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ARTICLE INFO ABSTRACT

Keywords: The present work shows a comparison between the levelized cost and the thermoeconomic methods in their
Polygeneration application to assess the performance of a solar polygeneration plant. The aim is to analyze the costs allocation
Thermoeconomic

process, the unit specific costs of each product, as well as the energy and exergy efficiencies, which allows to
identify the main advantages of both the evaluated methods. The methodology is applied in a case study con-
figured by a concentrated solar power with thermal energy storage and backup system, combined to a multi-
effect distillation plant, an absorption refrigeration plant, and a process heat module. The present study reveals
that through the levelized cost method, the cost associated to the electricity generation is higher than it is by
applying the thermoeconomic method, whereas the costs of water, cooling and process heat are significantly
lower. Those differences represent an increase of about 35.1% in the case of the electricity, and a reduction in the
cost associated to the water, cooling, and heat production by around 34.4%, 78.1%, and 97.6%, respectively.
Results show that the thermoeconomic method is an equitable and rational cost allocation method which is
suitable for a solar polygeneration plant. This method is recommended when a more precise analysis is required
to assess the proper costs of different products, and for assessing the benefits of a polygeneration plant, when
compared to stand-alone plants. However, the levelized cost method is a simple and fast method, and a deep
knowledge of thermodynamics is not required, being recommended when in need to perform a first approach of
the costs of each product.

Concentrated solar power
Multi-effect distillation
Absorption refrigeration

1. Introduction named generically as polygeneration system; however, in order to avoid
any confusion, the term polygeneration is used in this paper to re-

Multi-generation or polygeneration is defined as the concurrent present any scheme of a multi-generation system. The basic elements of

production of two or more energy services and/or manufactured pro-
ducts that, benefiting from the energy integration of the processes,
seeking to extract the maximum thermodynamic potential (maximum
thermodynamic efficiency) of the resources consumed [1]. In general, if
a multi-generation system generates two products, it is named as a
cogeneration system, such as Combined Heating and Power (CHP),
Combined Cooling and Power (CCP), and Combined Water and Power
(CWP) for example. Correspondingly if a multi-generation system
generates three products, it is named as a trigeneration system, such as
Combined Cooling, Heating and Power (CCHP). Finally, if a multi-
generation system generates more than three products, it could be

a polygeneration plant is the prime mover or engine, which provides
the mechanical motive power; the electrical power generator, and the
heat recovery equipment including cooling, water distillation, and/or
other subsystems. The typical prime mover can be a Rankine, a Brayton,
a Diesel or a combined cycle.

Polygeneration systems are commonly classified as topping or bot-
toming cycle systems [2]. In a topping cycle, the priority is power
production, i.e. the supplied fuel is first used to produce power and then
thermal energy. In contrast, in a bottoming cycle, the priority is for heat
production, i.e. high temperature thermal energy is the primary product
delivered and the heat rejected from the process is recovered to
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Nomenclature
A aperture area, m?
BS backup system
capex capital expenditure, USD
Cf; fuel cost, USD/a
G exergy cost rate, USD/h
Cox exergy destruction cost rate, USD/h
C‘F,k exergy fuel cost rate, USD/h
Coi exergy product cost rate, USD/h
G unit exergy cost, USD/kWh
cfr capital recovery factor, %
CSP concentrated solar power
CST cold storage tank
COP coefficient of performance, —
D exergy destruction, kWh
DNI direct normal irradiance, W/m?
e exergy specified, kJ/kg
E time rate of exergy or exergy rate, kJ/s
Ehm, time rate of exergy heat process, kJ/s
Equn time rate of exergy from sun, kJ/s
Epp, time rate of physical exergy, kJ/s
Eu, time rate of chemical exergy, kJ/s
Ep time rate of exergy destruction rate, kJ/s
Fr time rate of exergy fuel rate, kJ/s
Epy time rate of exergy product rate, kJ/s
EPC Engineering, Procurement, and Construction
GOR Gained Output Ratio, kgaistiiate/Ksteam
i discount rate, %

FWP feed water preheater

HTF heat transfer fluid

HST hot storage tank

HP high pressure

LC levelized cost

LCC levelized cooling cost, USD/kWh
LEC levelized electricity cost, USD/kWh
LHC levelized heat cost, USD/kWh

LWC levelized water cost, USD/m?>

LP low pressure

MED multi-effect distillation

n number of time periods, years

opex operational expenditure or operation and maintenance

cost, USD/a
Q[h,powc, biock thermal power demanded by the power block, kW
ch,sola, fielathermal power produced in the solar field, kW

SM solar multiple, —

REF refrigeration

PH process heat

To ambient temperature, °C

TES thermal energy storage

trall 10aa hours of full-load of TES, h

UEC unit exergy cost

Waes,gross POWeET cycle thermal in design-point, kW

Zz total investment and operating and maintenance cost rate,
or non-exergy-related cost rate, USD/h

ch ! capital investment cost rates, USD/h

Z'ko M operating and maintenance cost rates, USD/h

generate power. Polygeneration plants have been extensively employed
within the industrial sector, where large concurrent heat and power
demands are present [3]. A polygeneration scheme has comparative
advantages over stand-alone systems, since it allows reducing both
primary energy consumption and emissions of greenhouse gasses dis-
placing fossil fuels, avoiding waste heat, reducing transmission and
distribution network and other energy losses, as well as decreasing
energy dependency at the country level, contributing to the diversifi-
cation of energy sources [2]. According to the International Energy
Agency [4] in 2014, the conversion of total primary energy supply to
end use energy, in the world, was of 1.7% and 18.1% from CHP plants
and electricity plants, respectively.

The average energy efficiency (First-Law of Thermodynamics) of
fossil-fuelled power generation is about of 35-37%, whereas for poly-
generation schemes it is around 75-80%, and up to 90% in the most
efficient plants [3]. This means that about two-thirds of the primary
energy input, which is the overall lost in traditional power generation,
could be exploited leading to a significant reduction on both energy
costs and CO, emissions [3]. Regarding the use of fuels in poly-
generation schemes, fossil resources currently predominate. Renewable
energies also have been used as primary energy sources in poly-
generation schemes, allowing to generate electricity by delivering an
input of thermal energy; in that context, biomass, geothermal and
concentrated solar technologies [5] have been implemented in poly-
generation schemes.

In order to integrate and properly assess a polygeneration plant, in
which two or more goods are produced from one or more natural re-
sources, it is necessary to determine the production cost of each pro-
duct. Due to the complexity of dealing with many energy flows in
polygeneration schemes, the integration and assessment of such tech-
nologies should be evaluated applying a rational method. A method for
the allocation of resources and products allows solving this problem,
considering all input and output from the system, investments, opera-
tion and maintenance costs, as well as the production units of each
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product. To solve this problem, several cost allocation methods have
been proposed in the literature, which in general are classified in
thermodynamic, economic, and thermoeconomic methods (or ex-
ergoeconomic). The thermodynamic methods are based on the First-
Law and/or Second-Law of Thermodynamics [6-9], including several
methodologies, such as the energy balance, work flow, kW equivalence,
enthalpy drop, heat discount, weighting, entropy change, and exergy
methods. The economic methods are similar to thermodynamic ones
depending on whether lowering power or heat costs are in priority
[8,10]. Among the available methods that exist are the proportional
method, the equal distribution method, and the benefit distribution
method. Finally, the thermoeconomic methods are based on the
Second-Law of Thermodynamics and economic principles [1,11,12],
which include algebraic and calculus methods. The algebraic methods
use algebraic balance equations and auxiliary cost equations for each
component, focus mainly on the cost formation process and determine
average costs. The calculus method use differential equations, such that
the system cost flows are obtained in conjunction with optimization
procedures based on the method of Lagrange multipliers, and it is used
to determine marginal costs [13].

