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A methodology is presented for optimizing hybrid renewable energy-fossil fuel systems with short-term heat storage. The
considered system is an absorption-refrigeration (AR) cycle integrated with a heat exchanger network (HEN) requiring
cooling below ambient temperature. The AR cycle can be driven by multiple energy sources including excess energy from
hot process streams, renewable energy sources (solar and biofuels), and fossil fuels. A two-step approach based on mixed
integer nonlinear programming methods is used for the optimization. First, the problem of optimal energy integration in
the hybrid energy system without heat storage is solved on a monthly basis by minimizing simultaneously the total annual
cost and the overall greenhouse gas emissions. In the second step, the multi-tank thermal energy storage (TES) design
problem is solved. The design involves the identification of the optimal number of storage tanks, their sizes, configuration
and operation policies. The TES optimization is carried out on an hourly basis while incorporating the design targets
determined by the first step. VC 2013 American Institute of Chemical Engineers AIChE J, 60: 909–930, 2014
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Introduction

Nowadays one of the most important problems around the
world is the proper use of energy because of the current
depletion of nonrenewable fuels as well as the environmental
issues generated when fossil fuels are used. Consequently,
there is a need to replace fossil fuels with cleaner forms of
energy (i.e., biofuels, solar energy, wind energy, etc.) but, at
the same time, it is required to obtain economic benefits.
This situation has promoted that a growing number of gov-
ernments around the world have encouraged the use of clean
energies through tax credits. In this sense, the chemical and
petrochemical industry is now interested in using cleaner
forms of energy because this is one of the most important
energy consumers, which typically is obtained from fossil
fuels with the aforementioned problems that require to be
properly addressed.

Waste heat from hot process streams in industrial plants is
removed by using different types of cooling systems. Above
ambient temperature, the recirculating cooling water system
is the most common method to remove the process waste
heat. Several methodologies have been reported in the litera-

ture for obtaining the optimal design of these heat rejection
systems (i.e., Kim and Smith1 designed a cooling system
considering all the components and the interactions between
cooling water networks and the tower performance; Pic�on-
N�u~nez et al.2 introduced a methodology for designing cool-
ers including piping costs, exchanger costs and pumping
costs; Costinovis et al.3 presented an approach for the sys-
tematic performance analysis of a cooling water system;
Ponce-Ortega et al.4 proposed an optimization for the simul-
taneous synthesis and detailed design of recirculating cooling
water systems; Ponce-Ortega et al.5 incorporated a disjunc-
tive programming formulation for the optimal design of
cooling water systems; Ponce-Ortega et al.6 reported a
MINLP model for synthesizing cooling networks; and
Rubio-Castro et al.7 addressed a systematic approach for the
synthesis of recirculating cooling water systems involving
detailed design of cooling towers, and Rubio-Castro et al.8

applied this approach for reducing the temperatures of hot
aqueous effluent streams). On the other hand, vapor-
compression refrigeration systems are commonly used to
remove heat from process streams at subambient tempera-
tures. However, these refrigeration systems involve high
operating costs and very expensive compressors. Absorption
refrigeration (AR) cycles are an attractive alternative to
mechanical refrigeration technologies to provide the neces-
sary cooling over moderate low temperature levels at
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reduced overall energy consumption (see Smith9 and El-Hal-
wagi10), due to they are driven by a heat source instead of elec-
tricity. High temperature heat from fossil fuels is commonly
used as a heat source to run the stripper or generator of AR
cycles (e.g., Ziegler and Riesch11 and Herold et al.12); never-
theless, when fossil fuels are used there are significant amounts
of greenhouse gas emissions (GHGE) released to the environ-
ment. To reduce the anthropogenic GHGE and the harmful cli-
mate change effects caused by them, several governments
around the world have implemented incentive policies, such as
carbon tax credits and subsidies, for stimulating the investment
in clean and renewable energy related technologies to increase
their deployment. In this context, Chavez-Islas et al.13–15 pro-
posed an approach for designing ammonia-water AR systems,
while Florides et al.16,17 modeled an absorption solar cooling
system, Assilzadeh et al.18 introduced a methodology for a
solar cooling system using evacuated tube solar collectors and
LiBr absorption unit, Lecuona et al.19 determined the optimal
hot water temperature that maximizes the efficiency of a
chiller, Fathi et al.20 studied the effect of the variables that
affect the coefficient of performance (COP) of absorption
refrigerators and Wu et al.21 presented optimization formula-
tions for designing AR systems. Additionally, mathematical
programming approaches have been proposed to design energy
systems (i.e., Savola and Fogelholm et al.22 presented a
MINLP model for increasing the power production in small
scale; Tveit et al.23 proposed a MINLP model for analyzing
new investments and operation of CHP plants and Hamed
et al.24 carried out the optimization of an absorption refrigera-
tor in dynamic mode). However, all previously mentioned
approaches were developed to optimize stand-alone AR cycles
without considering their heat integration with processes (i.e.,
hot and cold process streams).

Recently, some methodologies have addressed the optimi-
zation of AR cycles considering simultaneously economic

and environmental issues. In this regard, Gebreslassie et al.25

designed absorption refrigeration systems including environ-
mental aspects, then Gebreslassie et al.26 incorporated uncer-

tainties to the model and Gebreslassie et al.27 developed a

systematic tool for solving this problem, while Ponce-Ortega
et al.28 presented a methodology for the energy integration

of systems requiring refrigeration; however, in these method-

ologies the AR cycles also have been optimized without con-
sidering the options for heat transfer from hot process

streams to the cycle generator. Consequently, the optimal

integration of AR cycles with industrial processes (i.e., heat
exchanger networks) is an important task, since it can yield

simultaneously economic (because of the reduction of exter-

nal heat sources) and environmental (because of the reduc-
tion in the associated GHGE) benefits. As pointed out by

Lira-Barrag�an et al.,29 efficient strategies have to be devel-

oped to incorporate heat exchanger network considerations at
the design level of these integrated systems. Several method-

ologies have been reported in literature for synthesizing

HEN including the state of the art,30–34 which use different
solution strategies including heuristic approaches (i.e.,

Linnhoff35 presented a method for the design of HEN; while

Linnhoff and Ahmad36 proposed a simple methodology for
the design of HEN accounting for the energy; Shenoy37 car-

ried out the optimization for the synthesis of HEN; Castier38

addressed a nongraphic procedure for utility targeting in heat
exchanger networks), mathematical programming approaches

(i.e., Yee and Grossmann39 developed an efficient super-

structure for HEN; L�opez-Maldonado et al.40 presented a
model formulation for synthesis of HEN minimizing the cots
and environmental impact; Ponce-Ortega et al.41 introduced
a MINLP problem for the synthesis of HEN using multiple
utilities) and stochastic approaches (for example Lewin42

developed a methodology for the synthesis of HEN based on
genetic algorithms; Lewin et al.43 presented an approach for
the synthesis of HEN maximizing the energy recovery; Yu
et al.44 proposed a formulation for solving a large-scale sys-
tem energy integration; Ravagnani et al.45 addressed a strat-
egy for synthesis and optimization of HEN using genetic
algorithms; Allen et al.46 developed a procedure for the
design of the components of HEN using pinch analysis and
genetic algorithms; Lin and Miller47 presented an optimiza-
tion approach for synthesis of HEN through tabu search;
Silva et al.48 proposed an optimization model for HEN based
on particle swarm optimization; Athier et al.49 addressed the
synthesis of HEN using simulated annealing; Dolan et al.50

designed a methodology for the optimization of HEN
through simulated annealing technique based on the Monte
Carlo method; Lotfi and Boozarjomehry51 presented the syn-
thesis of HEN using modular simulators and genetic algo-
rithms, and Ponce-Ortega et al.52 proposed a methodology
for the optimal synthesis of multipass HEN).

