by plant simulation are shown.
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Figure 7.1 Physical Scheme of the examined-vapor compression chiller

Table 7.1 Main physical data for plant equipment

Units Condenser Evaporator
Number of Plates 206 186
Inlet port size (Refrigerant Side) mm 50 25
Outlet port size (Refrigerant Side) mm 25 50
Inlet port size (Water Side) mm 70 70
Outlet port size (Water Side) mm 70 70
Channel Volume dm?® 0.41 0.41
Heat Transfer Area m? 18.58 16.75
Flow Arrangement Counter-current  Counter-current
Units Cooling tower
Type Induced Draft Counter-flow
Number of Fan 2
Fan Motor kw (2)2.2
Air Flowrate m3/h 11.3
Water Flowrate I/s 18
Water Usage (make up water) mé/h 0.8
Height mm 2908
Length mm 2237
Width mm 1226
Weight kg 950
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Table 7.2 Main Thermodynamic data for the Base Case Design

Units

Tevap °C 2.5

Tcond °C 40.8

ATsuwb °C 2.4

Taisch °C 64.4
Refrigerant flow rate  kg/s 1.93
Cooling Capacity kw 315
EER W/W 4.62

7.4 On the productive structure adopted for thermoeconomic analysis of the chiller

The productive structure of the chiller, i.e. the representation depicting the
functional interactions (in terms of exergy flows) between plant components, is shown
in Figure 7.2. The condenser and the cooling tower were considered as a unique
functional component since both these units contribute to the same objective, that is
the discharge of thermal exergy to the surrounding environment. Then, these units can

be considered, from a functional viewpoint, as a unique “dissipative” component.

In Figure 7.2, for the sake of clarity the physical exergy of refrigerant is split into
athermal fraction, indicated as AB;" (see red dashed lines), and a mechanical fraction,
indicated as AB" (see blue dashed lines). These exergy fractions are respectively
related to “thermal” and “mechanical” disequilibrium between the refrigerant state and
the reference environmental state [7.33]. By splitting exergy flows into these two
fractions, a more accurate definition of the consumed resources and the productive
purpose of each plant component can be provided. For instance, it may be observed
that the compressor “produces” mechanical exergy (transferred to the fluid and related
to the increase in refrigerant pressure) which is mostly consumed as a fuel in the EEV,
where it is partially converted (with high exergy destruction) into thermal exergy of

the low-quality/low-temperature refrigerant supplied to the evaporator. The residue
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generated by the condenser and the cooling tower was allocated on the compressor and

the EEV according to criteria provided in [7.34].

The reference state adopted for exergy calculations was To=303.15 K and
Po=101.325 kPa. All the thermo-physical properties of refrigerant and external fluids
were calculated by built-in functions available in Engineering Equation Solver library
[7.35].
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Figure 7.2 Productive Structure of the examined-vapor compression chiller

7.5 Life Cycle Assessment assumptions and bill of materials

For the examined case study, Life Cycle Assessment was developed in accordance
to the international standards of series ISO 14040 [7.27]. The goal of LCA is to assess
the energy and environmental impacts of the chiller along its life-cycle. The functional
unit (FU) selected for the study is the cooling of a large office building (with a 315
kW, demand peak) for 20 years.

The system boundaries include the following steps:

— Raw materials and energy supply;

— Transportation of raw materials;
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— Transportation of systems’ components from their production site to the
installation site;

— Use phase;

— Maintenance and substitution of systems components.

The life cycle steps of “construction and installation” and “end of life” have not

been considered due to a lack of quantitative information. The following impact

categories have been used to calculate the energo-environmental performances of the

FU:

Acidification, accumulated exceedance [Mole of H+ ¢q.]

Ecotoxicity for aquatic fresh water, USEtox (recommended) [CTU¢]
Freshwater eutrophication, EUTREND model, ReCiPe [kg P eq]

Human toxicity cancer effects, USEtox (recommended) [CTUh]

Human toxicity non-canc. effects, USEtox (recommended) [CTUh]

lonising radiation, human health effect model, ReCiPe [kg U235 ]

IPCC global warming, excl biogenic carbon [kg CO2-eq]

IPCC global warming, incl biogenic carbon [kg COs. eq)

Marine eutrophication, EUTREND model, ReCiPe [Kg N.eq]

Ozone depletion, WMO model, ReCiPe [kg CFC.11eq]

Particulate matter/Respiratory inorganics, RiskPoll [kg PM2,5. ¢q ]
Photochemical ozone formation, LOTOS-EUROS model, ReCiPe [kg NMVOCe]
Resource Depletion, fossil and mineral, reserve Based, CML2002 [kg Sb- ¢q]
Terrestrial eutrophication, accumulated exceedance [Mole of N ¢q]

Total freshwater consumption, including rainwater, Swiss Ecoscarcity [UBP];

Primary energy [MJ].

The characterization factors for the Primary energy calculations are based on the

Cumulative Energy Demand method [7.36], which provides an estimation of the

consumption of renewable (biomass, wind, solar, geothermal, water) and non-

renewable (fossil, nuclear) energy sources. The environmental characterization factors
are derived from the ILCD 2011 impact assessment method [7.37]-[7.38].
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The indicators used here are from the ILCD/PEF recommendation from [7.39],
included as part of the product environmental footprint (PEF) development. However,
it is worth mentioning that the chemical-related midpoint level impact categories
addressing human toxicity and ecotoxicity are accompanied by considerably larger
uncertainties than the energy-conversion related midpoint level categories addressing
e.g. acidification, photochemical ozone formation or global warming impacts. The
data collection process involved the units reported in Table 3.1, including the

individual components of each equipment and details on the mass and production site

Table 3.1. Bill of materials of the system investigated

Mass

Component (ka) Production Site
Evaporator Stainless steel 128.8 China
Copper 23.9
Compressor Carbon Steel 135.2 USA
Qil 6.7
Plate(:(;er?éeeﬁscehr?nger Stainless steel 141.4 China
Refrigerant R410A 18 USA
Liquid line pipes Copper 1.96 Italy
Suction line pipes Copper 2.7 Italy
Discharge line pipes Copper 5.52 Italy
Galvanized steel 770
Copper 6
Cooling tower Carbon Steel 34 Italy
Aluminum 40
PVC 100
Copper 8.7
Pumps Aluminium 49.3 China
Cast Iron 54
Electrorvgl\elzpansmn Brass 15 Slovenia
. . Stainless steel 1.45 .
Filter drier . Slovenia
Molecular sieve 1.27
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The eco-profiles of materials and energy sources are derived from [7.36]. In the
present study a useful life of 20 years is estimated, with an annual electricity
consumption of 62.8 MWhe. The maintenance phase includes two annual drier filter

substitutions for each refrigerant circuit.

7.6 Definition of a set of alternative scenarios to clarify the potential of the
integrated TEC-LCA approach
The integrated use of Thermoeconomics and LCA attempts to provide a
comprehensive view of the energo-environmental impacts of an energy system, thus
representing a useful support to decision making in both the plant design and operation
phases. To point out the potential of the method, a set of alternative scenarios will be

analyzed, which may be classified as follows:
— Scenarios based on modified plant designs;

— Scenarios based on alternative context conditions (in terms of mix of

technologies contributing to electricity generation);

— Scenarios based on different levels of accuracy of the maintenance programs

(with a particular focus on the detection of refrigerant leakages).

7.6.1 Scenarios based on modified plant designs

The detailed plant design presented in the previous section is a possible set of well-
balanced components able to ensure an efficient plant operation. However, each of the
aforementioned design variables represents a potential parameter to be optimized in

order to improve the energo-environmental performance of the system.