1.1. Solar polygeneration plant

The use of the solar energy as main resource in a polygeneration
system for producing energy and water is an opportunity for sustainable
development. Solar energy can be captured and concentrated by
Concentrated Solar Power (CSP) technologies to provide the heat re-
quired to generate electricity through a power cycle. Hence, a CSP plant
could be the prime mover in a polygeneration scheme, operating as a
topping cycle system, and other technologies could be integrated to
generate by-products, such as desalted water, cooling and process heat.
CSP is one of the promising options for electricity supply as demon-
strated in some areas such as, Spain, USA, and North Africa [14]. CSP
plants require abundant direct normal irradiation for producing
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electricity to be economically attractive, limiting the regions of interest
for deploying CSP systems to areas of high direct normal irradiation
conditions, which are in general hot and dry regions. Moreover, the
development of CSP plants requires availability of flat land and proxi-
mity to consumption centers. CSP can integrate thermal energy storage
(TES) in order to increase the capacity factor and to provide dispatch-
able electricity to the grid, and could capture peak market prices. Ad-
ditionally, CSP can be hybridized with a backup energy system (BS),
which supplies thermal energy to maintain the plant’s power generation
at design conditions when there is a lack of solar radiation and/or
thermal energy from TES.

The current CSP market is dominated by parabolic trough collector
technologies, comprising around 85% of cumulative installed capacity
[14]. CSP is considered a promising multi-purpose technology for
electricity, heat and district cooling production, and water desalination
[5], as it is easily integrated to thermal driven cycles that can produce
fresh water, refrigeration and process heat. Within the industrial
thermal desalination technologies, multi-effect distillation (MED) is
considered the most attractive option due to its lower energy con-
sumption (compared to the rest of the thermal technologies as multi-
stage flash and solar stills), low sensitivity to corrosion, low presence of
scaling, high development potential, and the possibility of operating at
temperatures lower than 100 °C [15]. In the line of refrigeration sys-
tems driven by thermal energy, the single-effect absorption cycle is
driven at low temperatures, between 80 and 110 °C [16], and is avail-
able in the market, making it a good alternative to be considered in a
polygeneration scheme. Each technology can be integrated into the CSP
plant taking into account its technical restrictions and the demand of
each product. The size of the plants has been established to satisfy a
large-scale supply from the mining industry (northern Chile, Australia,
and North Africa), which operates continuously and presents a constant
demand. The CSP plant has been chosen considering the already ex-
isting commercial plant, called Andasol 1, due to the technical data of
this plant is available in different technical reports. The electric power
is produced in the CSP plant and the heat rejected from the power
production is then used to produce the other products (desalted water,
cooling and process heat), whose production is limited by the avail-
ability of the heat rejected from the CSP plant. This also limits the size
of the desalination, cooling, and process heat plants.

For the aforementioned, a solar polygeneration system is configured
and simulated in order to produce electricity, desalted water, industrial
cooling and process heat. The solar polygeneration plant proposed
herein consists of a concentrated solar power parabolic trough collector
field with thermal energy storage and backup system as prime mover,
integrated to a multi-effect distillation plant, a single-effect absorption
refrigeration system, and a counter-current heat exchanger as process
heat plant. This solar polygeneration scheme was previously analysed
by the authors in a recent work [17], in which a thermoeconomic as-
sessment was performed considering that the plant operates in high
direct normal irradiation conditions. The present work constitutes the
continuation of that research, where its main contribution is a com-
parison between the levelized cost and the thermoeconomic methods
applied to a solar polygeneration plant. The aim of that evaluation is to
determine and compare the different unit costs of each product ob-
tained by each method, such as levelized costs and unit exergy costs
(electricity, water, cooling and heat); the cost allocation process; and
the energy and exergy efficiencies.

1.2. Assessment of a solar polygeneration plant

CSP plants as the prime mover could be easily integrated into
polygeneration systems, as demonstrated in [5,18]. Due to the potential
of such systems, the integration of a CSP plant and desalination, re-
frigeration and process heat technologies has been analysed in several
studies as described below, focusing mainly in cogeneration and

Energy Conversion and Management 168 (2018) 215-229

trigeneration schemes. Nonetheless, currently there is only one CSP
plant configured in a polygeneration system, the “Aalborg CSP-
Brgnderslev CSP with organic Rankine cycle project” [19] located in
Denmark, a solar cogeneration plant for generating heat and power of
16.6 MW.

Two assessment methodologies have been intensively employed for
analysing solar polygeneration plants: the levelized cost method [20]
and the thermoeconomic method [11]. Both methodologies allow es-
timating separately the costs of each product generated by the system.
The first method determines the present value of the total cost of in-
vestment, maintenance and operation, fuels, and revenues from the
sales of by-products (such as carbon credits) of a productive plant over
its economic life, considering equivalent annualized payments [21],
levelized in monetary units per unit of annual production. The levelized
cost (LC) allows alternative technologies to be compared considering
different scales of operation or different investment and operating
periods. In this context, several studies have focused on assessment of
CSP-polygeneration systems using the levelized cost method. Olwig
et al. [22] carried out a techno-economic analysis of integrated CSP and
desalination plants, including MED and reverse osmosis (RO) systems.
The authors determined the levelized water cost (LWC), considering a
cash flow that includes the total investment costs (CSP and desalination
plants), the fuel for backup, the maintenance and operation cost asso-
ciated to desalination, while the annual revenues due to electricity sales
were subtracted from the costs. Later, Moser et al. [23] developed a
techno-economic model for the assessment of desalination plants,
driven by renewable energies, based on CSP plant, MED and RO tech-
nologies. The model considers a detailed method for cost allocation to
determine the LWC and levelized electricity cost (LEC), considering
capital and operational costs. The operational cost includes fixed and
variable operating costs, where the last one was determined using the
reference-cycle method, in which the evaluation of heat cost is ap-
proached based on the comparison of steam turbine performances in
two cases (MED case and reference case). The reference cycle is defined
as a power block with standard cooling such as once-through or eva-
porative tower. Heat cost is defined as the cost needed to compensate
the missing income that would be generated in the reference case, that
constitutes the consistency in the allocation method employed.

Fylaktos et al. [24] carried out an economic analysis of an electricity
and desalinated water cogeneration plant in Cyprus. Three different
CSP schemes were examined: a CSP stand-alone plant, CSP-RO, and
CSP-MED. They calculated the LEC for the whole plant using the kWh-
equivalent method that consist in converting the revenues from water
and from selling CO, allowances into equivalent electricity production
units (kWh). Through this approach the plant is considered as an
electricity-only system, and all the production is added and expressed in
terms of the LEC. The estimation of the levelized cost was based on the
substitution method, consisting in separate the LEC and LWC. In this
context, for determining separately the LWC, it assumed that the dif-
ference of possible revenue streams between a CSP stand-alone plant
and the cogeneration plant has occurred because of the integration of
the desalination subsystem. Recently, Palenzuela et al [25] carried out a
techno-economic analysis of different CSP-MED systems and compared
them with a CSP-RO configuration, based on the assessment of the LEC
and LWC. LEC contemplates the total investment cost of the CSP plant,
the annual operation and maintenance costs, the annual fuel cost due
the backup system, and the annual net electricity delivered to the grid.
While LWC considers the investment, operation and maintenance cost,
and the fresh water production. The steam energy cost and the elec-
tricity consumption by the MED were considered as internal costs,
therefore neglected. In other recently study, Mata et al. [26] carried out
an investigation on solar polygeneration for electricity production and
desalination, considering two configurations of CSP-MED plants in two
potential locations. Regarding the economic analysis, it is based on the
LEC and LWC, where the annual fuel cost was only assigned to the LEC,
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since water is extracted as an additional product from the CSP plant and
does not represent an additional fuel cost. At the same time, the electric
and steam costs of the MED plant were considered as internal costs of
the plant.