The synthesis problem of an AR cycle integrated with a

HEN using multiple energy sources (solar energy, biofuels,

and fossil fuels) was formulated by Lira-Barrag�an et al.29 as a
mixed integer nonlinear programming problem, which

accounts simultaneously for economic, environmental and

social criteria as objective functions. Also, it includes the opti-

mal selection of clean forms of energy (solar and biofuels) to
run the cycle generator or striper. This approach showed that

the use of renewable energy sources (solar energy and bio-

fuels) in conjunction with hot process streams as heat sources
reduces significantly the burning of fossil fuels and, thus,

reduces the emission of pollutants and GHGE in refrigeration

systems integrated with chemical processes. This approach
also yields economic benefits due to the tax credits associated

with the use of renewable energy sources. The authors use a

monthly average solar radiation to determine the optimal solar
integration with the process and other energy sources (fossil

fuels and biofuels) required to meet the daily energy demands

of the overall system, without considering thermal storage of
solar energy. However, this is not the case for actual solar-

driven absorption refrigerators integrated with industrial proc-

esses (see Figure 1), since the solar radiation constantly varies
and is only available for a portion of each 24-h day (i.e., 8 to

12 h/day). As a result, both the energy collected and the tem-

perature of the solar collector vary significantly during the day
and season, which in turn causes an hourly variation in cooling

capacity of AR cycles. Therefore, in addition to monthly aver-

age solar radiation, the variability of the incidence solar irradi-
ance throughout the day must be taken into account along with

thermal energy storage of solar energy to keep the cooling sys-

tem capacity steady.
In light of the aforementioned issues, this article presents

a systematic mathematical framework for incorporating
short-term heat storage in hybrid renewable energy-fossil
fuel systems consisting of an AR cycle integrated with a
HEN. This is an extension of the optimization model pro-
posed by Lira-Barrag�an et al.29 where no heat storage
aspects were addressed. A key feature of this work is the use
of a multitank thermal energy (TES) storage subsystem that
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we propose to solve the hourly variability problem of solar
energy and, hence, enhance the reliability and overall per-
formance of solar-driven absorption refrigerators that must
operate 24 h. It uses liquid water as both the heat transfer
fluid and the heat storage medium. A two-step approach
based on mixed integer nonlinear programming methods is
used to solve the overall problem. The first step in this meth-
odology optimizes the configuration and design of the HEN
coupled with the AR cycle without heat storage on a
monthly basis. This solution gives the process heating and
cooling requirements, as well as the heat load of the AR
cycle. In addition, in the first step the type of the solar col-
lector and the optimum size (i.e., area) of the solar collector
field are determined to meet the AR generator heating
demand according to the monthly average solar radiation
data. In the second step, the design and operation of the mul-
titank energy storage subsystem for a selected design deter-
mined in the first step is accomplished taking into account
hourly variations in solar radiation to satisfy the process and
AR cycle heat loads throughout the day. This is a complex
problem due to the considerable amount of variables and
decisions involved such as the period of the short-term stor-
age, the size of the storage system (e.g., the number and size
of storage tanks), the operating conditions (temperature dif-
ference over which the storage media is used and liquid
water mass flow rate in the solar collectors) and the opera-
tional strategy (catching and dispatching of hot water), as
well as a number of constraints that must be satisfied. To
tackle this problem, a multiperiod mixed integer nonlinear
model is developed. This formulation provides the optimum
TES subsystem design and its optimum operation strategy
for each period of operation. The application of the two-step
proposed approach is illustrated with two case studies.

Problem Statement

The problem addressed in the article is stated as follows.
Given are:
� A set of hot process streams which have to be cooled

(some of them require cooling below ambient temperature),
and a set of cold process streams which have to be heated.
� A set of solar collectors available to catch the solar energy.

� A set of thermal storage tanks (hot tanks) which are
needed for storing solar energy as heat to meet the
absorption-refrigeration heat duty when sunlight is not avail-
able (i.e., during nights and cloudy days).
� The economic data and operational constraints for the

low temperature storage tank (cold tank), where the cold
water coming from the AR cycle is collected until it is
pumped back to the solar collector field.
� A set of available biofuels B, a set of available fossil

fuels F, and a backup boiler that can make use of biofuels
and fossil fuels to meet the heating demand of the AR genera-
tor when the solar resource is not available or is insufficient.
� Cooling water to cool hot process streams and low pres-

sure steam to heat cold process streams.
Then, the problem consists in determining the optimal

design of the HEN coupled with the AR cycle including the
optimum size of the solar collector field, as well as the opti-
mal design and operation of the heat storage subsystem tak-
ing into account monthly and hourly variations in solar
radiation, and accounting for the tradeoffs between the eco-
nomic, environmental and social objectives.

Solution Strategy

To solve the aforementioned problem, the solution strat-
egy shown in Figure 2 is implemented. This strategy consists
of the following steps:
� Input data. The following data are needed to optimiz-

ing the considered hybrid energy system: the stream data of
the process streams; the characteristics of the absorption
refrigeration system; the type of available solar collectors,
including their efficiency to collect the useful solar energy
for the specific location where the solar collector must be
installed; monthly average values and hourly values of solar
radiation, at the system location; the fossil fuels and biofuels
available to be used, as well as their unitary costs, the uni-
tary emissions (which can be obtained using software like
GREET or BESS53,54) and the number of jobs55 that can be
generated by each fuel; the type of available storage tanks
and the maximum available volume for each one; and finally
the data for utilities (auxiliary heating and cooling) and the
minimum temperature difference.

Figure 1. Schematic representation of the addressed problem considering the temporally variable availability of
solar radiation in the synthesis of hybrid energy systems.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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� Step 1. In this step, the multiobjective optimization
MINLP formulation by Lira-Barrag�an et al.29 is used to
obtain the Pareto optimal solution for each month of the
hybrid energy system under study without heat storage of
solar energy. The problem consists in minimizing simultane-
ously the total annual cost (tac) and the overall GHGE
(nghge) accounting for the overall number of jobs (njobs)
created by the project. Figure 3 shows a representation of
the hybrid energy system superstructure. First, in the super-
structure the hot process streams can transfer heat to the
stripper located inside the absorption refrigeration cycle (to
reduce the consumption of external energy sources), which
requires a minimum temperature of 80�C; after it there is
allowed the heat transfer between process streams into a set
of inner stages, where the number of stages is determined as
the maximum of hot or cold process streams. The next stage

represents a first cooling stage for hot process streams using
cooling water (CW) (i.e., available at 30�C). Finally, for the
hot process streams that require cooling below room temper-
ature, a set of coolers is placed at the cold-end (AR2) of the
system to reach the target temperatures. For the cold process
streams, the first stage consists in the matching between hot
and cold process streams to enhance heat recovery in the
inner stages of the superstructure; then, at the hot-end of the
system, the cold process streams that still have not reached
their target temperatures can be processed through a set of
heaters that use low pressure steam (LPS) as hot utility. It
should be noticed that this configuration was determined
based on the temperature levels for the streams to provide
the optimal solution.

On the other hand, in this work each Pareto optimal solu-
tion provides the following information: the configuration

Figure 2. Proposed solution strategy.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Superstructure of the hybrid energy system without heat storage.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and design of the HEN (including the size and the heat
transferred in each heat exchanger unit required), the type of
solar collector as well as the optimal area of the solar field
required to operate during the different months accounting
for the variation of the available solar radiation in a given
location, the cooling requirements, the solar energy demand,
and the consumption of each fossil fuel and biofuel consid-
ered. Since there are no variations of operating conditions at
the process, the optimal amount of excess process heat deter-
mined to drive the AR cycle and the optimal refrigeration
duty of the process are taken as their steady-state values for
each month. As well, the optimal requirements of external
energy sources remain constant for each month. Finally,
notice that this step is carried out in a monthly horizon for
the supplies of the external energy sources (solar, biofuels
and fossil fuels), so the hourly solar radiation variation is not
considered at this level of the proposed methodology.
� Step 2. Once the optimum overall system is obtained

without heat storage (i.e., optimum configuration and design
of the HEN coupled with the AR cycle including the solar
collector area), in the second step the optimum design and
operation of the heat storage subsystem is determined in
such a way that meets the heat load of the AR cycle during
noninsolation periods. As a result, the production of the
refrigeration utility in the AR cycle can be constant without
fluctuations; also, the HEN can operate at nominal condi-
tions (i.e., steady-state operation) regardless of whether the
sun is shining at full or partial strength, or whether it is
cloudy or nighttime.