The scope of the analysis can be clarified by a simple example. Let us consider the

size of the condenser as a variable to be optimized: a larger unit, while contributing to
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reduce the condensing pressure and increase the plant efficiency (thus leading to lower

energy consumptions), on the other hand it would cause a higher use of raw materials

and a consequent higher amount of energy and emissions “embodied” in the materials.

Obviously, whatever the objective function assumed, the optimal size will result from

a trade-off between these opposite effects. Such a problem can be efficiently analyzed

by the proposed integrated approach.

A number of scenarios are defined, each one implying a specific change in the

design of one component compared to the base case, assumed here as a reference. For

each scenario, accurate bills of materials were estimated under the following

assumptions:

Scenario 1- Undersized condenser: the condenser is undersized by reducing its
heat transfer area by 7.5% compared to the base case. A higher condensing
pressure and a decrease of chiller Energy Efficiency Ratio (EER) value may be
expected. The bill of materials revealed a reduction by about 23.1% in
galvanized steel use for condenser construction, compared to the base case;

Scenario 2 - Oversized condenser: the condenser is oversized by increasing its
heat transfer area by 7.5% compared to the base case (symmetric change to the
previous scenario). A lower condensing pressure may be expected, as well as
an increase in the chiller EER. In this scenario, the galvanized steel required in

the construction phase is 57% higher than in the base case;

Scenario 3- Undersized evaporator: the evaporator is assumed to be slightly
undersized, compared to the base case. The size reduction was calculated by
imposing a limited reduction in the chiller capacity (from 315 kW to 306 kW,
which will result in slightly prolonged “on cycles” during cooling load peak
hours). A lower evaporating pressure and a decrease in the EER are expected

to be the main deviations in the system performance. In this scenario, the
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galvanized steel required in the construction phase is 31% lower than in the

base case.

- Scenario 4- Undersized cooling tower: in this case a reduced capacity of the
cooling tower was assumed, expected to result in a higher condensing pressure
(as a consequence of the higher temperature of cooling water) and a lower EER.
The bill of materials for the undersized cooling tower showed, for the different
materials, a weight reduction ranging between 20 and 40% compared to the
base case, and in particular included: 590 kg of galvanized steel, 4 kg of copper,
21 kg of carbon steel, 20 kg of aluminum, 55 kg of PVC.

Accurate simulations of plant operation were performed for each alternative design
by IMST-ART. Thermodynamic results are shown in Table 7.4. From a comparison
with the results presented in Table 7.2 for the base case, it may be observed that any
change in the design of the chiller slightly affects its capacity (with variations ranging
from -2.8% to +0.9%), but it has a higher impact on the EER values (which decreased,
in scenario 3, by 5.9% compared to the base case) due to the relevant changes in the

refrigerant thermodynamic cycle.

Table 7.4. Thermodynamic data for all the examined scenarios based on modified plant design

Units Undersized  Oversized  Undersized Uggi'{f,'fed
Condenser ~ Condenser  Evaporator 9

Tower
Tevap °C 2.5 2.6 1.6 2.6
Teond °C 41.3 40.3 41.3 42.0
ATsup °C 1.9 1.2 55 2.6
Taisch °C 65.3 63.7 66.3 67.2
Refrigerant  kg/s 1.93 1.93 1.82 1.93
Flowrate
Cooling kw 318 314 306 310
Capacity
EER W/W 4.59 4.64 4.44 4.35
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7.6.2 Scenarios based on different mixes of technologies contributing to electricity generation

As clarified in the previous sections, the mix of sources and technologies that
generates the exergy flow (electricity, in the examined case study) supplied to the plant
as an “external input” highly influences the overall exergo-environmental profile of
the plant and, also, the optimal trade-offs between energy consumption/environmental
Impacts/costs respectively tied to thermodynamic inefficiencies in plant operation and
in the other stages of the life cycle. Then, it is worth discussing the contribution of the
proposed approach in highlighting how these trade-offs vary when different context
conditions are considered. In the case study, since the water chiller is driven by
electricity, two different scenarios are considered to assess the sensitivity of results to
the electricity generation mix:

- Scenario A: the Italian grid energy mix was assumed. More specifically, based
on data available from [7.40] for 2015, the following shares to electricity
generation were considered: 45% natural gas (NG, consumed in combined
cycle power plants), 15% coal, 8% oil, 32% from renewable energy sources
(RES).

- Scenario B: electricity is only supplied by renewable energy technologies (i.e.
this is a so-called 100% RES penetration scenario). In particular, 100%
electricity generation by means of photovoltaic technology was assumed (such
an assumption is reasonable due to the fact that the office requires air-

conditioning and consumes electricity only during daytime).
Due to the use of a fraction of non-renewable exergy, a non-null value of knr can
be calculated for Scenario A:

fCC Eel fcoal Eel foil Eel
ScenarioA ___ plant + plant + plant _045 0154_008:148 (71)

KNR = = +
77ex CcC nex Coal 77ex il 05 04 04
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In Equation (7.1) the factors f.. , f,, and f, indicate the share of

plant plant plant

contribution to the electricity production respectively by natural gas fuelled combined
cycles (CC), coal-fuelled and oil-fuelled steam power plant. Also, average exergetic
efficiencies equal to 50% for the combined cycle technology and to 40% for steam
power plants (regardless of the consumed fuel, either coal or fuel oil) [7.41] were
considered. According to these values, knr is equal to 1.48 kWex/kWex, that means that
1 kWh of “electric” exergy is responsible for an average 1.48 kWh consumption of

non-renewable primary exergy.

Conversely, when referring to Scenario B, due to the absence of fossil fuel in the
mix of electricity generation, no consumption of non-renewable exergy is traceable,

thus a null value for knr Was assumed below in the analysis.

7.6.3 Scenarios based on different levels of accuracy of the maintenance programs

It is also worth discussing the potential of the proposed approach in highlighting
the effects of maintenance and troubleshooting programs during the chiller lifetime. In
particular, the effects of one of the most frequent “faults” experienced by refrigeration
systems, i.e. the refrigerant charge loss, on the exergo-environmental profile of the
plant is investigated. Two environmental issues are commonly related to refrigerant

leakages:

- anincrease in the exergy consumption caused by the degradation of the Energy
Efficiency Ratio in case of refrigerant undercharge, compared to the “ideal
charge” condition, if an appropriate maintenance program has not been adopted
to restore refrigerant charge to its nominal value. Also, when considering a
fossil fuel-based electricity generation mix, this lower EER implies an

increased consumption of non-renewable exergy sources;
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- an increase in the total GHG emissions [7.42], mainly due to the refrigerant
dispersion into the environment and the indirect impact related to the increased
electricity consumption. The former of these contributions may be prevalent,
under specific operating conditions, due to the very high Global Warming

Potential (GWP) of the examined refrigerant.

The analysis was carried out by comparing the exergo-environmental profiles for
a system with an “ideal maintenance program”, where no refrigerant leakage occurs
during plant lifetime, and for a case of “poorly maintained chiller”, where an average
refrigerant loss equal to 540 g/year (i.e. 3% of total chiller refrigerant charge) was
assumed. The former scenario is assumed to represent the reference “base case” in the
following paragraph. In Table 7.5, results obtained from accurate plant simulations for

the reference case and the “poorly maintained” chiller are presented.