The main feature of the thermoeconomic method is that it proposes
a cost balance equation applying the unit exergy cost to the exergy
balance equation according to specific principles and rules [12] and at
the same time, it allows to understand the cost formation process and
the flow of costs in the system. Only a few studies have focused on
thermoeconomic evaluation of CSP-polygeneration plants. In this con-
text, Al-Sulaiman et al. [27,28] carried out an thermoeconomic opti-
mization of three trigeneration systems using organic Rankine cycle for
power, cooling and heating production. One of those trigeneration
systems is a solar-trigeneration system, which consist of a CSP plant
(including a parabolic trough collector field, TES, and an Organic
Rankine Cycle as power block), and the heat recovery system composed
of a steam generator and a single-effect absorption chiller. They used
the specific exergy costing (SPECO) method as the thermoeconomic
approach. This method is based on the notion that exergy is the only
rational basis for assigning costs to the interactions that a thermal
system experiences with its surroundings and to the sources of in-
efficiencies [11]. Along the same lines, Calise et al. [29] carried out an
exergy and exergoeconomic analysis of a novel hybrid solar geothermal
polygeneration system that produces energy and water, based on a
hybrid system equipped with an organic Rankine cycle driven by a
parabolic trough collector solar field and a geothermal well, a multi-
effect distillation unit, and an absorption chiller. They applied an ac-
counting of exergoeconomic costs in order to establish a monetary
value to all material and energy flows, providing a reasonable basis for
cost allocation. Recently, Ortega et al. [30] carried out a thermo-
economic comparison of the joint production of electricity and fresh
water in a parabolic trough CSP plant, MED and RO units. The authors
applied the largely used thermoeconomic method developed by Bejan
et al. [11]. The thermoeconomic methodology was selected in order to
assess the actual cost of the steam consumption of the distillation
process, which allows assessing the cost of production for each asset
and the services used to generate them so that these costs can be
properly charged. Finally, in a recent publication by the authors Leiva-
Illanes et al. [17] carried out a thermoeconomic assessment of the joint
production of electricity, fresh-water, cooling and heat from a solar
polygeneration plants. Three configurations were investigated, two
CSP-polygeneration schemes and one considering stand-alone systems.
The authors applied the same thermoeconomic method developed by
Bejan et al. [11] and evaluated the plants in terms of the total exergy
cost rate of products and unit exergy costs. This method allowed to
determine the cost of each product using cost allocation rules, allo-
cating the resources consumed to the useful product of each compo-
nent, and distributing its costs proportionally to the exergy flow. The
present work constitutes the continuation of this research were a
comparison between the unit exergy cost and the levelized cost is
deeply analysed.

As described above, different studies have been focused on assess-
ment of CSP-polygeneration systems by the levelized cost method [20]
and other by the thermoeconomic method [11]; however, the results
from each method are unlike and produce significant differences.
Hence, the present work aims to deliver insights about which method is
more appropriate for assessing a solar polygeneration plant. For that
reason, it is proposed an analysis in a CSP-polygeneration plant, in
which the levelized cost method and the thermoeconomic method are
applied, allowing to compare the costs allocation method used, the unit
specific costs of each product, and the efficiencies according to the
First-Law and Second-Law of Thermodynamics. Therefore, the main
advantages of each method are determined in terms of the complexity
of calculations, rules and rationality of cost allocation, and the applic-
ability to compare between stand-alone plants and polygeneration
plants. The results give relevant information for decision-makers to

218

Energy Conversion and Management 168 (2018) 215-229

evaluate CSP-polygeneration systems and could constitute a guide to
understand these methods.

2. Methodology

The methodology considers modelling stand-alone plants, and the
integration of those plants in a solar polygeneration scheme. The solar
polygeneration plant is modelled using a computational simulation
platform, allowing the application of both evaluation methods: the le-
velized cost [20] and the thermoeconomic method [11]. The solar
polygeneration plant is configured as a topping cycle, in which the
priority is the production of electricity, and the by-products are gen-
erated according to the availability of thermal energy in the power
cycle.

The software IPSEpro [31] was employed for modelling and simu-
lating the solar polygeneration and stand-alone plants, without TES/
backup-system. Three modules of IPSEpro were employed: IPSEpro-
MDK, IPSEpro-PSE, and IPSEpro-PSXLink. IPSEpro-MDK is a model
development kit that offers all the capabilities required to define and
build new component models and to translate them into a form that can
be used by IPSEpro-PSE. IPSEpro-PSE is a process simulation environ-
ment that allows establishing mass and energy balances, simulating
different kinds of processes, through iterative Newton-Raphson
method. IPSEpro-PSE provides only steady state solutions, so in order to
assess the transient behavior of the system, IPSEpro-PSE is linked to
Microsoft Excel through the IPSEpro-PSXLink tool. Using this module
the input data, such as direct normal irradiance [32], the collector
optical efficiency of solar field [33,34], and the demand for products,
are modified for each time-step. The polygeneration plant is simulated
considering an hourly resolution meteorological database [32]. The
partial results are the solar field thermal input/output, and the pro-
duction level of the solar field. Afterward, the simulation of the TES and
backup system behavior was implemented using MATLAB software.
Hence, the total production of each product is the sum of the produc-
tion from the solar field, TES, and backup system. This approach allows
to simulate the polygeneration plant over a one-year period using an
hourly time step, and apply the levelized cost and the thermoeconomic
method on an annual basis.

The polygeneration plant is evaluated disregarding the variations of
kinetic energy, potential energy, and pressure drops in the lines, and
considering the environmental conditions of the Atacama Desert in
northern Chile. The Atacama Desert has one of the highest solar re-
sources in the world; this region has flat and unused terrains, and it is
close to consumption centers, such as mining facilities, that have high
energy and water demands in the country. In particular, the simulation
considered the meteorological conditions of the vicinity of Crucero
substation (22.14 °S, 69.3 °“W, 1 146 m above sea level), considered as
one of the most relevant places for CSP development in Chile, due to the
3 389 kWh/(m? a) of annual direct normal solar irradiation [32].

2.1. Design parameters

A CSP plant is based on a number of sub-systems, such as solar
thermal loop (composed of the solar field, thermal energy storage, and
backup system), and a power block. Fig. 1 shows the CSP plant, that is
configured considering the configuration of Andasol-1 power plant
[33,34], located in southern Spain. The solar field (SF) consists of
EuroTrough collectors aligned in a north-south orientation, Schott PTR-
70 absorber tubes, and synthetic oil type Dowtherm A as heat transfer
fluid. The design temperature of the SF considers 393 °C and 293 °C as
the outlet and inlet values, correspondingly. The collectors track the
sun from east to west during the day. The design point was considered
as the 21°% December at solar noon for Crucero (in the southern hemi-
sphere), where the direct normal irradiance is 1 010 W/m? and the
collector optical efficiency is 72% [34]. The solar multiple (SM) is a
measure of the solar field aperture area as a function of the power
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Fig. 1. Stand-alone CSP plant. DNI: direct normal irradiance, CST: cold storage tank, FWP: feed water preheater, G: generator, HP: high pressure, HST: hot storage

tank, LP: low pressure.

block's nameplate capacity. This parameter is very important because
allows sizing the SF and it is expressed as:

SM = ch,solar field

ch,power block

@

where Qusolar fiela is the thermal energy delivered by the solar field at
the design point and ch‘puwer block 1S the thermal energy required by the
power block at nominal conditions. The solar multiple (SM) is assumed
as 2.56, according to the design point of Andasol-1. That SF represents
an area of 510 120 m?. This is the aperture area that collects solar in-
solation, not include any reduction due to angle of incidence effects,
shadowing or end losses.

The TES is assumed as a two-tank indirect system using molten salts
as storage media. It presents 95% of annual storage efficiency [35], and
the design temperature is 386 °C and 292 °C for the hot and cold tanks,
respectively. TESy, is the equivalent thermal capacity of the storage
tanks and is defined as:

Wies. gross

TESy, = “Lull load

@

where, Wes gross i the gross power, 7,,, is the efficiency of Rankine cycle
at design point, and ¢ ;¢ is the number of hours of thermal energy
delivered at the power block's design thermal input level, being as-
sumed as 12 h. s 0eq is @ key parameter since it allows sizing the TES,
i.e. determines the system’s maximum storage capacity.