Figure 4 shows the superstructure for the thermal energy
storage proposed, in which liquid water is used as both the
heat-transfer fluid and the storage medium. Hence, liquid
water moves heat from the solar collector field to the TES
subsystem and the AR cycle. In the solar field the cold water
can be heated up to 100�C (the boiling point of the water at
1 bar) with concentrated solar energy. The solar field pro-
vides an excess of heat over and above the heat demanded
by the AR system during the solar period. This excess heat
is stored to be used in periods when heat from the solar field
is not enough to drive the AR cycle. The TES subsystem
consists of a set of hot storage tanks connected in parallel
and a cold storage tank. Depending on the optimal solution,

each of the hot tanks may exist or not. The advantage of this
multitank configuration for the TES subsystem is that hot
and cold water are stored separately.

As can be seen in Figure 4, the total hot water stream
leaving the solar collector field is divided by splitter Div-2
into smaller streams that enter each individual hot storage
tank and a bypass stream that is directed to the mixer Mix-1
at the outlet of the set of hot storage tanks. This mixer gen-
erates the inlet stream to the generator of the AR cycle
which consists of a total hot water stream originated from
the outlets streams of all the hot storage tanks, the bypass
stream of the hot tanks, and a cold water stream originated
from the cold storage tank. Each of these streams may or
may not be activated in the optimal solution. Only when the
hot water produced by solar collectors or leaving hot storage
tanks is warmer than the required temperature (80�C) to
drive the AR cycle, the cold water stream coming from the
cold storage tank is used to adjust the temperature of the
outlet stream from the mixer. Contrarily, this stream must
pass through an auxiliary heater that uses backup fuels (bio-
fuels and fossil fuels) to warm the water when its tempera-
ture is lower than the desired set temperature. Thus, backup
resources avoids that the hybrid energy system performs at
part-load conditions when solar energy is not available and
heat from the hot storage tanks is not enough to drive the
AR cycle.

On the other hand, the cooled water at 50�C from the AR
cycle flows to the low-temperature storage tank, the outlet of
which is divided by splitter Div-1 into a total cold water
stream that is returned to the solar collector field and a sec-
ond stream that feeds Mix-2. When there is no or not enough
solar radiation, the solar collector field is bypassed since it
does not make sense to pump water to the collectors when
they cannot work. In this case, the cold water is sent directly
to the auxiliary heater and/or remains at constant temperature
(50�C) in the low-temperature storage tank. So, this tank
allows controlling the flow rates of the cold water streams
feed to the solar collector field and Mix-2 to meet the
desired set temperature of the AR cycle throughout the day.
Therefore, the proposed superstructure allows the optimal
management of cold water before it returns to the solar col-
lector field, thus providing a better energy management

Figure 4. Superstructure for heat storage from the solar collector field.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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strategy for the integrated TES subsystem. It should be noted
that the proposed heat storage along with the auxiliary heater
allows the hybrid energy system to operate always at steady
state (nominal conditions) like a conventional system based
only on fossil-fuels due to the production of heating utility
can be constant without intermittence.

For the analysis presented here, the following operation
strategy of the storage subsystem is applied: the AR cycle
always has priority in operation, so AR generator comes
before storage charging. Only if the thermal energy col-
lected by the solar field exceeds the design value of the AR
generator heat load, the surplus energy is fed into the ther-
mal storage tanks. On the other hand, if the thermal energy
collected by the solar field is lower than the design value,
additional energy will be taken from the storage. By this
means, the AR cycle can be operated at full load with high
efficiency even under low radiations conditions. Discharg-
ing of the storage and operation of the AR cycle continues
after sunset until the storage is discharged again. The stor-
age is used in a way that the AR cycle can be operated at
full load as much as possible without burning fossil fuel in
the auxiliary heater. Thus, the operation strategy adopted
for the hybrid energy system with heat storage considered
is the scheduled mode, instead of the solar dispatching
mode.

In the second step, the simultaneous design and scheduling
problems for the TES subsystem are formulated as a multi-

period mixed integer nonlinear problem. We take advantage

of the knowledge of scheduling optimization procedures that
have been published recently. The reviews by Mendez

et al.56, Floudas and Lin57, Kallrath58 and Barbosa-Povoa59

highlighted the importance of scheduling optimization meth-
ods in the process industry, whereas other authors have suc-

cessfully applied such techniques to solve various

manufacturing problems (for example, Mouret et al.60 intro-
duced a methodology to solve large-scale MINLP problems

for the oil refining industry considering planning and sched-

uling, then Mouret et al.61 incorporated priority slots; Sharda
and Vazquez et al.62 presented a discrete event simulation

decision support system to evaluate tank farm operations;

Terrazas-Moreno et al.63 proposed a MILP formulation for
the tank farm operation problem; Guti�errez-Lim�on et al.64

developed a multiobjective formulation dealing with simulta-

neous scheduling and control issues in processing systems;

Erdirik-Dogan and Grossmann65 presented a multi-period
MILP model for the planning and scheduling of single-stage

plants; Barbosa-Povoa and Macchietto66 proposed a formula-

tion for the optimal selection of equipment units and the net-
work of connections for multipurpose batch plants; Lin and

Floudas67 synthesized a multipurpose batch plant considering

scheduling issues; Castro et al.68 presented a general mathe-
matical formulation for the simultaneous design and schedul-

ing of multipurpose plants). However, there have not been

yet works for optimizing simultaneously both the design and
operation strategy of short-term heat storage in solar-driven

absorption refrigerators integrated with heat exchanger net-

works for the optimal solar energy conservation considering
an average day per month and a discretization for time of 1

h accounting for 24 slots.
The proposed multiperiod MINLP formulation consists of

minimizing the total annual cost (TAC) of the TES subsys-
tem, which is composed by the capital costs for the storage
tanks, as well as the cost of backup fuels (fossil fuels and

biofuels). For the optimization of the TES subsystem, an
hourly calculation is performed using hourly solar radiation
values. The optimal solution of this problem provides the
number, distribution and capacity of hot storage tanks
required, in addition to the operation for the storage subsys-
tem including the catching and dispatching of the storage
tanks as well as the variation of water flow rates over a short
time horizon (e.g., days).

Next, the mathematical model developed to solve the
problem under study is presented in detail.

Model Formulation

The first part of the proposed solution strategy is to collect
the required data that describe the system (according to Fig-
ure 2). Once the needed information is available, then it is
applied the following optimization stages.

Model Formulation for First Step: HEN
Integrated with an AR Cycle

The mathematical programming model used to carry out
the energy integration of heat exchanger networks with
solar-driven absorption refrigerators is based on the super-
structure presented in Figure 3. The formulation is composed
by the HEN model and the AR model (including the refor-
mulation of a disjunctive model to select the type of the
solar collector). The relationships associated with this model
are presented as follows.

Heat exchanger network

The constraints that applied to the HEN are the following.