Table 7.5. Thermodynamic data for the two examined maintenance scenarios

Ideally Poorly
Units Maintained  maintained

System System
Tevap °C 2.5 2.5
Tcond °C 40.8 40.5
ATsup °C 2.4 131

Taisch °C 64.4 64.10
Refrigerant Flowrate  kg/s 1.93 1.93
Cooling Capacity kw 315 313
EER W/W 4.62 4.60

7.7 Results and discussion

Below in this section the results are presented for the “Base Case” design and the
alternative scenarios previously defined. For a clearer presentation, the section is

structured into subsections, each one focusing on a specific scenario.
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7.7.1 Application of the Integrated approach to the “Base Case” design

In this section, the results achieved by the integrated TEC-LCA approach are
presented for the Base Case design. The analysis has been carried out by assuming
“Scenario A” as a reference for electricity generation and an “ideal maintenance”.

Table 7.6 shows LCA results with regards to the base case.

Table 7.6. Life cycle impacts of Water-Cooled Chiller for the “Base Case Design” when
consumed electricity is supplied by the Italian Energy generation mix

Units Values
Acidification Mole of H. e 7.93E+03
Ecotoxicity for aquatic fresh water CTUe 8.12E+04
Freshwater eutrophication kg P eq 3.99E+00
Human toxicity cancer effects CTUh 3.29E-03
Human toxicity non-canc. effects CTUh 3.49E-02
lonising radiation, human health effect model kg U235 ¢ 8.79E+04
IPCC global warming, excl biogenic carbon kg COzq 2.95E+06
IPCC global warming, incl biogenic carbon kg CO2¢q 2.93E+06
Marine eutrophication kg N-equiv. 8.44E+01
Ozone depletion kg CFC.11¢q 1.87E-01
Particulate matter/Respiratory inorganics kg PM2,5equiv. 2.85E+02
Photochemical ozone formation kg NMVOC 6.00E+03
Resource Depletion, fossil and mineral kg Sb-Equiv. 3.41E+00
Terrestrial eutrophication Mole of N ¢q. 2.24E+04
Total freshwater consumption UBP 2.53E+06

Primary energy demand from renewable and MJ

4.84E+07
non-renewable resources

Figure 7.3 reports the relative share of the construction and use step on the total
environmental impacts. The results identify a complex profile where some impacts are
mainly due to the use phase (particulate matter emissions, primary energy, freshwater
consumption, marine eutrophication, human toxicity non-cancer effects), being
prevalently related to the high energy use during plant operation. Conversely, other
indicators show a primary relevance of the construction step, with shares higher than

91% (e.g. ozone depletion, ionizing radiation). All other indicators exhibit an
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intermediate trend, where both the above phases influence the impact, although a
higher share of impacts caused by the use step can be often observed (see the 61.47%
contribution of Terrestrial eutrophication and the 86% contribution in the case of
Global Warming).

For the sake of completeness, when analyzing the total impacts related to the
construction phase, the exergy of materials should be also accounted for. Indeed,
according to Szargut [7.9] any material element (or compound) with a given
composition and concentration has chemical exergy, which is defined as the minimum
work needed to produce it from common substances available in the reference
environment (for instance the earth’s crust, seawater or atmospheric air). To this aim,
in Szargut [7.98] and in Rivero [7.43] the reference environment and the reference
chemical reactions for each compound were defined. In this study, the standard
chemical exergy of materials was derived from the Exergoecology Portal [7.44],

where it is calculated on the basis of the exergy balance of formation reaction:

b =AG, +Zb§,“neI (7.2)

comp

In Equation (7.2) b is the chemical exergy of the material or compound, AG,

comp

its formation Gibbs energy, n, the number of mole of the element “el” and b its

standard chemical exergy (values tabulated in [7.8]).

Chemical exergy was calculated for some of the materials presented in Table 7.3,
and in particular for steel, aluminum and copper. Based on the unit exergy per mol of
materials and the mass of these elements, the following total chemical exergy of
materials embodied in the system were calculated: 2.27 MWhex for steel, 0.73 MWhey
for aluminum and 0.03 MWhex for copper. However, this contribution is neglected for

two main reasons:

a. Considering an annual electric exergy consumption equal to 62.8 MWhe/y and

a useful life of the system of 15 years, it may be easily assessed that the exergy
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embodied in materials accounts approximately for 0.4% of the exergy involved
during the operational phase. Then, the exergy of materials can be excluded

with negligible error;

b. As clarified in the previous sections, the proposed combined approach exploits
the capability of Thermoeconomics only with the aim to analyze the plant
performance during the operation phase, while standard LCA is adopted in
parallel to evaluate a wide set of environmental impacts. Then, the proposed
approach does not represent an Exergy Life Cycle Assessment, where the
exergy of materials and the external assessment of exergy cost of inputs should

have been necessarily included.

& Construction Step EUse Step

Primaty energy demand from ren. and non ren. resources 3 e Y T P
Total freshwater consumption, including rainwater
Terrestrial eutrophication E3

2
Resource Di ep 1 eti on, fD S Sl an d miner. ﬂ_l B O P P O g g o o S o g Y
Photochemical ozone formation B A o P P PP SIS IFSI

Particulate matter/Respiratory inorganics R T T T 2 7 T T2 T )

Ozone denlction B IS NSNS (SNSRI SN N S S

zone depletion ES

. I I I S N R R N ——

Marine euﬁ'ophlcaﬁon o o A A o I I e A S |

IPCC global warming, incl biogenic carbon  ESiES B e T ]

TPCC global warming, excl biogenic catbon E= e ]
Tonisine radiation. human health offect mods] BB NN SN [N I —

onising radiation, human health effect mo i R AR AR AR

N L 1 1 I | 1 | |

Human toxicity non-canc. Effects B T T TP

Human toxicity cancer effects A A A ALY

]
Fr EShWaTET EuTIDphic ﬂﬁ on o A A A A A A A A S A A A A A A A A A A A S A A A SASASSA S S
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Figure 7.3 Incidence of construction step and use period on the life cycle impacts for the “Base
Case” design when assuming Scenario A for electricity generation

Since the use phase has been proven to contribute significantly to the
environmental impacts of the system, actions aimed at reducing energy consumption
during chiller operation may lead to an improvement of the exergo-environmental
profile of the system. By means of exergetic cost accounting an accurate and

comprehensive view of the energy conversion process may be acquired, thus assessing
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to which extent each subprocess contributes to the total exergy consumption of the

system.

Table 7.3 shows the results of the exergetic cost accounting performed for the base
case, providing, for each component, the exergy flows representing its Fuel (F),
Product (P) or generated Residue (R). Also, the same table includes the values of the

specific exergy consumption k; (i.e. the inverse of exergy efficiency), the Exergetic

unit cost k;” and the non-renewable specific exergy consumption Ky, ;. The physical
significance of kg, can be easily explained: for a generic “i-th”’component, it is

calculated by multiplying the unit exergetic cost k; (i.e. electricity consumed per unit

of exergy product of component “i-th”’) by the non-renewable exergy consumption per

unit of electricity, knr (equal to 1.48 kWex/kWex in scenario A assumed for the

reference case). Then, ky;indicates the amount of non-renewable exergy consumed

per unit of exergy product of component “i-th”.

The results show that the unit exergetic cost of chilled water, i.e. k, in Table 7.7, is

heavily affected by the exergy destruction occurring within the evaporator, EEV and
compressor, in a decreasing order of contribution. In fact, according to the proposed
productive structure, the energy conversion process can be considered as ‘“quasi-
sequential” (although not in a strict sense, due to the presence of minor recirculating
exergy flows): (i) the compressor consumes electricity to “generate” pressure exergy,
(i) the EEV consumes pressure exergy to “produce” thermal exergy, (iii) the
evaporator consumes thermal exergy to produce the desired cooling effect. Then, each
of the above three components contributes to increase the unit exergetic cost along the
energy conversion chain, proportionally to its specific exergy consumption ki (which

is slightly higher for the evaporator, the least efficient component).