A natural gas heater is considered as a backup system, supplying
thermal energy directly to the heat transfer fluid used in the SF. The
capacity factor is assumed as 96%, as suggested in [25], considering

des

Stand-alone MED

Boiler MED
| r— " r—- -
| 3| fE™
1 | To MED
Fuel I I

that the solar polygeneration plant does not have restriction on the
consumption of fossil fuel.

The power block consists of a regenerative Rankine cycle with re-
heat and six extractions, as described in Blanco-Marigorta et al. [36].
The gross power production is 55.0 MW, the high-pressure turbine
inlet pressure is 100.0 bar and the low-pressure turbine backpressure is
0.06 bar. The high and low-pressure turbines present isentropic effi-
ciencies of 85.2% and 85.0%, respectively. The generator efficiency is
98.0%, and the pumps isentropic efficiency is 70.0%.

Fig. 2 shows the MED desalination plant, that considers 12 parallel-
cross feed effects and 11 feed preheaters, as described in Zak et al. [37].
The feed seawater intake temperature is 25°C and its salinity is
0.042 kg/kg, the feed seawater temperature after down condenser is
35 °C whereas the maximum salinity in each effect is 0.072 kg/kg. The
top brine temperature is 65 °C, the fresh water production is 37 168 m3/
day, and the Gained Output Ratio (GOR) is 9.1, which is defined as the
amount of distillate produced per unit mass of the input thermal energy
(steam from CSP plant). The concentration factor is 1.7, while the
specific heat consumption is 245.2kJ/kg, and the specific electricity
consumption is 1.5 and 5kWh/m> at the MED and the seawater
pumping system [38], respectively.

Fig. 3 shows the refrigeration plant (REF), that is configured with a
single-effect LiBr-H,O absorption chiller, as described in Herold et al.
[39]. It has a cooling capacity of 5 MWy, (1 421.73 tons) and a nominal
coefficient of performance of 0.7. The chilled water inlet temperature is
10 °C and is discharged at 6 °C. The nominal cooling water temperature
inlet and outlet are 25 °C and 35 °C, respectively. Moreover, the deso-
rber inlet temperature is 108.49 °C.

4
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| Cooling water
 —

| D
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e e

I Brine

I Distillate water
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Fig. 2. MED plant.
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Stand-alonePH stop in the MED plant or in the CSP plant, will affect both productions,
Boil PH i 4 since the MED plant replaces the condenser of the power cycle. The
[_0| e a3 P paras 4 presence of the MED plant allows closing the thermodynamic cycle

| To PH through the condensation of the exhaust steam from the turbine for

1 | | 3 | % PHin 5 reuse in the cycle, then any problem in the MED plant consequently
Fuel ‘ > 4 < = | represents a problem in the condenser of the power cycle. On the other
| i<2 } > 6 hand, the production from REF plant and PH plant can be regulated

| rom PH PH_ OUt according to the demand. The output of cooling and process heat de-

L3 &g _r L = 3 ol pends on the operating parameters of the rest of the plant. When pro-

L N cess heat and cooling production are jointly or individually reduced, the

Fig. 4. Process heat plant.

Fig. 4 shows the process heat plant (PH), configured by a counter-
current heat exchanger, which delivers process heat at nominal thermal
load of 7 MWy,. The heat exchanger inlet and outlet temperatures are
63 °C and 90 °C, respectively.

The solar polygeneration scheme considers the integration of the
desalination, refrigeration, and process heat plants, into the CSP plant,
where this last one is the prime mover. Fig. 5 shows the configuration of
the CSP polygeneration plant, in which the MED plant replaces the
condenser of the power cycle, the REF plant is coupled to the sixth
turbine extraction, and the PH plant is coupled between feed water
preheaters (FWP3 and FWP4). The coupling point of each plant was
selected considering the operating temperatures constraints of each
technology, aiming to cause the minimum performance penalty on the
SF aperture area for the same power production. Those constraints
produce changes at the design point parameters of the CSP plant. For
this reason, the low-pressure turbine back-pressure is modified to
0.37 bar, since the MED plant must operate within a temperature range
of 64°C-74°C [15], and the sixth extraction pressure is modified to
1.17 bar, considering the operating constraints of the refrigeration
plant, which must operate within a temperature range of 80 °C-110 °C
[16]. Additionally, in order to develop the same gross power of the
stand-alone CSP plant, the aperture area of the SF was modified to 616
650 m?, i.e. a 20.9% larger than a stand-alone CSP plant.

In this CSP-polygeneration configuration is not possible to regulate
the production of desalted water because the MED plant is driven by the
heat rejected from the power cycle. Hence, the production of desalted
water is linked to the production of electricity; if the electricity pro-
duction decreases then the production of desalted water decreases too
and vice-versa. The desalted water production depends on the mass
flow rate of the exhaust steam from the outlet of the low-pressure
turbine. Unfortunately, any problem, as a failure event or maintenance
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power cycle needs less input thermal energy to generate electricity at
the nominal rate. Thus, the control system could either reduce the en-
ergy input to the power cycle by partial defocusing solar collectors, or
reduce the thermal energy output from TES and/or backup system.
For validating the polygeneration plant it was necessary to validate
each stand-alone system, because currently there is no solar poly-
generation plant of this characteristics in operation. Therefore, the
polygeneration plant model is the combination of the validated model
for each stand-alone system. The power cycle was validated at the de-
sign point using the nominal data of Andasol-1 reported by Blanco-
Marigorta et al. [36]. Furthermore, the CSP plant was validated by
comparing the results between the IPSEpro/Matlab model and the case
study (Andasol-1) of SAM software [34]. The results indicate differ-
ences of 3.6% in terms of annual net electricity, and 1.5% regarding the
thermal efficiency. Regarding the MED plant, it was validated con-
sidering the data reported by Zak et al. [37] and from El-Dessouky et al.
[40]. The results show no differences in the total distillate water pro-
duction, 5.46% error in terms of specific heat transfer area, and 7.81%
regarding the GOR, that are considered as having good accuracy, as
stated in [41]. Finally, the thermodynamic model of the PH plant was
validated using the data reported by Herold et al. [39]. The results show
differences lower than 2.6% in terms of the cooling capacity and COP.
A constant demand for electricity, water, cooling and process heat
was assumed in order to meet the demand profile in the mining in-
dustry, which requires continuous operation and energy supply.
Therefore, the power cycle, the desalination, the refrigeration, and the
process heat units operate at full-load condition. The thermal energy
storage and backup system allow to operate in periods of low solar
radiation, delivering full-load steady state generation, even on cloudy
days or during the night, assuring predictable dispatchability. The
transient state conditions affect the solar field, the thermal energy
storage, and the backup system. Those subsystems can operate at part-
load conditions although the solar thermal loop provides thermal power
at rated condition. In this study, the part-load condition of the solar
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Fig. 5. CSP polygeneration plant.

thermal loop was simulated considering a variable efficiency of solar
field, in terms of the direct normal irradiance, aperture area, optical
efficiency, and the incidence angle [17]. Finally, start-up and shut-
down procedures were not evaluated.

2.2. Economics considerations

The main economic considerations for the CSP plant are summar-
ized in Table 1.

The main economic considerations for the other plants are listed in
Table 2. In the case of MED plant, it includes the costs associated to the
transportation of sea water to the plant location.

In the economic evaluation, a horizon of 25years and a discount
rate of 10% have been considered.