Total Energy Balances for the Process Streams. The
heat load of each hot process stream i is equal to the sum of
heat loads that it exchanges with the AR cycle qar1

i (only for
hot process streams above 80�C), with the cold process
streams qi;j;k, with the cooling water qcw

i and/or with the
refrigeration subsystem at low-temperature qar2

i ;

ðTIN
i 2TOUT

i ÞFCpi5qar1
i 1

X
k2ST

X
j2CPS

qi;j;k1qcw
i 1qar2

i ; 8i 2 HPS

(1.1)

The heat required for any cold process stream j can be
expressed as the sum of the heat loads that it absorbs from
hot process streams qi;j;k and/or from low-pressure steam
qLPS

j

ðTOUT
j 2TIN

j ÞFCpj5
X
k2ST

X
i2HPS

qi;j;k1qLPS
j ; 8j 2 CPS

(1.2)

Energy Balances for Matches at each Inner Stage of the
Superstructure. Equations 1.3 and 1.4 below describe the
energy balances for each match between hot stream i and
cold stream j at the inner stage k of the superstructure,

ðti;k2ti;k11ÞFCpi5
X

j2CPS

qi;j;k; 8i 2 HPS; k 2 ST (1.3)

ðtj;k2tj;k11ÞFCpj5
X

i2HPS

qi;j;k;8j 2 CPS; k 2 ST (1.4)

Energy Balances for Matches between Hot Process
Streams and Absorption Refrigeration Subsystem. Only hot
process streams with inlet temperatures above 80�C can
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transfer their heat excess to the absorption refrigeration cycle
at the hottest side of the superstructure

ðTIN
i 2ti;1ÞFCpi5qar1

i ; 8i 2 HPS (1.5)

Similarly, the refrigeration for the hot process streams is
determined as follows

ðtar2
i 2TOUT

i ÞFCpi5qar2
i ; 8i 2 HPS (1.6)

Balances for Steam and Cooling Water Utilities. The
heat removed from hot process streams using cooling water
is determined as follows

ðti;NOK112tar2
i ÞFCpi5qcw

i ;8i 2 HPS (1.7)

while the hot utility needed to satisfy the heating require-
ment of each cold process stream is determined as follows

ðTOUTj
2tj;1ÞFCpj5qLPS

j ;8j 2 HPS (1.8)

Temperatures Assignment for the Extreme Borders of the
Superstructure. In the proposed configuration, the inlet
temperatures of the cold process streams define the tem-
peratures at the last border (k 5 NOK 1 1) of the
superstructure

TIN
j 5tj;NOK11;8j 2 CPS (1.9)

Feasibility Constraints of Temperature. The following
set of constraints establishes that there must be a mono-
tonic decrease of temperature at each successive stage
from the lefthand side to the righthand side of the
superstructure

TIN
i � ti;1; 8i 2 HPS (1.10)

ti;k � ti;k11; 8i 2 HPS; k 2 ST (1.11)

ti;NOK11 � tar2
i ;8i 2 HPS (1.12)

tar2
i � TOUT

i ; 8i 2 HPS (1.13)

TOUT
j � tj;1; 8j 2 CPS (1.14)

tj;k � tj;k11;8j 2 CPS; k 2 ST (1.15)

Existence of the Heat Exchanger Units. The existence of
heat-transfer units between hot and cold process streams in
any stage of the superstructure is determined by the follow-
ing constraint

qi;j;k2Qmax
i;j zi;j;k � 0;8i 2 HPS; j 2 CPS; k 2 ST (1.16)

Similar relationships apply for the hot process streams that
transfer heat to the absorption refrigeration cycle

(qar1
i 2Qmax

i zar1
i � 0;8i 2 HPS), for the matches between the

hot process streams and cooling water (qcw
i 2Qmax

i zcw
i �

0; 8i 2 HPS), between hot process streams and the absorp-
tion refrigeration at the cold side (qcw

i 2Qmax
i

zcw
i � 0; 8i 2 HPS), and for the match between cold process

streams with heating utility (qLPS
j 2Qmax

j zLPS
j � 0; 8j 2 CPS).

In previous relationships, Qmax is an upper bound for the
heat exchanged in each unit.

Feasibility Constraints of the Temperature Differences.
To ensure thermodynamic feasibility for heat transfer, posi-
tive temperature differences are required for the different

matches between hot and cold streams in the superstructure.
For heat exchanger units in the inner stages, these constraints
are given as follows:

dti;j;k � ti;k2tj;k1DTmax
i;j ð12zi;j;kÞ; 8i 2 HPS; j 2 CPS; k 2 ST

(1.17)

dti;j;k11 � ti;k112tj;k111DTmax
i;j ð12zi;j;kÞ; 8i 2 HPS; j 2 CPS; k 2 ST

(1.18)

Similar relationships are used for the other heat-transfer
units. For example, for matches between hot process streams
and the absorption refrigeration cycle at high-temperature
levels dtar122

i � ti;12Tar1
IN 1DTar1max

i
ð12zar1

i Þ; 8i 2 HPS and
dtcw1

i � ti;NOK112Tcw
OUT1DTcwmax

i
ð12zcw

i Þ;8i 2 HPS, for cooler
using cooling water dtcw2

i � tar2
i 2Tcw

IN 1DTcwmax
i

ð12zcw
i Þ;

8i 2 HPS, and dtar221
i � tar2

i 2Tar2
OUT1DTar2max

i
ð12zar2

i Þ;8i 2
HPS, and for heaters using low-pressure steam dtLPS22

j �
TLPS

OUT2tj;11DTLPSmax
j

ð12zLPS
j Þ;8j 2 CPS. In previous relation-

ships is used as upper limit.
Finally, the following constrains ensure the fulfillment

of the minimum temperature difference in all heat-transfer
units

DTmin � dti;j;k; 8i 2 HPS; j 2 CPS; k 2 ST (1.19)

However, similar relationships apply for absorption refrig-
eration cycle and hot process streams at the hot side
DTmin � dtar122

i ;8i 2 HPS, for the matches between hot pro-
cess streams and cooling water DTmin � dtcw1

i ; 8i 2 HPS,
between hot process streams and the absorption refrigeration
cycle at the cold side DTmin � dtar221

i ; 8i 2 HPS, and for the
match between cold process streams and low-pressure steam
DTmin � dtLPS22

j ; 8j 2 CPS. DTmin is the minimum tempera-
ture difference for any heat exchanger unit.

Absorption refrigeration cycle

Energy Balance of the Absorption Refrigeration Cycle.
The heating requirements of the cold process streams that

are supplied by the low-pressure steam

P
j2CPS

qLPS
j

COPLPS plus the

energy required to run the refrigeration system

P
i2HPS

qar2
i

COPar2 is

equal to the energy provided to the absorption refrigeration
system by the hot process streams at high temperature plus

the energy obtained from fossil fuels qar1
i , biofuels qBiofuel

b;m

and the solar collector qSolar
mP

j2CPS qLPS
j

COPLPS
1

P
i2HPS qar2

i

COPar2
5
X

i2HPS

qar1
i 1

X
f2F

qFossil
f ;m

1
X
b2B

qBiofuel
b;m 1qSolar

m ; 8m 2 M (1.20)

Notice in the previous equation that this is stated for each
month (m) of the year to properly account for the seasonal
variation of the available solar radiation as well as the avail-
ability of the biofuels. In this relationship COPLPS and
COPar2 are the coefficient of performance for the steam and
absorption refrigeration subsystems, respectively (see Tora
and El-Halwagi69).