No cost values are provided for the “condenser + cooling tower” unit due to the

dissipative nature of these components. About the exergy consumption of non-
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renewable exergy sources, since a high share of fossil fuel was assumed for Scenario

A, the amount of non-renewable exergy involved to produce a unit of exergy of chilled

water (i.e. ks, value in Table 7.7) is equal to 4.595 KWex/kWex.

Table 7.7. Exergy Cost Accounting Results for the “Base Case” design assuming Scenario A
as reference for electricity generation

Fuel Product Residue K, k: Ky,
(KWex) (KWex / KWey)
Compressor 68.35 57.22 434 1.195 1.224 1.811
Condenser/ 1768 1495 - . i i
Cooling Tower
EEV 42.61 3240 10.61 1.312 2.685 3.974
Evaporator 3210 2295 - 1.399 3.104 4,595

7.7.2 Sensitivity analysis of exergo-environmental profile of the chiller

In this section the sensitivity of the exergo-environmental profile is investigated,
applying the integrated TEC-LCA approach to the set of alternative scenarios
presented in section 7.6. The following assumption is made: each examined
combination of design, electricity generation mix and maintenance program accuracy
will differ from the “reference case” by a single change. Then, for example, when
attempting to assess the changes induced in the exergo-environmental profile by a
reduced size of the condenser (Scenario 1), all the other design variables, the electricity
generation mix and the accuracy of the maintenance program will be assumed
coincident with those assumed in the reference case. Such an approach allows the
analyst to isolate the effects of a specific change.

7.7.2.1 Application of the integrated approach to alternative design scenarios

Based on the results from plant simulations and additional bills of materials
performed for the set of “alternative design” scenarios indicated as 1-4 in the previous

section, thermoeconomic cost accounting and Life Cycle Assessment were carried out.
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To allow for an easier analysis of the changes induced by each modified design, in

Table 7.8 the variation of the unit exergy consumption, Ak, and the unit exergetic
cost, Ak, , with respect to the base case are directly provided. A simple comparison
between the Ak, values (indicating the variations in the unit exergetic cost of chilled
water) allows the analyst to identify the alternative scenarios that induce exergy
savings (for Ak, <0) or increased exergy consumption (for Ak, >0) during plant

operation compared to the base case.

As expected, only the alternative scenario “Oversized Condenser” achieves a

reduction in the external exergy consumption, due to the lower condensing pressure
resulting from the increased heat transfer area. For all the other cases, the positive Ak;

values indicate that an increase in exergy consumption occurs, the highest impact

being observed for the scenario that assumes an “Undersized Cooling Tower”.

In Figure 7.4, the non-renewable exergy consumption per unit exergy of chilled

water is presented for all the examined scenarios. The values are coherent with the

aforementioned Ak, trends, but they provide a more intuitive perception of the impact

of each examined design scenario. Of course, the exergoeconomic analysis could also
provide further insights, thus allowing an expert analyst to formulate keener
interpretations of the trends. For instance, for the “Undersized evaporator” scenario,

it could be observed that:

— the compressor has only negligible variations in its exergy efficiency (as clear
from the -0.024 variation in the unit exergy consumption), but it increases its
production cost of “pressure exergy” as an obvious consequence of the lower

suction pressure;

— the expansion valve benefits of the lower evaporating pressure, thus increasing
its capability to convert pressure exergy into thermal exergy and decreasing the

cost of the produced thermal exergy;
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the evaporator experiences a dramatic reduction in its exergy efficiency (see

the 0.130 variation in its unit exergy consumption), ultimately being the main

responsible for the decreased efficiency of the whole plant.

Table 7.8. Variation of Exergy Consumption, unit exergetic cost for Alternative Design
Scenarios with respect to the “Base Case Design”

Undersized Condenser Oversized Condenser Undersized Unde_r3|zed
Evaporator Cooling Tower
AK; Ak; Ak, Ak; Ak, Ak; Ak, Ak;
(KWex (KWex (KWex (KWex (KWex (KWex (KWex  (KWex
KWex) kW) KWe)  kWe)  kWe)  KkWe)  KkWe) /KWe)
Compressor 0.001 0.173 -0.028 0.114 -0.024 0.129 -0.021 0.194
EEV -0.011 -0.039 0.011 -0.148 -0.033 -0.170 0.044  0.166
Evaporator 0.022 0.078 0.020 -0.030 0.130 0.134 0.013 0.198
- 5
2 4.8
E 46 ——pmm-——-—- - - - - - - __ -———— -=
=
%T 44
05 42
5%
g 7
ﬁ § 3.8
% 36
E 3.4
= 3.2
z 3
Base Case Undersized Oversized Undersized Undersized Cooling
Condenser Condenser Evaporator Tower

Figure 7.4 Non-renewable exergy consumption for each alternative design scenario

However, as previously clarified, the effects on the energy conversion efficiency

induced by changes in plant design represent only one face of the medal, with the other

one being related to the different impacts of the plant along its lifecycle. In fact, any
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alternative design has a slightly different bill of materials and all the effects should be

simultaneously accounted for, to identify possible trade-offs.

In Figure 7.5 detailed results of LCA study for the four “modified design” scenarios
are shown. More specifically, by means of a radar diagram, percentage variations of
each impact category with respect to the “Base Case” are shown. The presented
impacts obviously include both the contributions related to the embodied energy and
environmental impact of plant components and the environmental impacts related to

plant operation.

The proposed diagram offers a complete picture of the exergo-environmental
profile of the plant, thus allowing the analyst to objectively identify which
modifications in chiller design are most promising from a lifecycle perspective.

It may be observed, for instance, that in spite of the lower amount of raw materials
used in the “Undersized Evaporator” scenario, most of the impact indicators observe,
for this scenario, a positive deviation from the base case (thus indicating an increase
in the corresponding impact). This is explained by considering the degradation of plant
efficiency provoked by the smaller evaporator size, which produces additional
environmental impacts (due to the increased electricity consumption) that exceed the
reduction in the “embodied” environmental impacts. Obviously, this result is highly
influenced by the electricity generation mix (Scenario A) assumed as a reference for

the base case.

On the other hand, among the examined cases the “Oversized Condenser” scenario
is the most promising alternative from a life cycle perspective. Only for this case, slight
negative percentage variations of impacts are observed with respect to the base case.
This result again testifies that, based on the expected plant operation and the assumed
electricity generation mix, the “use phase” impacts dominate compared to those related

to the construction phase. In fact, though additional materials are required for a larger
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condenser, the lower environmental burdens during plant operation offset the increase

in environmental impacts of the construction phase.

It is worth noting that the above explained concept does not apply to all the cases.
In fact, not only the generic change in the “amount of raw materials”, but also the
specific materials and the considered impact indicator should be considered. As an
example, let us examine the ionizing radiation impact category: for this indicator, the
“Oversized Condenser” is identified as the worst scenario. Conversely, improvements
are observed for both the “Undersized Evaporator” (8% reduction compared to the
base case) and “Undersized Cooling Tower” (2% reduction) due to the decreased use

of steel and, for the latter scenario, aluminum and PVC.