2.3. Energy and exergy evaluation

In order to evaluate the cost allocation in stand-alone and poly-
generation plants, it was defined an adequate aggregation level, which
allows delimiting the boundaries of the system. Figs. 1-5 show the
boundaries of each system, with dashed lines, in which the fuels and
products of each subsystem are established. The fuels are defined as the
resources expended to generate the product; it could be any input that
constitutes a resource, for example, seawater, steam, and electricity in a
MED plant. Conversely, the products represent the desired result pro-
duced by the system or the purpose of the system. The relations be-
tween resources and products for each subsystem are detailed in Leiva-
Illanes et al. [17]. Subsequently, First-Law and Second-Law of Ther-
modynamics are applied, as follows:
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Table 1
Specific cost for CSP plant.
Cost Value Unit Reference
Direct capital cost
Site improvements 28 USD/m? [34]
Solar field 200 USD/m” [14]
Heat transfer fluid system 78 USD/m? [34]
Storage 35 USD/kWhy, [25]
Fossil backup 60 USD/kW, [34]
Power plant 850 USD/kW, [34]
Balance of plant 105 USD/kW, [34]
Contingency 7 % [34]
EPC and owner cost 11 % of total direct capital cost [34]
Total land costs 2 % of total direct capital cost [34]
Sales of tax applies of direct cost 4 % of total direct capital cost [34]
Operational and maintenance costs
Fixed cost by capacity 66 USD/(kW a) [34]
Variable cost by generation 3 USD/MWh [34]
Fossil fuel cost 0.0324 USD/kWh [42]
Table 2
Specific cost for a MED plant, refrigeration plant, process heat plant and boiler.
Cost Value Unit Reference
MED plant
Direct capital cost MED
Infrastructure and construction 1 500 USD/(m® day) [26]
Contingencies (%) 10 % [26]
Total 1 650 USD/(m® day)
Operational and maintenance costs MED
Chemical 0.025 USD/(m® a) [26]
Maintenance 0.1 USD/(m® a) [26]
Labor 2 % annualized total direct capital cost [26]
Sea water transportation
capex of piping 736 USD/m [38]
capex of pumping 3.75 MUSD [38]
Specific electricity consumption (pumping) 5 kWh/m? [38]
Distance from the coast to the plant location 70 km
Location altitude 1146 meters above sea level
Refrigeration plant
Direct and indirect capital cost 548.0 USD/KWy, [43]
Operational and maintenance cost 2 %
Process heat plant
Direct and indirect capital cost 583.3 USD/KW, [44]
Operational and maintenance cost 2 %
Boiler
Direct and indirect capital cost 76.8 USD/KWy, [44]
Operational and maintenance costs 2 %
> Oitnchi)= Y Ot hou)=W + G = ENe By =W, ©
in out dt (3) . . .
where Ty is the temperature of reference, in K. The reference environ-
L ) ) dE,, ment assumed in this study is T = 25°C and P, = 1.013 bar, respec-
Eq—Ew—Ep + Z (titin- i)~ Z (Mour-€our) = dt @ tively. Additionally, the reference mass fraction of LiBr and water
in out

where 71 is the mass rate, h is the specific enthalpy, W is the rate of
work, Q is the heat power, dEn,,/dt is the energy change rate in the
control volume, E is the rate of exergy, e is the specific exergy, and
dE,,/dt represent the exergy change rate in the control volume. Both
dEn,,/dt and dE,,/dt are null in steady-state conditions. The subscripts
in, out, cv, Q, W, and D are inlets, outlets, control volume, heat transfer,
work, and destruction, respectively.

The exergy rate of heat (Eq) and work (Fy) that cross the bound-
aries of a control volume (j) are defined as follows

(),
EQ‘(l TJ-)Q’

)
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salinity is considered of 0.5542 kg/kg and 0.042 kg/kg, respectively.
The specific exergy is defined as follows

€ = €pny + €che + €pot + Ekin

)

where the subscripts phy, che, pot, and kin are related to physical,
chemical, potential, and kinetic portion of exergy, respectively. In this
study, the potential and kinetic exergy rates are neglected. The physical
and chemical exergy are defined by

= (h—ho)—To-(s—s0) ®

Ephy

ene = —AG + Z n-€cpe— z n-€cpe
Pr Re

)]
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Table 3
Energy and exergy efficiencies.

Polygeneration
n Whet polygen + Mdistillate hdistillate + QREF + QPH
Qinpolygeneration

_ (Eng—Eny — Enjo — Bni1 — Enie — Eng1) + Em3 + (Bryg — Enpo) + (Enp3 — Engo)
En + Enog
) Eg + E13 + (E19 — E18) + (E23 — £20)
E1+ (E2 + E10 + E11 + E16 + E21) + E12 + E24

Stand-alone CSP

n Whet — Eng — Ens
Qin Eny + Enp

) B4
F1+E2+Es

Stand-alone MED

7 __Mdistillate _ _ Mdistillate
Qsteam1st effect Enz — Enp
¥ Ee
E1+E4+Es
Stand-alone REF
n QREF _ Eng—Enmy
Qinboiler + Wpumps Eny + Eng
P E7 - Eg
E1+E4
Stand-alone PH
U QrH _ Eng—Ens
Qinboiler + Wpump Eny + Eng
P Eg—Es
E1+E4

Stand-alone systems
n Whet CSP + distillate hdistillate + QREF + QPH
Qincsp + QinMED + QinREF + QinPH
_ (Eng — Ens)csp + Engypp + (Eng — En7)REF + (Eng — Ens)pyy
T (Bny +En2)csp + (Bny + Eng)MED + (Ent + Eng)REF + (En1 + Eng)pp
P E4cgp + Eepep + (87 - EOREF + (Bs — Esp
(B1 +E2 + Es)csp + (E1 + E4 + Es)vED + (E1 + E4REF + (E1+ E4)py

where s is the specific entropy, G is Gibbs function for the reaction, n is
the number of moles, the subscripts Pr and Re denote the products and
the reactants of the reaction, respectively. However, in the case of the
exergy rates from the fossil-fuel it is calculated with the following
simplification [45]
Eyy = riy-§-LHV 10)
where ¢ is an experimental correlation [45], LHV is the lower heating
value of the fossil-fuel. The subscript ff denotes fossil-fuel.

Y 0.0698
= 1.033 + 0.0169- —=——
§ * x X aan

where x and y are the composition C, H,in a general gaseous fuel. In the
present work, the natural gas is considered as methane (CH,), in which
¢ is close to unity.

Regarding to the exergy rates of solar radiation, the Petela equation
is considered [46] which is one of the most cited models in the litera-
ture and few differences are observed against other models. For ex-
ample, between Petela’s and Spanner’s models the difference is about
0.0002%, and between Petela’s and Jeter’s is about 1.8%, for tem-
peratures of 298 K and 6 000 K.

The First-Law or energy efficiency (1) defined as the ratio between
energy output and energy input, and the Second-Law or exergy effi-
ciency () defined as the ratio between the exergy rate of product and
the exergy rate of fuel, are determined through the following equations,

77 — Ennet

Eny, 12)
oo B T

Er Y AE, 13)

where En is the energy rate, E is the exergy rate, the subscript P, and F
mean products and Fuel, respectively. Note that the energy efficiency
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applied to a polygeneration plant is known as utilization factor, also. In
the case of the stand-alone MED, it is used the GOR as the indicator of
energy efficiency considering that its product is a mass (fresh-water).
Table 3 summarizes the expressions for these performance para-
meters applied to the boundaries considered in each subsystem.

2.4. Levelized cost method

The levelized cost is the total cost of installing and operating the
plant, expressed in monetary unit per unit of product generated by the
system over its life [20,25]. Therefore, the levelized electricity cost, in
USD/kWHh, is defined by:

2T+ Cfuel
E}’lel

capex-crf + opex + Cpel

LEC = =
Ene,

14

where capex is the capital expenditure, opex is the operational ex-
penditure, crf is the capital recovery factor, Cj, is the annual fuel cost,
Eng is the annual production of net electricity delivered by the CSP
plant, considering the parasitic loads (Note that the polygeneration
plant does not include electric consumption of MED, REF, and PH), Z is
the non-exergy-related cost rate, 7 is the annual average time of the
plant’s operation at nominal capacity, in h/a. Fuel cost is calculated by:

ch,power blockps

ch,power blockgolar
sun’

C, | = Cf+
-fue ff (15)

Nboiler Ncollector

where ¢y is the fossil fuel cost, in USD/KWh, Qu power blockps is the
thermal energy required by the power block from BS, in kWh/a, and
Npoiler 1S the boiler efficiency, assumed as 0.9, ¢y, is the sun fuel cost, in
USD/kWh, Qi power blocksolar iS the thermal energy required by the power
block from Solar (SF and TES), in kWh/a, and 1., is the collector
optical efficiency. The cost of solar energy is neglected.