Model of the Solar Collectors. The optimization model
can select the type of collector to be used according to the
following disjunction
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YSolar

cTank5FCTank1VCTank vTank
� �

�
s2S

ZSolar
s

qSolar
m � QUseful Solar

s;m aSolar
c

1

Dsm
m

;8m 2 M

cSolar
op 5CuSolar

s

X
m2M

qSolar
m Dsm

m

� �

WSolar
s;1

As;1 � aSolar
c � As;2

cSolar
cap 5FCSolar

s;1 1VCSolar
s;1 aSolar

c

� �

2
6666664

3
7777775

�

WSolar
s;2

As;2 � aSolar
c � As;3

cSolar
cap 5FCSolar

s;2 1VCSolar
s;2 aSolar

c

� �

2
6666664

3
7777775

� � � ��

WSolar
s;G

As;G � aSolar
c � As;G11

cSolar
cap 5FCSolar

s;G 1VCSolar
s;G aSolar

c

� �

2
6666664

3
7777775

2
66666666666666666666664

3
77777777777777777777775

2
6666666666666666666666666666664

3
7777777777777777777777777777775

�

:YSolar

cTank50

qSolar
m 50

asolar
c 50

cSolar
op 50

cSolar
cap 50

2
666666666664

3
777777777775

In this disjunction, YSolar is a Boolean variable associated
with the existence of the solar collector; thus, if YSolar is true, a
solar collector is required; otherwise, when the Boolean variable
is false, the solar collector is not required and all the variables
included in the disjunction are set to zero. Additionally, if the
solar collector is required, then one type of solar collector must
be selected. In this regard, ZSolar

s is the Boolean variable associ-
ated with the type of the solar collector. The model is suitable to
consider several solar collectors with different costs and differ-
ent efficiencies to capture the solar radiation per unit of area;
consequently, using the efficiencies and the solar radiation data
is possible to obtain the value of QUseful Solar

s;t for each collector
(notice that once the optimization process has been carried out,
the optimal size aSolar

c for the solar collector must be determined;
therefore, the total solar energy qSolar

m per month can be calcu-
lated). The cost function of solar collectors is nonlinear and it
includes a fixed charge term (FCSolar

s ) and a variable charge
term (VCSolar

s ). Thus, to avoid the nonlinear terms, the disjunc-
tive model also considers the linearization of the cost function
through sectioning it on several linear segments. The convex
hull technique is used to reformulate previous disjunction. The
reformulation converts the Boolean variables into a set of binary
variables and yields the next algebraic relationships. First, only
one type of solar collector can be selected

ySolar5
X
s2S

zSolar
s (1.21)

Then, the continuous variables are disaggregated

zSolar
s 5

X
g2G

w
_ Solar

s;g ;8s 2 S (1.22)

qSolar
m 5

X
s2S

q
_ Solar

m;s ;8m 2 M (1.23)

aSolar
c 5

X
s2S

a
_ Solar

cs
(1.24)

a
_ Solar

cs
5
X
g2G

a
_ dis

cs;g
;8s 2 S (1.25)

cSolar
op 5

X
s2S

c
_ Solar

ops
(1.26)

cSolar
cap 5

X
s2S

c
_ Solar

caps
(1.27)

c
_ Solar

caps
5
X
g2G

c
_ dis

caps;g
; 8s 2 S (1.28)

The relationships are stated in terms of the disaggregated
variable as follows:

cTank5FCTankySolar1VCTank vTank
� �

(1.29)

q
_ Solar

m;s � QUseful Solar
m;s a

_ Solar

cs

1

Dsm
m

;8m 2 M; s 2 S (1.30)

c
_ Solar

ops
5CuSolar

s

X
m2M

q
_ Solar

m;s Dsm
m

� �
;8s 2 S (1.31)

As;gwSolar
s;g � a

_ dis

cs;g
� As;gwSolar

s;g ; 8g 2 G; s 2 S (1.32)

c
_ dis

caps;g
5FCSolar

s;g w
_ Solar

s;g 1VCSolar
s;g a

_ dis

cs;g

� �
;8g 2 G; s 2 S (1.33)

Upper and lower bounds are required for all the disaggre-
gated variables as follows

QSolar
Min zSolar

s � q
_ Solar

m;s � QSolar
Max zSolar

s ; 8m 2 M; s 2 S (1.34)

ASolar Min
cs

zSolar
s � a

_ Solar

cs
� ASolar Max

cs
zSolar

s ;8s 2 S (1.35)

CMin
ops

zSolar
s � c

_ Solar

ops
� CMax

ops
zSolar

s ;8s 2 S (1.36)

CMin
caps

zSolar
s � c

_ Solar

caps
� CMax

caps
zSolar

s ;8s 2 S (1.37)

CMin
caps

w
_ Solar

s;g � c
_ dis

caps;g
� CMax

caps
w
_ Solar

s;g ;8s 2 S; g 2 G (1.38)

Maximum Availability of the Fuels. Usually, the produc-
tion of biofuels is limited during the year; in this regard, the
proposed model takes into account the seasonal availability
of the biofuels

qBiofuel
b;t �

HeatingPower
b AvailMax

b;t

Dt
; 8b 2 B;8t 2 T (1.39)

where HeatingPower
b is the heating power of biofuel b, and

AvailMax
b;t is the maximum amount of biofuel b available in

period t.
Additionally, if the availability of fossil fuels is

restricted, the following constraint must be included in the
model:

qFossil
f ;t �

HeatingPower
f AvailMax

f ;t

Dt
;8f 2 F;8t 2 T (1.40)

916 DOI 10.1002/aic Published on behalf of the AIChE March 2014 Vol. 60, No. 3 AIChE Journal



Objective functions

In this optimization step the solutions are presented
through Pareto curves, which are obtained using the epsilon-
constraint methodology.70 These Pareto curves show the eco-
nomic objective function (minimization of the total annual
cost) vs. the environmental objective function (minimization
of the net GHGE) and the social function (the maximization
of jobs generated by the project) are evaluated for all the
solutions obtained. This is modeled as follows

OF5 Min tac; Min nghgeOverall; Max jobs
� �

(1.41)

Economic Objective Function. This objective function
consists in minimizing the total annual cost, which is

expressed as the sum of the heat exchanger network cost and
the absorption refrigeration system cost minus the tax credits
obtained by the reduction in the greenhouse gas emissions
achieved for using clean energies. The heat exchanger net-
work cost includes the capital costs for all heat-transfer units
needed (in this work the Chen approximation71 is used to
calculate the log-mean temperature differences for the heat
exchangers units to avoid logarithmic terms in the optimiza-
tion model) and the cooling water cost. Since the proposed
configuration considers the production of the hot utility
(LPS), the economic function does not involve the cost of
this utility.

Min tac5

1Kf

X
i2HPS

X
j2CPS

X
k2ST
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Fi;j

zi;j;k1
X

i2HPS

Car1
Fi
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i 1
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X
i2HPS
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zar2
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X
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j

1
X
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X
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X
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1
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>>>:
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>>>;
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X
f2F
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X
m2M
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1
X
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b

X
m2M
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b;m Dsm

m
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X
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qSolar
m Dsm

m
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X
m2M

X
b2B

RBiofuel
b qBiofuel

b;m Dsm
m

h i
2
X
m2M

X
f2F

RFossil
f qFossil

f ;m Dsm
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(1.42)
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In the previous equation, Hy represents the operating hours per
year, Kf is the factor used to annualize the investment and d is a
small value used to avoid infeasibilities. Cexc

Fi;j
,Ccw

Fi
and CLPS

Fj
are

the fixed charges for exchangers, coolers and heaters, respec-
tively; while the fixed charges for the coolers that exchange heat
with the absorption refrigeration system are Car1

Fi
and Car2

Fi
. Cexc

i;j
,

Car1
i , Ccw

i
, Car2

i
and CLPS

j are the area cost coefficients for
exchangers, ar1 coolers, coolers using cooling water, ar2 coolers
and heaters; while Ccw is the unitary cost for the cooling water.
CSolar

cap and CTank are the unitary capital costs for the solar collec-
tors and the tank, respectively; besides CFossil

f and CBiofuel
b are the

unitary costs for the fossil fuels and biofuels, respectively. cSolar
op

is the annual operational cost for the solar collector. Finally, this
objective function considers the revenues obtained by the tax
credits due to the reduction in the greenhouse gas emissions;
thus RSolar, RBiofuel

b , and RFossil
f are the unitary tax credits for solar

energy, the combustion of biofuels and fossil fuels.
Environmental Objective Function. The environmental

objective function is an indirect environmental impact
assessment through the overall quantification of the green-
house gas emissions

Min nghgeOverall5
X
m2M

X
f2B

GHGEFossil
f qFossil

f;m Dsm
m

h i

1
X
m2M

X
b2B

GHGEBiofuel
b qBiofuel

b;m Dsm
m

h i (1.43)

where nghgeOverall represents the overall GHGE. While,
GHGEGHGEBiofuel

b and GHGEFossil
f are the unitary GHGE for

the fossil f and biofuel b determined through the life cycle
analysis (the GREET software was used in this case) given
in units of tons of CO2eq reduction per kJ provided.