=——@— Undersized Condenser = Oversized condenser

= =@= = Undersized evaporator = —-#--Undersized cooling tower
Acidification
Primary energy demand from  10.0% Ecotoxicity for aquatic fresh
ren. and non ren. resources 2.0% water
Total freshwater consumption, 6.0%

including rainwater Freshwater eutrophication

Terrestrial eutrophication Human toxicity cancer effects

A
N ; Human toxicity non-canc.
Effects

Resource Depletion, fossil and
mineral

Ionising radiation, human health

Photochemical ozone formation effect model

IPCC global warming, excl
biogenic carbon

Particulate matter/Respiratory
inorganics

¥ IPCC global warming, incl

Ozone depletion biogenic carbon

Marine eutrophication

Figure 7.5 LCA results for the alternative plant designs for Scenario A
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7.7.2.2 Exergo-environmental profile of “Base case design” for a different electricity
generation mix

In this section, the influence of electricity generation mix on the exergo-
environmental profile of the plant is assessed, referring to the base case design and
assuming an ideal maintenance program. Before showing detailed LCA results for
Scenario B (electricity generation by renewable sources), the incidence of each phase

on the overall life cycle impacts is shown in Figure 7.6.

B Construction Step BUse Step

Primary energy demand from ren. and non ren. resources R R e e T
Total freshwater consumption, including rainwater B T —
Terrestrial eutrophication B

Resource Depletion, fossil and mineral
Photochemical ozone formation

Particulate matter/Respiratory inorganics

Ozone depletion B

Marine eutrophication B R ]

IPCC global warming, incl biogenic carbon B T

IPCC global warming, excl biogenic carbon [E
Ionising radiation, human health effect model B
Human toxicity non-canc. Effects B W%

Human toxicity cancer effects B -

Freshwater eutrophication E

Ecotoxicity for aquatic fresh water B .’J’%f%

Acidification ERRRRRRIRAARR AR
0% 10% 20% 30% 40% 350% 60% 70% 80% 90% 100%

Figure 7.6. Incidence of construction phase and use phase on the life cycle impacts for the “Base
Case” design when assuming Scenario B for electricity generation

Moving from the standard Italian generation mix (Scenario A) to a fully
decarbonized one (Scenario B), the relevance of the paradigm shift hereby proposed is
immediately evident: a fully decarbonized energy sector could largely reduce all the
environmental impact categories. When comparing the results shown in Figures 7.3
and 7.6, it is possible to observe that when electricity is generated by RES, the
construction phase impacts prevail with respect to those related to the use phase for
almost all the examined indicators. In both scenarios the use phase is largely prevalent
as regards the Primary energy demand indicator (at the representation scale the

contribution of the construction phase cannot be even visualized), due to the large
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capacity of the plant and its prolonged utilization throughout the space cooling season.

In this case, differently from scenario A, only renewable exergy is consumed to drive

the chiller, so that a null value for ky,; is obtained. Table 7.9 presents detailed results

for LCA analysis of the base case design when assuming scenario B for the electricity
generation mix. In particular, the percentage variation for each impact category with
respect to scenario A is presented. It may be observed that a reduction in environmental
impacts occurs due to the substitution of fossil fuel with solar energy. Particularly,
high benefits are traced for the indicators marine eutrophication, total freshwater
consumption and particulate matter. Conversely, a negligible variation is observed for
Ozone Depletion, which in the case at hand is mostly related to the construction phase

of the system.

Table 9. Life cycle impacts of the Water-Cooled Chiller for the “Base Case Design” when
consumed electricity is entirely supplied by photovoltaic system as assumed for Scenario B

Units Scenario B et 0 Scenario
A

Acidification Mole of H ¢q, 1.53E+03 -80.7%
Ecotoxicity for aquatic fresh water CTUe 1.68E+04  -79.3%
Freshwater eutrophication kg P eq 3.94E-01 -90.1%
Human toxicity cancer effects CTUh 6.29E-04 -80.9%
Human toxicity non-canc. effects CTUh 1.23E-03 -96.5%
:]g)géséllng radiation, human health effect kg U235 ¢ 8.96E+04 -6.0%
IPCC global warming, excl biogenic kg COzq 403E+05  -86.3%
carbon
IPCC global warming, incl biogenic kg CO2eq 403E+05  -86.3%
carbon
Marine eutrophication kg N-gquiv. 1.16E-01 -99.9%
Ozone depletion kg CFC.11¢q 1.87E-01 0.0%
!Dartlcul_ate matter/Respiratory kg PM2,5equiv. 2 73E+00 -99.0%
inorganics
Photochemical ozone formation kg NMVOC 2.12E+03 -64.7%
Resource Depletion, fossil and mineral kg Sb-Equiv. 1.03E+00 -69.8%
Terrestrial eutrophication Mole of N ¢, 8.67E+03 -61.3%
Total freshwater consumption UBP 4.00E+03  -99.8%
Primary energy demand from MJ
renewable and non-renewable 1.75E+07 -63.9%
resources
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7.7.2.3 Effects of maintenance program on the exergo-environmental profile of the
chiller

In this scenario, the exergo-environmental profile obtained for the base case
assuming an “ideal maintenance program” (where no refrigerant leakage occurs
during plant lifetime) is compared with the alternative scenario assuming a “poorly
maintained chiller” (where a 540 g/year average refrigerant loss is considered). In
order to perform the above comparison and isolate the effects of the accuracy of the
maintenance program, only the base case design and Scenario A for the electricity
generation mix are considered.

In Table 7.10, the results of the exergetic cost accounting are shown. As a
consequence of the average refrigerant undercharge experienced by the chiller
(quantified based on a two years period assumed between two consecutive
troubleshooting interventions restoring the nominal charge), an increase of the unit
exergetic cost of refrigerated water equal to 0.023 kWex/kWey is observed. Based on
the 1.48 kWex/kWex value of knr calculated for the scenario A, the increase in the non-

renewable exergy cost Ak;R,i of refrigerated water is equal to 0.034 kWex per KWex

of water. The increase in refrigerated water cost is related to the lower exergetic
efficiency of the EEV and the Evaporator caused by the lower condensing and
evaporating pressures.

Table 7.10. Results of exergetic cost accounting for a “poor maintenance” scenario and
deviations from the “ideal maintenance” reference case.

kp Akp kp Akp kNR,i AkNR,i

(KWex (KWex (KWex (KWex (KWex (KWex

/kWex) /KWex) /KWex) /KWex) /KWex) /KWex)

Compressor 1.172 -0.023 1.353 0.129 2.002 0.191
EEV 1.327 0.015 2.578 -0.108 3.815 -0.159
Evaporator 1.429 0.031 3.127 0.023 4.629 0.034
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In Table 7.11, the variations in life cycle impacts from the “ideal maintenance
program” scenario are shown. From the analysis a large variation in the “lonising
radiation, human health effect model” and “Ozone depletion” resulted (see values in
bold in Tab. 11). These additional impacts have been mainly caused by the production
phase of the additional refrigerant consumed to restore the nominal capacity of the
chiller. This is justified by the null Ozone Depletion Potential of the dispersed
refrigerant (R410A). Only minor increases are experienced in terms of total
greenhouse emissions as a consequence of the poor system maintenance. In fact,
despite the high Global Warming Potential of R410A, equal to 2090 [7.45], the total
impact due to dispersion of refrigerant only amounts to 1.86E+04 kg COxeq., being two
orders of magnitude lower than the total IPCC global warming impact reported in
Table 7.11.