The total investment and operating and maintenance cost rate is
defined by

capex-crf + opex

Z' — Z'CI Z'OM —
* - 16)

where Z is the investment cost rate, Z° is the operation and main-
tenance cost rate (not include fossil-fuel cost).

A similar procedure was used for the estimation of the other leve-
lized costs. The levelized water cost, in USD/m?, is defined by:

capex-crf + opex + Cpel
Vi -

Zt + Cfucl
Voo

LWC =

a7

where V,, is the annual production of water, in m®/a, and Cuel is the fuel
cost, in USD/a. Fuel cost in the case of MED, refrigeration and process
heat plants is the cost associated with electric and thermal consump-
tions supplied from the CSP plant (in the case of the stand-alone plant is
from the grid and boiler, respectively), and the sea water cost. The last
cost applies only to the MED plant. In a polygeneration scheme, the
thermal energy cost is considered as an internal cost (it is assumed by
the power cycle because it is considered waste heat), and the sea water
cost is assumed null too. Additional discussions about cost allocation
can be found in the literature [47-49]. Fuel cost is calculated by:

Cfuel = LEC'Enpumps + Cthermal'Enthermal + Csw'Vw (1 8)

where Enpymps is the annual energy consumption from pumps, in kWh/
a, Cihermal is the thermal energy cost, in USD/kWh, Engermq is the annual
thermal energy consumption, in kWh/a, and Cy, is the sea water cost.

Similarly, the levelized cooling cost (LCC), in USD/kWh, is defined
by:

2T+ Cfuel
En.

capex-crf + opex + Cpel
En,

LCC =

19

where En, is the annual production of cooling, in kWh/a. Finally, the
levelized process heat cost (LHC), in USD/kWh, is defined by:
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c Polygeneration plant

Stand-alone plant

Electricity c €1+ €24 — (C4 — C3) — (C6 — C5) = (Cg — C7) + Zesp
0=

E9—E2—E10
€1 =0, ¢y = Cg, C3 = €4, C5 = Cg, C4 = C5, C7 = Cg, C7 = Cg, C19 = Co, C24 = Cf, C3 = Co
Water cis = (Cg—C7)+C11+C1vz—C14—C15+Zmed
E13
€7 = Cg, €11 = Co, €12 = 0, €14 =0, €15 = 0
Cooling _ (C6—Cs)+Cie+(C20 = C17) + Zref

€19

E19-E18
C5 = Cg, C16 = Co, C17 = 0, €18 = €19, €20 = 0
Process Heat _ (C4=C+Ca+2ph
3= F23—E2

C3 = €4, C21 = Cg, C22 = Ca3

_ C1+C—C3+ Zesp
E4—Es
0,co= cg c3=0,Cc5=1cy
C1+C4+C5-C7 - C8 + Zmed + Zboiler
Ee

Cff, C2 = €3, C2 = €3, C4 = Peject, &5 =0, ¢; =0, cg =0
C1+ C4 +(C8 — C5) + Zref + Zboiler

E7—-Ee
Cff, C2 = €3, C2 = €3, C4 = Pejecr, €5 =0, ¢ = €7, g =0

Cq

C1

Ce =
C1

c7 =

C1

o= C1+ Ca + Zph + Zboiler
6= Eo—Es

€1 = Cff, Co = C3, Ca = C3, C4 = Petect, 5 = C¢

capex-crf + opex + Cpel
El’Lh -

7T+ Cfuel
Enh

LHC =

(20)

where Eny, is the annual production of process heat, in kWh/a.

It should be noted that the fuel costs are part of the operating and
maintenance costs. However, because of the importance of fuel costs in
thermal systems, fuel costs are considered separately from the opex in
this research work. Other revenues, such as selling carbon credits and
selling renewable credits conforming with the renewable energy quota
established by Chilean legislation, are not considered in this study.

2.5. Thermoeconomic method

A thermoeconomic evaluation was also applied, considering the
method proposed by Bejan et al. [11]. The economic balance is applied
in order to determine the unit exergy cost ¢; and the exergy cost rate C
of each stream. That economic balance is expressed by:

0 =, CI 5, OM -
Z (CinEin)k + Z + 2 = Z (CourEour
in

out

21

where, ¢ is the unit exergy cost. The subscript k, in, and out denote the
kth component, inlets, and outlets, respectively. This equation can be
expressed as the sum of total cost rate of fuel C; and non-exergy-related
cost rate Z, equivalent to the total cost rate of product C,.

The exergy cost rate is expressed as function of the unit exergy cost
by:

C=cE=cmne (22)

For each subsystem, the fuel, product, and auxiliary equations are
defined in order to apply the economic balance for the polygeneration
and stand-alone plants. More details are stated in the previous study
conducted by the authors [17]. Table 4 summarizes the equations of
those balances and report the auxiliary equations.

where P is the electricity price from the grid for industrial use,
which is assumed to be 0.098 USD/(kWh) (Tariffs BT4 and AT4) [50].

3. Results and discussion
3.1. Production and cost in the base case

The CSP-polygeneration plant receives 2 039.3GWh/a and
399.6 GWh/a from the solar field and the backup system, respectively.
Consequently, the annual productions are 463.1 GWh/a of gross power,
408.5 GWh/a of net power, 13.2 Mm®/a of fresh water, 42.0 GWh/a of
cooling, and 58.9 GWh/a of process heat. The plant is hybridized with
natural gas. In Fig. 6 the Sankey and the Grassmann diagrams of the
polygeneration plant are presented, in which the width of the arrows is
shown proportionally to the flow of energy and exergy rate, respec-
tively. The Sankey diagram shows energy inputs and outputs, as well as
energy efficiency. However, when resources and products of different
energy nature (such as water) are present the Sankey diagram is
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limited. A partial solution is using an appropriate definition, in terms of
energy, of those resources and/or products. Therefore, it is not appro-
priate to express the energy efficiency for the overall system in a
polygeneration plant that generates non-energy products. This problem
does not occur when using the Grassmann diagram (and the Second-
Law or exergy efficiency), because it is based on the exergy rate. The
exergy flows and irreversibilities are represented in the Grassmann
diagram, in which each component represents a graphical exergy bal-
ance and shows how part of the exergy input is lost in the successive
transformation processes. As observed in the Sankey diagram, the en-
ergy input is transformed into useful energy in a ratio of 53.7%, that is
distributed with respect to the energy input as 16.7%, 32.8%, 1.7%, and
2.4% in electricity, water, cooling, and process heat, respectively. On
the other hand, the Grassmann diagram shows that the exergy input is
transformed into useful exergy flows in about 27.1%, distributed as
25.4%, 1.0%, 0.1%, and 0.5% in electricity, water, cooling, and process
heat, respectively, while the main irreversibilities or exergy destruction
are in the solar thermal loop. The high exergy destruction is explained
due the large temperature difference between the source temperature
(sun) and the heat transfer fluid, while exergy destruction in the power
block is mainly due to the large temperature differences between the
hot and cold fluids. The main reason for the high exergy destruction in
the BS (combustion chamber) are the chemical reactions and heat ex-
change between streams with large temperature differences. Note that
in a conventional steam power plant, the boiler is the main source of
irreversibility.