Social Objective Function. This work considers the
social impact associated with the generation of jobs once the
project is operating. The generated jobs are determined indi-
rectly for the production of the biofuels and fossil fuels as
well as for the operation of the solar collector to satisfy the
energy requirements in the system. To carry out this task,
the JEDI (jobs and economic development impact) model is
used to quantify the number of jobs that can be generated
per kWh produced by each energy source (solar collectors,
fossil fuels and biofuels). Thus, the social objective function
consists in maximizing the generated jobs for the energy pro-
duced for fossil fuels, biofuels and the solar collector

Max njobsOverall5
X
m2M

X
f2B

NJOBFossil
f qFossil

f ;m Dsm
m

h i

1
X
m2M

X
b2B

NJOBBiofuel
b qBiofuel

b;m Dsm
m

h i
1
X
m2M

NJOBSolarqSolar
m Dsm

m

� 

(1.44)

where NJOBFossil
f , NJOBBiofuel

b and NJOBSolar represent the
number of jobs generated per kWh provided by fossil fuels,
biofuels and solar collector, respectively.

Finally, once this optimization process is applied the results
are shown in Pareto curves that allow considering the trade-
offs for the different objectives, and then a specific point of
the Pareto curve (the solution to be implemented) must be
selected depending on the current degree of preference of the
considered objectives. This specific solution determines the
configuration and design of the HEN integrated with the AR
cycle in addition to the overall sources of energy as well as
the characteristics of the solar collector field.

Optimization for the Solar Energy Conservation

Previous step determines the configuration for the heat
exchanger network, the capacity of the absorption refrigera-
tion system and the energy requirements, which are obtained
on a monthly basis. So, previous step does not consider the
variation of the solar radiation during the day, neither the
design nor operation of the short-term heat storage subsys-
tem. For this reason, the following optimization process is
carried out in an hourly basis.

Initial parameters

The monthly heat load qExternal of the system is composed
of both the process heating requirement and the hot water
demand of the AR cycle. This parameter can be calculated

knowing the energy provided by the fossil fuels (qFossil
f ;m ), bio-

fuels (qBiofuel
b;m ) and the solar collectors (qSolar

m ) as qExternal5P
f2F qFossil

f ;m 1
P

b2B qBiofuel
b;m 1qSolar

m ; 8m 2 M.

Since the specific heat capacity, inlet (TProcess In) and out-

let (TProcess Out) temperatures of the water circulating in
the AR cycle are known (i.e., these are input parameters),

the water flow rate can be calculated as FPro5
qExternal

CpFluid TProcess In2TProcess Outð Þ. On the other hand, the hourly solar

energy (solar input for each hour h) for each month m (qSolar
h;m )

is equal to the solar energy collected in each hour per unit of

area (QUseful Solar
h;m ) multiplied by the area of the solar collector

(aSolar
c ) and a conversion factor (Dsh) as follows (qSolar

h;m 5

QUseful Solar
h;m aSolar

c
1

Dsh ;8h 2 H;m 2 M).

Optimization of the solar energy conservation

Cold Water Tank. The cold storage tank at the exit of
the absorption refrigeration cycle is required to provide the
residence time to the heat-transfer fluid and, at the same
time, to allow a variable flow rate entering to the solar col-
lectors to maintain the outlet temperature of the solar field
below the saturation temperature (100�C at 1 bar to avoid
operational problems). In this unit, the inlet flow rate, inlet
and outlet temperatures are constant, so only the mass balan-
ces need to be modeled. The water accumulation in the cold
storage tank at different hours for h> 1 (saWT

h;m) is equal to
the previous accumulation saWT

h21;m plus the flow rate entering
to the tank FPro minus the flow rate exiting from the tank
f WT Out
h;m at any hour h

saWT
h;m5saWT

h21;m1FPro2f WT Out
h;m ;8h > 1;m 2 M (2.1)

For the first period, this equation is stated as
saWT

h;m5saWT Initial
0 1FPro2f WT Out

h;m ; 8h51;m 2 M, and to guar-
antee the continuity of the cycles, a necessary condition is
that the initial accumulation must be equal to the last accu-
mulation for any day of any month (i.e., saWT Initial

0 5

saWT
h;m;8h524;m 2 M).

Splitter Div-1. The mass balance for the splitter at the
exit of the storage tank Div-1 establishes that at any hour h
for each month m, the outlet flow rate (f WT Out

h;m ) is equal to
the flow rate sent to the solar collector (f Coll

h;m ) plus the
bypassing flow rate sent to Mix-2 (f By

h;m)

f WT Out
h;m 5f Coll

h;m 1f By
h;m;8h 2 H;m 2 M (2.2)

Solar Collector. The energy supplied by the solar collec-
tor (qSolar

h;m ) at any period of time h of each month m increases
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the inlet temperature (TProcess Out) to the outlet temperature
(tSolar

h;m ) of the liquid water, and this is modeled as follows

f Coll
h;m CpFluid tSolar

h;m 2TProcess Out
� �

5qSolar
h;m ; 8h 2 H;m 2 M (2.3)

To avoid the vaporization of the heat transfer fluid (i.e.,
water), the outlet temperature tSolar

h;m must be lower than the
boiling temperature (i.e., TSolar Out

h;m � TVaporization).

Splitter Div-2

The flow rate coming from the solar collector (f Coll
h;m ) is

segregated to be sent to the hot tanks (f Tank In
p;h;m ) or sent

directly to the process bypassing the storage system (f TankBy
h;m )

f Coll
h;m 5

X
p2P

f Tank In
p;h;m 1f TankBy

h;m ; 8h 2 H;m 2 M (2.4)

Multitank TES System. During the useful hours of solar
radiation, the captured solar energy can be higher than the
energy demanded by the AR cycle. The excess heat is stored
in a multitank sensible energy storage system that uses liquid
water as both the heat-transfer fluid and the storage media.
For short-term periods when solar radiation is not available,
the hot water from the storage tanks can provide heating to
the AR cycle without the need to burn fossil fuels or biofuels.

The accumulation in the tank p at any period different to
the 1 (i.e., the first hour of the day) and for any month m
(saTank

p;h;m) is equal to the accumulation in the previous period s

aTank
p;h21;m plus the flow rate entering to the tank in this period

f Tank In
p;h;m minus the flow rate leaving the tank p f Tank Out

p;h;m at

period h

saTank
p;h;m5saTank

p;h21;m1f Tank In
p;h;m 2f Tank Out

p;h;m ;8p 2 P; h > 1;m 2 M

(2.5)

For the first period, the initial accumulation is given as
saTank Initial

p;0 and the same equation apply. Furthermore, the
initial and final conditions must be the same (i.e.,
saTank Initial

p;0 5saTank
p;h524;m;8p 2 P;m 2 M).

In addition, each term of the mass balance equations is
multiplied by the specific heat capacity and the correspond-
ing temperature to obtain the following energy balances

saTank
p;h;mCpFluidtTank

p;h;m5saTank
p;h21;mCpFluidtTank

p;h21;m

1f Tank In
p;h;m CpFluidtSolar Out

h;m 2f Tank Out
p;h;m CpFluidtTank

p;h;m

2qLoss
p;h;m; 8p 2 P; h > 1;m 2 M

(2.6)

where qLoss
p;h;m represents the energy losses during the period h

in the tank p for the month m. It should be noted that this
term depends on the material, type of insulating and size for
the tank, and it has significant variations throughout day
because of the changes in the ambient temperatures. Previous
relationship is nonconvex because this has bilinear terms
(flow rates or stored material times temperatures). Further-
more, the initial temperature must be equal to the final tem-

perature (tTank Initial
p;0 5tTank

p;h524;m; 8p 2 P; h524;m 2 M).