Table 7.11. Life cycle impacts of Water-Cooled Chillers in case of “ideal maintenance” and
“poor maintenance with non-negligible refrigerant leakage”

Percentage
Units Ideal Poor variation  with
Maintenance  Maintenance respect to ldeal
Maintenance
Acidification Mole of Hieq  7.93E+03 7.99E+03 0.74%
\IIEV(;?;cr)xmlty for aquatic fresh CTUe 8.12E+04 8.21E+04 1.14%
Freshwater eutrophication kg P eq 3.99E+00 4.04E+00 1.35%
Human toxicity cancer effects CTUh 3.29E-03 3.31E-03 0.71%
;;Jencl{asn toxicity non-canc. CTUh 3.49E-02 3.51E-02 0.67%
lonising radiation kg U235 ¢ 8.79E+04 1.02E+05 15.84%

IPCC global warming, excl kg COxq
biogenic carbon
IPCC global warming, incl kg COzeq
biogenic carbon

2.95E+06 2.97E+06 0.73%

2.93E+06 2.95E+06 0.73%

Marine eutrophication kg N-gquiv. 8.44E+01 8.50E+01 0,71%
Ozone depletion kg CFC.11¢q 1.87E-01 3.00E-01 59.98%
Particulate _ KOPM25ewiv.  5gsri0p  286E402  0.67%
matter/Respiratory inorganics

Photoc_hemlcal ozone kg NMVOC 6.00E+03 6.05E403 0.79%
formation

rlj\?rs]glrg::e Depletion, fossil and kg Sh-Equiv. 3 41E+00 3 47E+00 1.98%
Terrestrial eutrophication Mole of N  2.24E+04 2.26E+04 0.81%
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Total freshwater consumption, UBP
including rainwater

Primary energy demand from MJ
ren. and non ren. resources

2.53E+06 2.55E+06 0.64%

4.84E+07 4.87E+07 0.64%

7.7.3 On the possibility to perform articulate sensitivity analyses with simultaneous
changes in design variables and context conditions

In the previous section, in order to isolate the effects of each alternative scenario
compared to the base case assumed as a reference, the possibility to account for
simultaneous changes in design, context and maintenance scenarios was not

investigated.

In this section, an example is proposed to illustrate the capabilities of the integrated
TEC-LCA approach to provide a comprehensive view of the impact of multiple
simultaneous changes. In particular, the exergo-environmental profile of the water-
cooled chiller is derived below for all the alternative design scenarios (individually
applied), while assuming to vary also the electricity generation mix and then referring
to Scenario B. In order to avoid an excessive complexity of the analysis, an “ideal

maintenance” is assumed for the system.

In Figure 7.7 the results of the LCA study are shown for each alternative design,
based on the electricity generation mix of Scenario B. Results in terms of percentage
variation of each impact indicator with respect to the “Base Case” are again shown by
a radar map to allow for an easier comparison with the results presented in Figure 7.5
for Scenario A.

Differently than in Figure 7.5, when the context of Scenario B is assumed (see
Figure 7.7) the “Undersized Evaporator” design option is easily identified as the most
promising one, from a life cycle perspective. Conversely, the “Oversized Condenser”
scenario, which represented the most promising alternative when referring to Scenario
A (Italian electricity generation mix), now represents the option with the worst

environmental profile of the chiller compared to the base case. These results may be
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easily explained by considering the incidence of the construction and use phases on
the overall life cycle impacts: indeed, as evident from a comparison between Figures
7.3 and 7.6, in a PV-based electricity generation scenario the construction phase
accounts for the largely highest share of the life cycle impact. Then, it is reasonable
that scenarios implying reduced use of materials during the system construction stage
achieve the highest improvements on the environmental profile of the chiller. The
improvements achieved for the alternatives “Undersized evaporator” and “Undersized
condenser” mainly arise from the reduction in the amount of steel used during the

construction stage.

= <8- - Undersized Condenser Oversized condenser Undersized evaporator = <= =Undersized cooling tower
Acidification
Primary energy demand from 6.0% Ecotoxicity for aquatic fresh
ren. and non ren. resources *_40% water
. L -
Total freshwater consumption : N Freshwater eutrophication
1 ,00.0%~
7, -
/}‘ -2°0% N
. S M 40% 9 -
Terrestrial eutrophication ] € 0% N\ Human toxicity cancer effects
P -6.0%
%)
P el -80% '
5% 210.0% .
. . I f ~ .
Resource Depletion, fossil and / S~ ) Human toxicity non-canc.
. [ ? -12.0% »e)
mineral \ Y R Effects
'\‘l‘\. ¢ J
L.\ . ,{
k T L Tonisi diation, Iy
Photochemical ozone formation P 4 S onising radiation, human
L] pie oy health effect model
S P et pe
Nl e
Particulate matter/Respiratory Sl IPCC global warming, excl
inorganics biogenic carbon

IPCC global warming, incl

Ozone depletion, WMO model g E
biogenic carbon

Marine eutrophication

Figure 7.7 LCA results for design alternatives when referring to Scenario B as mix of
electricity generation

Therefore, when assuming Scenario B and a null non-renewable exergy cost of
electricity, the importance of the thermoeconomic analysis of the plant to derive its
exergo-environmental profile and identify routes for possible improvements decreases.
In fact, in this case the optimization of the exergo-environmental profile of the chiller
will converge towards design solutions requiring lower consumption of materials and

impacts along the construction phase. Conversely, the route toward design
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optimization will not lead to a minimum value of exergy consumption in the use phase,

as shown by the Ak; value for the Undersized Evaporator case in Table 7.8.

7.8 Outcomes of this analysis

In this chapter an integrated approach for energy systems analysis which attempts
to integrate the capabilities of thermoeconomic cost accounting and Life Cycle
Assessment has been proposed. A water-cooled chiller has been assumed as a case
study and has been examined to clarify the added value of combining these two well

established methods.

The combined use of the two approaches on a same application has been revealed
useful since they proved to be complimentary and achieved to a certain extent
independent result. The analysis revealed that some environmental indicators are
dominated by the use phase, being prevalently related to the high energy use during
plant operation. Other indicators, conversely, are mainly affected by the construction
step. The sensitivity analysis to some specific design variables allowed to determine
trade-offs between apparently unrelated domains, e.g. in the undersized condenser
scenario a decrement in exergy efficiency and very low environmental impacts were
simultaneously observed. The combined TEC-LCA analysis has also revealed that
using an undersized cooling tower/evaporator causes a worsening in the exergy
efficiency of the system that, on a life cycle scale, is not compensated by a reduction
in the embodied exergy related with the reduced amount of materials used in the
production stage. Adopting a wide set of impact indicators allows the analyst to
observe that the usual correlation between low exergy/energy use and low
environmental impacts can be either reversed or maintained for each specific impact,
if the other stages of the life cycle (besides the mere use stage) are included in the
analysis. This is an important result that testifies the potential of the combined use of
thermoeconomics and LCA in investigating conflating domains and modelling the
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complexity behind energy systems, with the aim to avoid shifting loads from one

domain to another.

The potential of the combined approach in performing sensitivity analyses has also
been proven: the use of a different and fully decarbonized energy mix causes a severe
reduction in the relative importance of the LCA indicators connected to the use stage.
Conversely, the relative importance of the environmental impacts of construction
stages increases, resulting always higher than 70%. As expected, in this scenario the
only two indicators which reported no significant variations were the Primary energy
use (that included the renewable contribution) and the Ozone depletion (due to the
production of the refrigerants). The small variation of the Ozone depletion indicator
has been further investigated by considering different maintenance scenarios. The
comparison between the ideal and the “poor”” maintenance has led to solid results in
line with the others: the only indicators reporting significant variations was the ozone
depletion (60%) and, to some extent, the lonizing radiation (around 16%). With regard
to thermoeconomic indicators, the poor maintenance scenario achieved has increased
costs, mainly due to the lower exergy efficiency achieved by the EEV and the

evaporator.
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Conclusion and Future Remarks

This thesis has been focused on the innovative applications of Exergy Analysis and
Thermoeconomics for chemical, thermal and cooling systems. Though a great variety
of case studies have been investigated, Exergy can be easily identified as the common
thread.