Table 5 shows the energy and exergy efficiencies of each subsystem.
The polygeneration plant is more efficient than the overall stand-alone
systems in terms of both energy and exergy efficiencies, due to the fact
that there is a better utilization of the resources. Exergy analysis pro-
vides more information for a better understanding of the process, to
quantify sources of inefficiency, and to distinguish quality of energy
used. Energy analysis provides only partial information, because it does
not provide a measure of how close is to ideal processes, and losses of
energy could be large but with low quality (thermodynamically insig-
nificant). On the other hand, the product of the MED plant is a mass and
the efficiency of a stand-alone MED plant, in terms of consumed energy,
is usually measured for any of the following indicators: GOR (kggistiiate/
kgsteam), the Performance Ratio (Kgaistinlate/kJsteam), the Specific Heat
Consumption (KWhgeam/M3istinate), Or the Unit Operating Cost (USD/
MJistinace). In this study the GOR is used as indicator. Note that the
energy efficiency, defined as the ratio between energy output and en-
ergy input, is not an appropriate indicator since the product is not an
energy but a mass (fresh-water).

If a system produces more than one product, as in a polygeneration
system, an allocation criterion of costs is needed in order to determine
each product cost. In this context, the allocation procedure using unit
exergy costs (UEC) and levelized costs (LC) is presented in Table 6. For
the polygeneration plant, the UEC of electricity is lower than the LEC,
conversely, the UEC of water, cooling and heat are higher than LWC,
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Polygeneration plant
Net Power:
(a) Solar power: 48573 kW
242497 4 KW
Water:
95055.1 kW
Fossil fuel: Cooling
47517 9 KW q
Sle 5000 kW
Process heat:
7000 kW
Losses:
134387.3 kW
Polygeneration plant
Net Power:
< 48573 kW
(b) Solar exergy rate:
162677.9 kW Water:
. 2216.2 kW
Fossil fuel exergy rate:
47517.9 kW Cooling:
315.2 kW

Process heat:
1029.4 kW

Exergy rate destruction:
158062 kW

Fig. 6. Polygeneration plant. (a) Sankey diagram. (b) Grassmann diagram.

Table 5
Energy and exergy efficiencies.

Energy efficiency % Exergy efficiency %

Polygeneration 53.7 27.1
Overall stand-alone systems 41.6 18.7
Stand-alone CSP 21.5 30.9
Stand-alone MED - 1.9
Stand-alone REF 63.0 4.0
Stand-alone PH 90.0 13.2

Table 6
Unit exergy costs and levelized costs.

Item Polygeneration plant Stand-alone plants
UEC LC UEC and LC

Electricity, USD/kWh 0.1058 0.1429 0.122

Water, USD/m> 2.746 1.804 4.036

Cooling, USD/kWh 0.036 0.008 0.060

Heat, USD/kWh 0.0238 0.0006 0.038

LCC, and LHC, respectively. The numeric difference between unit ex-
ergy cost and levelized cost is due to the form of cost allocation.
Through the levelized cost method, the thermal energy cost is con-
sidered as an internal cost, so the thermal energy cost is assumed
completely by the electricity production. Hence, the Z., is completely
allocated to the electricity cost, since the LEC equation (see Eq. (14))
does not consider the cost of the other product generated by the CSP
plant in this scheme, i.e. thermal energy. In contrast, by applying the
thermoeconomic method, the thermal energy cost is shared with MED,
REF and PH plants and is distributed according to its exergy rate.
Consequently, the Z, is allocated to the electricity cost and the thermal
energy cost, in such a way that the Zmp is allocated to the electricity,
water, cooling and process heat costs (see Equations on Table 4). For
that reason, the thermoeconomic method is considered as a rational
cost allocation method. The levelized cost method overestimates the

cost of electricity and underestimates the costs of the by-products and
induce a bias that could lead to a misevaluation of the project; for in-
stance, if the LEC calculated is higher than the selling price of the grid.
Conventional economic analysis, as the levelized cost method, does not
provide a rational criteria for apportioning the carrying charges, fuel
costs, and opex to the several products generated in the same system
[11].

Regarding stand-alone plants, both methods give the same results
because each plant produces only one product, and it is not necessary to
allocate any cost between products.

By comparing the result between polygeneration and stand-alone
plants, the unit exergy cost of each product is lower in polygeneration
schemes, therefore, when the thermoeconomic method is used, the re-
sults show that the polygeneration plant is more cost-effective than
stand-alone systems. However, comparing by levelized cost, the LEC in
the polygeneration plant is higher than in the stand-alone plant, and the
other costs (LWC, LCC, and LHC) are lower. These results are explained
by the increase in the solar field aperture area, which increases the
capex and opex, that is allocated to the LEC and also the fact that the
cost of the steam (consumed by the MED, REF, and PH plants) is con-
sidered as an internal cost. In this case, it is not possible to establish
which scheme is better, whether the polygeneration plant or the stand-
alone systems, considering that electricity and water are the priority in
the mining industry. Thus, additional metrics are needed to dis-
criminate which scheme is more attractive. For example, the overall
cost of products or the total exergy cost rate could be used, whose va-
lues in the polygeneration plant are lower than in the case of stand-
alone plants. The total exergy cost rate of products, calculated using the
thermoeconomic method [11], is 10 504.4 USD/h for polygeneration
plant, which is distributed in 55.4% in electricity, 41.1% in fresh water,
1.9% in cooling, and 1.6% in process heat, while in the stand-alone
systems is 13 630.0 USD/h, which is distributed in 49.3% in electricity,
46.6% in fresh water, 2.2% in cooling, and 1.9% in process heat. It can
be concluded that the polygeneration scheme offers a more attractive
solution than the stand-alone systems.

The monthly production of electricity, fresh water, cooling and
process heat, in the solar polygeneration plant, follows the same trend
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of capacity factor as shown in Fig. 7, which unfolds the contribution
from the solar (SF and TES) and from the backup system. The con-
tribution from the solar is largest in the summer due to the seasonal
variation in direct normal irradiation available for collection, although
in summer there is a significant decrease in February, due to a local
meteorological phenomenon called “Altiplanic Winter”, which is char-
acterized by an increase on the air moistens coming from the east,
bringing unsettled weather and clouds. Thus, the consumption of fossil
fuel is higher in February, June, and July, reaching 38.3%, 43.0%, and
44.6%, respectively.

The monthly specific cost of products, such as unit exergy cost and
levelized cost of electricity, fresh water, cooling, and process heat, in
the polygeneration plant, are shown in Fig. 8. The specific cost of the
products, calculated through both methods follows the same trend,
reaching high values in winter and decreases during summer (except in
February). Considering that the capacity factor is fixed, then when the
fossil fuel consumption is increased, the costs of products increased too.
Consequently, the costs of products are higher in February, June, and
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July. It should be noted that, in stand-alone plants, the specific costs of
the product vary only in the CSP plant as this is driven by solar ra-
diation and fossil-fuel, while for the other plants the specific cost re-
mains constant, since they are driven only by fossil fuel. Regarding the
comparison of both methods, the levelized cost method gives a higher
cost of electricity, lower cost of fresh water, cooling, and process heat
compared with the thermoeconomic method, as observed before.

The advantages of using the levelized cost method are that the cost
of steam is considered as an internal cost and it is not necessary to
develop an additional assessment, which saves time and reduces the
complexity of calculations. Therefore, the evaluator does not require to
develop a deep thermodynamic analysis. However, through this ap-
proach, the cost of electricity seems more expensive relative to the cost
of other products, leading to a distortion in the evaluation, because the
allocation of costs does not obey physical parameters as the exergy,
which gives the allocation some arbitrariness. Therefore, this method is
recommended when it is necessary to perform a first approximation of
the costs of each product, but comparing between a polygeneration
plant and the stand-alone plants could lead to significant inaccuracies,
as the case discussed above.

On the other hand, the advantages of using the thermoeconomic
method are that it applies a rational allocation of resources that is not
arbitrary since it is based on the exergy, requiring, however, a thorough
knowledge of thermodynamics to determine the different exergy flows,
which makes the process complex and laborious. Therefore, this
method is recommended when a more precise analysis of the costs of
each product is needed, and specifically for comparing between poly-
generation and the stand-alone schemes.