Mixer Mix-1. After the multitank TES system, it is
located a mixer to combine the flow rates leaving all the
tanks with the flow rate sent directly to this unit (bypassing

stream). The flow rate leaving the tank p (f Tank Out
p;h;m ) is mixed

with the bypass flow rate (f TankBy
h;m ) obtaining the mixed flow

rate (f Mix
h;m )X

p2P

f Tank Out
p;h;m 1f TankBy

h;m 5f Mix
h;m ; 8h 2 H;m 2 M (2.7)

Then, the associated energy balance for Mix-1 can be
evaluated as the product of each term of the mass balance
times the specific heat capacity and corresponding
temperatureX

p2P

f Tank Out
p;h;m CpFluidtTank

p;h;m1f TankBy
h;m CpFluidtSolar Out

h;m

5f Mix
h;m CpFluidtMix

h;m ;8h 2 H;m 2 M

(2.8)

in the previous relationship several bilinear terms appear for
the products between flow rates times temperatures.

Mixer Mix-2. In this mixer, the bypass flow rate coming
from the splitter Div-1 is mixed with f Mix

h;m , which is the flow
rate at the exit of the first mixer, and its mass and energy
balances are stated as follows

f Mix
h;m 1f By

h;m5FPro
h;m; 8h 2 H;m 2 M (2.9)

f Mix
h;m CpFluidtMix

h;m1f By
h;mCpFluidTProcess Out

5FPro
h;mCpFluidtHeater

h;m ;8h 2 H;m 2 M
(2.10)

Also, in previous relationship appear bilinear terms for the
products between flow rates times temperatures.

Heater. The hybrid energy system under study requires
backup provisions such as biofuels and/or fossil fuels in
addition to solar energy storage to meet the heating demands
of the AR generator during periods of low or zero solar radi-
ation. Therefore, it is necessary to determine the optimal
combination of backup fuels (i.e., how much of each type of
backup fuel must be used) considering the unit price as well
as the unit environmental impact and availability throughout
the year of each backup resource. Next, the energy balance
in the heater states that if the entering temperature to the
heater is lower than the inlet temperature required in the AR
cycle (tHeater

h;m < TProcess In), then the heater must provide the
energy to reach it, which is modeled as follows

FProCpFluid TProcess In2tHeater
h;m

� �
5qHeater

h;m ; 8h 2 H;m 2 M

(2.11)

The energy used by the heater at any period h for each
month m is supplied by fossil fuels and/or biofuels, and this
is modeled as follows

qHeater
h;m 5

X
f2F

f Fossil
f ;h;m HeatingPower

f aFossil
f

1
X
b2B

f Biofuel
b;h;m HeatingPower

b aBiofuel
b ; 8h 2 H;m 2 M

(2.12)

In the previous equation, HeatingPower
f and HeatingPower

b
represent the heating power of the fossil fuel f and biofuel b,
respectively; while aFossil

f and aBiofuel
b are the combustion effi-

ciencies for fossil fuels and biofuels, respectively.

Additional Constraints

Maximum availability of biofuels

Usually the availability of biofuels is seasonally limited;
consequently, the model considers this restriction as follows
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Ddm
m Dsh

� �X
h2H

f Biofuel
b;h;m � AvailMax

b;m ;8b 2 B;m 2 M (2.13)

where Ddm
m and Dsh are useful parameters to adjust the time units.

Maximum accumulation in the multitank TES system

To determine the volume and cost of the hot tanks placed
in the TES system, the maximum accumulation in each tank
for all periods h and months m must be computed as follows

saTank
p;h;m � saTank Max

p ; 8p 2 P; h 2 H;m 2 M (2.14)

Storage tank volumes

The volume of each hot tank (vTank
p ) in the TES system

can be estimated as the product of the maximum accumula-
tion (saTank Max

p ), and the average residence time (sresidence
average )

divided by the density of the heat transfer fluid (qFluid)

vTank
p 5saTank Max

p

sresidence
average

qFluid
; 8p 2 P (2.15)

Existence of the tanks

To determine the existence of a given tank p in the opti-
mal configuration, a binary variable (yp) is used and acti-
vated through the following relationship:

saTank Max
p � SAUpyp; 8p 2 P (2.16)

where SAUp is the maximum capacity for the storage tanks.
The binary variable yp is used to determine the fix part of
the capital cost of the storage tanks.

Cost of storage tanks

The cost of each tank (costTank
p ) is calculated as follows

costTank
p 5Kf FCTankyp1VCTank vTank

p

� �bTank
 �
;8p 2 P (2.17)

where Kf is a factor used to annualize the investment, FCTank and
VCTank are the fixed and variable unit capital costs, respec-
tively; while yp is the binary variable associated with the
existence of the tank p, and finally bTank represents an
exponent to consider the economies of scale.

Similarly to the hot tanks, constraints for the cold water tank

to evaluate its maximum accumulation (saWT
h;m � saWT Max ;

8h 2 H;m 2 M), volume vWT5saWT Max sresidence
average

qFluid

� �
and cost

costWT5Kf FCTank1VCTank vWTð Þb
Tank

h i� �
are required.

Operation of the tank

The aforementioned constraints include mass and energy
balances as well as availability constraints of biofuels and
cost functions for the scheme shown in Figure 4; however,
the operation of the tanks has not been described yet. In this
sense, during the sunlight hours (considering N hours of solar
radiation) the hot tanks can receive hot water at different tem-
peratures from the solar collector. During demand, if hot
water from a storage tank is discharged and, at the same time,
hot water from solar collectors is supplied to the tank, the
temperature of the water inside the storage tank and leaving
the tank will vary with respect to time. The detailed model of
this dynamic operation involves one differential equation per
hot tank. Even for a short-horizon (i.e., a day), a limitation of
this approach is that the size of the detailed model compli-
cates the problem, because of the increase in the computation
required to obtain the solution. To overcome this limitation,
this article proposes four different options to simulate the
operation of the hot tanks that are described as follows

Case A. Tanks storing at period h 5 h0 and dispatching
at periods h 6¼ h0

In this option, each hot tank can store the heat-transfer fluid
coming from the solar collectors at a specific hour (h0) and can
dispatch in the rest of the hours (see Figure 5). Then, a tank
must be associated with each useful hour of solar radiation; as
consequence, this configuration requires N tanks to store the
excess heat from the solar radiation. The aforementioned oper-
ation is modeled through the following equations:

f Tank In
p;h;m 50;8p 6¼ h0;m 2 M (2.18)

f Tank Out
p;h;m 50;8p5h0;m 2 M (2.19)

Case B. Tanks storing at period h 6¼ h0 and dispatching
at period h 5 h0

As can be seen in Figure 6, this type of tank operation
implies that each tank can dispatch at period h0 and store over
a period of time different to h0. Similarly to previous option,
this case demands the possible existence of N tanks (a tank
per period), and then the next constraints must be added

f Tank In
p;h;m 50; 8p5h0;m 2 M (2.20)

f Tank Out
p;h;m 50; 8p 6¼ h0;m 2 M (2.21)

Case C. Combination of options A and B

This alternative consists of a combination of the afore-
mentioned cases, where a set of tanks can store at period

Figure 5. Representation of tanks storing at period
h 5 h0 and dispatching at periods h 6¼ h0.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Representation of tanks storing at period h 6¼ h0

and dispatching at period h 5 h 0.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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h 5 h0 and dispatch at period h 6¼ h0; also, other set of tanks
can collect hot water at period h 6¼ h and the water from the
tanks is discharged only at period h 5 h0 (see Figure 7). Hence,
for this option the subset p1 represents the set of tanks storing
at period h 5 h0 and dispatching at period h 6¼ h0, while the
subset p2 contains the set of tanks collecting at period h 6¼ h0

and dispatching at period h 5 h0. This is modeled as follows

f Tank In
p;h;m 50; 8p1 6¼ h0;m 2 M (2.22)

f Tank In
p;h;m 50;8p25h0;m 2 M (2.23)

f Tank Out
p;h;m 50;8p15h0;m 2 M (2.24)

f Tank Out
p;h;m 50; 8p2 6¼ h0;m 2 M (2.25)