In Chapter 1, an overview on Exergy Analysis and Thermoeconomics have been
presented. Strength and Limits of Exergy Analysis have been pinpointed and a brief

summary of advanced exergy methods developed has been presented.

As concern Thermoeconomics, the brief historical outline has showed that this
method has enlarged its application from the initial cost accounting purposes to the
diagnosis of malfunction in energy systems. Symbolic Exergoeconomics have been

introduced as a tool for exergy and exergoeconomic cost evaluations.
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In Chapter 2 and Chapter 3, the great capability of Exergy Analysis in supporting

the development of innovative energy conversion processes emerged.

In Chapter 2, the exergy analysis of the innovative Reverse ElectroDialysis process
has shown the capability of this method to provide with useful information concerning
the design and the operation of this energy system. For instance, among all the
investigated membrane properties, water permeability has been recognized to have the
most detrimental effect on exergy efficiency, with exergy losses accounting for 60-
80% of total exergy loss. This result is of utmost importance for membrane
manufacturers, who will devote their research in reducing this effect. Also, the analysis
has provided information about: (i) the effect of the flow arrangement and residence
times for solution in the stack on exergy destruction and (ii) the combination of
concentrate-dilute solution which allows for achieving the highest thermodynamic
performance. Results of the ExXA of the RED process have been preliminary for the
analysis of the RED-MED Heat Engine, object of Chapter 3. As shown, this system
aims at: (i) converting to electricity heat flow from industrial processes which would
be otherwise wasted and (ii) overcoming the need of available natural salinity gradients
required when operating RED process in an open-loop configuration. By means of
Exergy Analysis the effects of some design and the operation parameters on the
thermodynamic performance of the process have been accounted. The permselectivity
of the membranes and water osmotic fluxes were revealed to be responsible for
decreasing the exergy performance of the process. In addition, the influence of the
MED pumping power is significant, leading to an important decrease of the global
exergy efficiency. Finally, the exergy potential of the technology was assessed using
high-performing membranes and higher number of MED effects, reaching global
exergy efficiency of 26.5%, showing the significant potential of the RED-MED HE
for the conversion of waste heat into electricity. It is apparent that efforts are still
needed for the development of RED-MED HE.
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After applying Exergy Analysis to these innovative energy conversion systems,

Thermoeconomics has been the object of the remaining chapters.

In Chapter 4, exergy cost accounting has been applied to a Multi-Effect
Desalination (MED) process. In this chapter, exergy analysis and exergy cost
accounting have been proposed for the in-depth interpretation of thermodynamic
behavior of Multiple Effect Distillation processes. Exergy analysis has highlighted in
which processes the highest exergy destruction occurs. The exergy cost accounting has
provided provide a comprehensive view of the cost formation process of the freshwater
produced, allowing the plant designer or manager to calculate, on a rigorous
thermodynamic basis, the exergetic (or economic) amount of external resources
consumed to produce each specific material stream or exergy flow.

The low exergy efficiency of the whole MED process suggests that high exergy
destruction occurs when converting thermal exergy of motive steam into chemical
exergy of freshwater. In order to provide a clear interpretation of the reasons for the
low exergy efficiency of the MED system, a conveniently high disaggregation level
has been adopted. As concerns thermal vapor compression, the use of high-pressure
steam to produce low pressure steam supplied to MED process resulted to be among
the main responsible subprocesses for the poor plant performance. This result testified
the great convenience in supplying such low temperature processes, like the examined
MED plant, by means of cogenerated heat recovered from power plants or waste heat
cascaded from other industrial processes.

By means of exergy cost accounting, the cost formation process of the distillate
could be clearly depicted. A substantial increase in specific cost of freshwater product
has been observed from the first to the last effects, as a consequence of the
irreversibility in the production process.

The applicative example confirmed the potential of exergy and thermoeconomic
analysis to provide a comprehensive understanding of plant behavior, allowing the

plant designer to identify the possible margins for improvements.

319



Conclusion and Future Remarks

In Chapter 5, a thermoeconomic cost accounting of a Combined Heat and Power
steam cycle integrated with Multi-Effect Desalination-Thermal Vapor Compression
plant has been presented. The capability of this method to provide with a rational basis

for the allocation of costs on freshwater and electrical power has been shown.

The analysis has been carried out by considering two distinct scenarios, which
differ for the rejection or the recovery of the chemical exergy content of the
concentrated brine. In the first case, brine is disposed back to the sea and its exergy
was entirely wasted. In such conditions, the method has pointed out that the
thermoeconomic unit cost of freshwater is significantly higher compared to the
electricity cost, due to the higher exergy destruction involved in the production process
of the former output. These two values resulted to differ approximately by one order
of magnitude, being this result justified by the exergy efficiency of the MED-TVC
which resulted lower than 10%. Furthermore, the sensitivity analysis has showed that
the unit cost of freshwater is quite sensitive to the steam extraction pressure, and a low
pressure of the motive steam was suggested as an optimal criterion for plant design.
As concerns the second scenario, results have shown that the use of the chemical
exergy content of brine to drive a Reverse Electrodialysis Unit allows for a reduction

in the exergetic cost of freshwater produced, compared to the first scenario,

Chapter 6 has been focused on the innovative applications of Thermoeconomics
to the diagnosis of faults in HVAC systems. After a brief overview on the method and
its development in these decades, insights into the malfunctions/disfunction approach
are given. In this thesis, thermoeconomic diagnosis of air-cooling systems has been
evaluated for the first time by means of real data collected from a packaged rooftop
air conditioning unit installed at the Herrick Laboratories, Purdue University. Three
faulty scenarios were considered: evaporator fouling, condenser fouling, evaporator
fouling along with condenser fouling. Results have shown that: (i) the diagnostic

technique is able to detect a single fault; (ii) the performance of the technique depends
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upon the level of fault imposed, and specifically it decreases when the fault level
increases (iii) for evaporator fouling, the performance of the diagnostic technique is
sensitive to the relative humidity of the air entering the evaporator coil (iv) in multiple
faults scenarios, the technique is capable of detecting the simultaneous presence of
condenser and evaporator fouling. A poor quantitative estimation of their impacts on
the increased consumption mainly due to the induced malfunctions on the compressor.
All these results agreed with the ones obtained from “virtual experiments” available in
literature.

Future works will be focused on: (i) development of characteristic curve for each
component (i.e. a mathematical model which describes the analytical dependence of
the unit exergy consumption and a set of thermodynamic parameters) in order to filter
induced malfunction on the compressor and (ii) detection of "system fault" as the
undercharge or overcharge of the refrigerant, which is not allowed by the current

thermoeconomic model.