3.2. Production and cost as functions of sizing SM and TES

Fig. 9 shows the variation of the capacity factor, in the poly-
generation plant, as a function of the solar multiple, the hours of
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storage, and the hybridization through the BS. An important point that
contributes to increasing the capacity factor is the direct normal irra-
diation. This variable depends on the location (latitude) between other
factors, although in this work is not considered a variation on the lo-
cation. The SM is larger than one to guarantee that the power block is
effectively used during the year. The TES allows storing excess energy
collected by the SF when it is not used in the power block, and dis-
charges that energy later when the direct normal irradiance is lower.
The solar polygeneration plant presents higher dispatchability when
hybridized, coupling a backup system. This also allows a more flexible
generation strategy to maximize the value of the products generated.
Consequently, the annual production of each product is increased too,
following the same trends of Fig. 9.

On the other hand, the trade-off between the incremental costs of
the increased SF, TES, and BS must be balanced against the increase in
the production by the rise of the capacity factor. In this context, Fig. 10
presents the unit exergy cost and levelized cost of each product (elec-
tricity, fresh water, cooling, and process heat) as a function of SM and
hours of TES of the polygeneration plant. The minimum values of the
unit exergy cost and the levelized cost are different in value, but occur
at the same points regarding SM and TES.

Regarding the values of minimum UEC and LC that are different, the
lowest UEC of electricity and LEC are 0.1020 USD/kWh and 0.1405
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USD/kWh, respectively. In the levelized cost method, the electricity
cost supports both the capex and opex of the CSP plant and the fossil fuel
cost, whereas in the thermoeconomic method, these costs are shared by
the exergy flows which connect the CSP plant with the MED, REF and
PH plants. While the lowest UEC of water and LWC are 2.705 USD/m>
and 1.798 USD/m?>, respectively. The LWC is lower than the UEC of
water, because the water cost bears the capex and opex of the MED plant
and its own consumption of electricity, but does not consider the
thermal cost from CSP plant. In the case of the REF plant, the lowest
UEC of cooling and LCC are 0.035 USD/kWh and 0.0078 USD/kWh,
respectively. The LCC is lower than the UEC of cooling, for the same
reason that in the case of the water cost. Similarly, the minimums UEC
of process heat and LHC are 0.023 USD/kWh and 0.00056 USD/kWh,
respectively.

Concerning to the points of the lowest UEC and LC, they occur at the
same point in terms of SM and TES, 1.4 and 3 h, respectively. Therefore,
the same plant size (SF and TES) is reached by applying both methods.
However, the difference in the unit exergy cost between an SM and TES
of 1.4 and 3 h, and base case (2.56 and 12h) is 3.8%, 1.6%, 3.1%, and
3.7% for electricity, water, cooling, and heat, respectively. In the case
of levelized cost, the difference is about 3.8%, 0.5%, 0.2%, and 0.2% for
electricity, water, cooling, and heat, correspondingly. The minima UEC
and LC coincide at the same plant size because the polygeneration plant
is dominated mainly by the solar field size and the thermal energy
storage capacity. The variations on the investment cost of SF and TES
produce similar variations in both methods, keeping only differences in
the magnitude. An optimal solar field area should maximize the time in
a year that the field generates enough thermal energy to drive the
power cycle at its rated capacity, minimize capex and opex, and use TES
and backup system efficiently and cost effectively.

Regarding to the stand-alone CSP plant, the minimum UEC of
electricity and LEC have the same value and it also occur at the same
SM and TES (1.8 and 6h). Nevertheless, when the stand-alone CSP
plant is integrated in the CSP-polygeneration plant, the SM and TES are
reduced from 1.8 and 6 h to 1.4 and 3 h respectively, due to the mod-
ification of the turbine extraction pressures and the back pressure in the
CSP plant to couple the MED, REF, and PH plants.

An optimal sizing of SF and TES should minimize installation and
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operating costs, and maximize the amount of energy delivered
throughout the year. This point is reached with the minimum levelized
cost and unit exergy cost. The unit cost in the solar polygeneration plant
is dominated by the investment cost of CSP plant, therefore the unit cost
varies significantly depending on the capacity factor, which in turn
depends on the direct normal irradiation, hybridization (BS) levels, and
sizing of SF and TES. According to the thermoeconomic method, in an
optimization process, the variable to be minimized is the total exergy
cost of products, which includes the exergy costs and non-exergy costs
of the polygeneration plant. This method allows measuring in the same
unit resources and products of very different nature, such as electricity,
water, cooling, process heat, resources, and waste. For this reason, the
thermoeconomic method is recommended for assessing polygeneration
plants.

4. Conclusions

The levelized cost method and the thermoeconomic method were
applied to a solar polygeneration plant to analyze and compare the cost
allocation process, the unit specific costs of products, the energy and
exergy efficiencies, as well as the main advantages of each method
employed. The solar polygeneration plant consists of a concentrated
solar power plant, a multi-effect distillation, an absorption refrigera-
tion, and a process heat plants.

When it is generated only one product by each stand-alone system,
it is not necessary to allocate any cost between products, and both
methods give the same results. Yet, when more than one product is
generated there are common costs associated with the products con-
cerned, and it is necessary to determine the share of costs attributable
to one or another product. So, the cost allocation procedure needs an
additional rational analysis to prevent allocation from being arbitrary.
In this context, the levelized cost method and the thermoeconomic
method are used extensively in the evaluation of this kind of plants, in
which levelized cost method is a simple and fast method, and deep
knowledge of thermodynamics is not required. In the absence of a de-
tailed knowledge of the plant, the level cost method is a good alter-
native and presents reasonable results. Therefore, this method is re-
commended when it is necessary to perform a first approximation of the
costs of each product, but comparing between polygeneration plant and
the stand-alone plants could lead to inaccurate conclusions. On the
other hand, the thermoeconomic method is an equitable distribution of
the appropriate share of non-exergy-related cost rate (capex and opex)
and exergy cost rate in each product. It is based on the Second-Law of
Thermodynamics and the Economics, in which all costs from resources
consumed are charged to its useful products. This method is re-
commended when it is required to perform a more precise analysis of
the costs of each product, and for assessing the benefits of poly-
generation schemes, compared to the stand-alone plants. The dis-
advantages of the thermoeconomic method are its complexity and ad-
ditional knowledge about the internal parameters of the plant, which
could not be available.

Results show that the electricity cost calculated through the leve-
lized cost method is higher than the estimated by the thermoeconomic
method. In contrast, the water, cooling, and process heat costs are
lower since in the levelized cost method, the cost allocation does not
charge all internal cost to MED, REF and PH plants. The allocation of
costs based on thermoeconomic method equitably charges each product
with the appropriate share of capex and opex, that are involved in op-
erating such component according to its exergy rate. Hence, the ther-
moeconomic method constitutes a rational method to assess a CSP-
polygeneration plant, since it is based on the quality of energy assessed.

The analysis shows that the lowest unit exergy and levelized costs
happened at the same sizing of SM and TES, however, the unit costs
have different values. Hence, independently of the method employed,
in an optimization process for sizing of SM and TES, the same results are
delivered. Nevertheless, the thermoeconomic method allows measuring
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resources and products of very different nature, such as energy and
water, using the same unit.

In the case of a polygeneration scheme, it is common to use as in-
dicator the utilization factor, which is based on the First-Law of
Thermodynamic relating the energy outputs (work, electricity, heat,
cooling, heat supplied to the desalting plant, or other) to the energy
inputs (sun, fossil fuel, heat, or others). This indicator does not dis-
criminate between the high-quality energy as work or electricity, and
low-quality energy as heat. Additionally, when resources and products
of different energy nature (as water) are presented, the indicator is
limited. A partial solution is to use an appropriate definition, in terms of
energy, of those resources and/or products. For that reason, the utili-
zation factor provides a false high-performance impression of the
polygeneration plant. Therefore, a better indicator for polygeneration
plant is the exergy efficiency.

In future studies, a thermoeconomic assessment with a low ag-
gregation level in the CSP plant should be applied to individual com-
ponents, such as turbines, preheaters, solar field, among others, in order
to identify the thermodynamic improvements for the polygeneration
schemes.
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