In Chapter 7, an integrated approach for energy systems analysis has been
proposed with the aim to integrate the capabilities of thermoeconomic cost accounting
and Life Cycle Assessment. The approach can be applied to existing plants, in order
to assess the different contributions of the construction and operation steps on its total
life cycle impacts. However, an even greater potential may be exploited when applying
the methodology as a support tool for decision-making during the design optimization
of the system: in this case the proposed approach allows for a quantitative analysis of
the trade-offs between concurrent effects induced by a hypothetical change in a design
variable. Also, the method allows to perform rigorous accounting of the impacts of
possible alternative maintenance strategies, quantifying the effects of the performance
degradation and their relative weight on the total life cycle impact. A water-cooled
chiller has been assumed as a case study and examined to clarify the added value of

combining these two well established methods.
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The need for including a thermoeconomic analysis is clear when considering that,
in most energy conversion systems having a non-renewable energy input, the impacts
related to the operation phase are prevalent over those related to the construction phase.
Then, the insights provided by the thermoeconomic analysis allow to identify the
components and subprocesses which mostly contribute to increase the energy
consumption and to identify possible routes for design improvement;

The articulate set of indicators provided by the proposed method is more difficult
to exploit as a support for decision making, compared to the synthetic results achieved,
in the form of a single indicator, by an exergoenvironmental cost accounting.
However, it provides a larger set of information on the expected impacts of an energy
system, thus increasing the awareness of the analyst on the specific effects of any

design or maintenance decisions.

The variety of topic addressed in this thesis highlights the great capabilities of all
exergy-based methods in the analysis of energy conversion processes. Further
refinements are needed, but the most challenging thing to do is to transfer the use of

these methods to the industrial field. Research must go on...
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Nomenclature

CCOﬂC

Cail

Cprii
Crii

Area (m?)

Anergy of Heat Flow (W)

Distribution ratio on component “i” of valve’s additional exergy
destruction (dimensionless)

Salt Activity

Water Activity

Specific exergy (kJex/kg)

Exergy Flow (Wex)

Exergy Destruction (Wex)

Endogenous exergy destruction (Wex)
Exogenous exergy destruction (Wex)
Avoidable Exergy Destruction (Wey)

Unavoidable Exergy Destruction (Wex)

Exergy Loss (Wex)

Themal Exergy Flow (Wex)

Exergy flow “produced” by component “j” and “consumed” by
component “i” (Wex)

Mechanical Fraction of Exergy Flow (Wex)

Thermal Fraction of Exergy Flow (Wex)

Concentrate Molar Concentration (M)

Dilute Molar Concentration (M)

(3342}
1

Distribution ratio on component
destruction

Cost of the product of component “i” (€)

Cost of the residue allocated on component “i” (€)

of condenser’s additional exergy
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Nomenclature

Cri
Cri
COP
CRF
AFT
Dsalt
DF;
Ecell
Eloss
Emix
Estack
EER
fr

f;

E

m I

@D

AL

*

iy

- > > STQ

Cost Flow of the product of component “i” (€/h)

Cost Flow of the residue allocated on component “i” (€/h)
Coefficient of Performance (dimensionless)

Capital Recovery Factor (dimensionless)

Fuel Impact (Wex )

Salt permeability coefficient, m?/s

Dysfunction generaed in i-th component (Wey)

Voltage generated by the cell pair (V)

Ohmic loss due to internal stack resistances (W)

Exergy destruction due to uncontrolled mixing phenomena (W)
Voltage generated by the pile (V)

Energy Efficiency Ratio (dimensionless)

Residue Exergoeconomic Factor (dimensionless)

Capital Exergoeconomic Factor (dimensionless)

Fuel (Wex )

Total fuel consumption (Wex )

Exergetic Cost of the external fuel (Wex)

Exergetic cost of the fuel of the “i-th” component (Wex)

Gibbs free energy (J)

Specific enthalpy (kJ/kg)

Molar enthalpy (J/mol)

Partial Molar Enthalpy of the “i""” species (kJ/kmol)

Electric current (A)

lonic Exchange Membrane

Exergy destruction within RED unit (W)

Molar Flux (mol/m?s)

Overall unit exergy consumption of component “i”’ (dimensionless)
Non-renewable Exergetic unit cost of the product of the “i-th”
component (Wex/Wex)

Exergetic unit cost of the product of the “i-th” component
(Wex/Wex)

Molality (mol/kgsolv)

Salt molecular weight (mol/kg)

Water molecular weight (mol/kg)

Malfunction (Wex)

;o
1
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Nomenclature

MF”* Malfunction cost (Wex)
N Number of species in a mixture
N Molar Flowrate (mol/s)
Nep Number of cell pair
Nk Number of discretization elements
ocv Open Circuit Voltage (V)
p Pressure (kPa)
P Exergy Product (Wex)
Pq Power density (W/m?)
Pe Electric Power (W)
Ps Membrane Permeability to Salt (m?/s)
Pr Final Product (Wex)
Pw Membrane Permeability to Water (m/Pa-s)
pi* Exergetic cost of the product of the “i-th” component (kWex)
Q Volumetric Flowrate (m®/s)
Raem Anionic Membrane Resistance (Qm?)
Rblamk Electrical resistance of the electrodic compartment (€2)
Reell Electrical resistance of the cell pair (QQ)
Rcem Cationic membrane Resistance (Qm?)
Rconc Electrical resistance of concentrate (Qm?)
Rail Electrical resistance of dilute (Qm?)
Fij Product junction coefficients (dimensionless)
Rint Internal Stack Resistance (€2)
RL Load Resistance (£2)
Ru Universal constant of gases (kJ/(kmol K))
S Specific entropy (kJ/(kg K))
5 Molar Specific entropy (kJ/kmol)
s Molar entropy, J/(mol-K)
T Temperature (°C or K)

Overall heat transfer coefficient, W/(m2K)
Vcone Concentrate Velocity (m/s)
Vil Dilute Velocity (m/s)
Xs Salt molar fraction (dimensionless)
Xw Water molar fraction (dimensionless)
Yij Product distribution ratio (dimensionless)
Zi Capital Cost of component “1” (€)
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Nomenclature

Greek symbols

0} Permselectivity

Y Salt activity coefficient (dimensionless)

Om Membrane Thickness (m)

i Unit Residue Consumption (dimensionless)

n Performance (dimensionless)

! Interest rate (dimensionless)

Kij Unit exergy consumption (dimensionless)

KNRi non-renewable exergy consumed per unit of external exergy
supplied (dimensionless)

A Enthalpy of Vaporization (kJ/kg)

Mmx Chemical potential of the generic solute MX

p Density (kg/m?®)

Pij Residue Jucntion Coefficient (dimensionless)

) Osmotic Coefficient (dimensionless)

Vi Residue distribution factor (dimensionless)

7¢ Dimensionless Exergetic Temperature (dimensionless)

Vectors and Matrices

FP> Matrix of product distribution ratios (NxN)
RP> Matrix of residue distribution ratios (NxN)
KP> Matrix of product consumption ratios (NxN)
KR> Matrix of residue consumption ratios (NxN)
Ce Vector of product cost (Nx1)

Ce Vector of external fuel cost (Nx1)

Cr Vector of product cost flow (Nx1)

Ce Vector of external fuel cost flow (Nx1)

Fe Vector of External Exergy Sources (Nx1)
Kb Matrix of unit exergy consumption (NxN)
Ps Vector of Final product (Nx1)

Up Identity matrix (NxN)

Z Vector of capital cost (Nx1)

Z Vector of capital cost flow (Nx1)
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Nomenclature

Subscripts
0

B

ch

Cond

Related to reference or “dead” state
Related to brine

Related to chemical exergy

Related to condenser

Related to RED cell pairs

Related to distillate

Related to inlet

Related to turbine isoentropic efficiency
Related to outlet

Related to physical exergy

Related to salt

Related to solution

Related to thermal exergy

Related to water
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