Case D. Disjunctive model

Finally, in this option hot water can pass from the solar
collectors to the storage tanks and hot water can leave the
storage tanks at any time that it is required; however, these
two operations can never occur at the same time (see Figure
8). Then, the following disjunction establishes that if the
Boolean variable Zp,h,m is true, then the tank only can store
the heat-transfer fluid; otherwise, if the Boolean variable is
false, it means that only the outlet flow rate can be possible

Zp;h;m

f Tank Out
p;h;m 50

" #
�

:Zp;h;m

f Tank In
p;h;m 50

" #
;8p 2 P; h 2 H;m 2 M

In previous disjunction, the Boolean variables Zp,h,m are
converted into a set of binary variables zp;h;m to carry out the
reformulation of the disjunctive model obtaining the next
algebraic equations

f Tank In
p;h;m � FUpzp;h;m;8p 2 P; h 2 H;m 2 M (2.26)

f Tank Out
p;h;m � FUp 12zp;h;m

� �
;8p 2 P; h 2 H;m 2 M (2.27)

where FUp is an upper limit for the inlet and outlet flow rates
in the tanks. Notice also that the number of binary variables

increases exponentially when the number of tanks considered
(p) increases.

Objective function for the design and operation of the
solar energy conservation

The economic objective function consists in minimizing
the total annual cost (tac), which is composed by the storage
hot tanks system cost, in addition to the cold water tank
cost, as well as the costs generated by the consumption of
fossil fuels and biofuels required to satisfy the backup
energy demanded by the AR cycle

Min tac5
X
p2P

costTank
p 1costWT1Dsh Ddm

m

� �X
h2H

X
m2MX

b2B

CostBiofuel
b f Biofuel

b;h;m 1
X
f2F

CostFossil
f f Fossil

f ;h;m

 ! (2.28)

In previous objective function, Dsh and Ddm
m are conversion

factors to annualize the fuel costs; whereas CostBiofuel
b and

are the unitary costs for biofuel b, and fossil fuel f,
respectively.

Results

To show the applicability of the proposed formulation,
this work considers two case studies. In this sense, the fol-
lowing parameters are fixed for the presented examples:
� The location considered for the examples is Morelia,

M�exico, which has the coordinates N 19� 420 0800 and W
101� 110 0800.
� The values for the parameters HY, Kf and bTank used are

8,760 h/year, 1 year21 and 1, respectively.
� The coefficients of operation for the absorption refriger-

ation cycle (COPar2) and the steam system (COPLPS) are 0.7
and 0.95, respectively.72–75

� The inlet and outlet temperatures of the cold external
utility for the coolers cw and ar1 are: Tcw

IN 5 30�C,
Tcw

OUT 5 40�C; and Tar1
IN 5 50�C, Tar1

OUT5 80�C.
� The unitary cost for the cold utility Ccw is $10/(year K).
� The number of jobs generated by the solar collectors is

9.95459 3 10210 Jobs/kWh.
� The water inlet and outlet temperatures of the absorp-

tion refrigeration system are 50�C and 80�C, respectively.
� The unitary fixed part of the capital cost for the tanks is

$1,200, while the unitary variable part for the capital cost of
the tanks is $520/m3.

For the energy integration of the HEN and the AR system
two solar collectors (Parabolic trough solar collector -PTSC
and Evacuated tube solar collector -ETSC) are considered.

Figure 7. Representation of the combination of two
operation modes of the hot tanks.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Representation of tanks storing and dispatch-
ing at any hour, but never at the same time.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Table 1 shows the useful collected energy per month per unit
area of solar collector for PTSC and ETSC. In addition, for
designing the multitank TES subsystem Table 2 presents the
useful energy for each sunlight hour per square meter of area
in Morelia, M�exico.76–80 Table 2 also shows the number of
tanks assigned to each hour of solar radiation (useful for Cases
A, B and C); for example, in Case A the Tank 1 can only
receive the heat-transfer fluid from 6:00 am to 7:00 am and
dispatch in the rest of the day, while the Tank 12 is able to
receive hot water from 5:00 pm to 6:00 pm and send it to the
AR cycle at the rest of the time. On the other hand, for Case
B, the Tank 1 can only dispatch from 6:00 am to 7:00 am and
the heat transfer fluid is received in the rest of the day.

The fuels and biofuels taken into account in the examples
presented are shown in Table 3 as well as their heating
power, overall unitary GHGE, unitary cost and unitary num-
ber of jobs created by each fuel considered, while Table 4
shows the maximum amount monthly available of each fuel.

All the problems were implemented in the general alge-
braic modeling system (GAMS) using the solver DICOPT in
conjunction with the solvers CONOPT and CPLEX to solve
the associated MINLP, NLP and MILP problems.81 It should
be noted that the nonlinear terms included in the first stage of
optimization are in the economic objective function (in the
part associated with the capital cost for the heat-transfer
units), while the second stage contains nonlinear terms in all
energy balances considered (representing bilinear terms for
the flow rates times the temperatures). For solving this prob-
lem the following initialization procedure has been imple-
mented. First the model without considering the nonlinear
part of the capital cost for the heat transfer units was solved
(this is a mixed-integer linear problem), then this is used as

initial guess for the nonlinear mixed-integer problem. For
solving the second stage, the discretization approach proposed
by Rubio-Castro et al.82 was used first to provide initial
guesses for the mixed-integer nonlinear problem. It should be
noticed that global optimization solvers can be used to iden-
tify global optimal solutions; however, there are required
appropriate limits for the variables involved in the nonconvex
terms, and because the number of nonconvex terms involved
in the model, this task can consume a considerable CPU time.

Example 1

A pharmaceutical plant is installed in Morelia; this indus-
try has three hot process streams and two cold process
streams to carry out the energy integration. The data for the
process streams is contained in Table 5.

Once the energy integration (step 1) was applied for this
example; it generates the results shown in Figure 9. As it
can be seen, the results are represented through the Pareto
curve obtained comparing the TAC and the overall GHGE,
evaluating the number of jobs for each point. In the Pareto
curve, points A, B and C can be identified, where point A
represents the optimal solution for the lowest overall GHGE,
being zero for this concrete solution. Otherwise, point B is
the best economic solution. Additionally, a balanced solution
can be identified in Figure 9, which is point C, because it
represents a good number of generated jobs (2,574) and, at
the same time, both TAC and GHGE can be considered
acceptable (TAC of $1,135,388.10/year and overall GHGE of
1,500 tons CO2 eq./year). Thus, point C is the solution
selected to apply the solar energy conservation (step 2),
which considers a PTSC of 15,321.82 m2. Additionally, the
AR cycle requires 3,712.03 kJ/s. The configuration of the
HEN obtained is shown in Figure 10; in this solution there
are two heat exchanger units between process streams and
cooling water is not required. Figure 11 illustrates the type
of energy source required per month.

Thus, the required flow rate to run the absorption refriger-
ation cycle is FPro529:573kg=s. The four cases for the oper-
ation of the storage tanks were considered and the results are
presented as follows.

Case A. Tanks storing at period h 5 h0 and dispatching
at periods h 6¼ h0

In this case a potential hot tank is considered for each hour
of the day with sunlight (each tank allows receiving hot water
during a sunlight hour and dispatches in the rest of the day).
Since Morelia has 12 h with solar radiation (see Table 2) and
12 h without it, then it is considered the possible existence of

Table 1. Useful Collected Energy per Month for Different

Solar Collectors
76

Month/Type of Solar
Collector

PTSC [kJ/(m2

month)]
ETSC [kJ/(m2

month)]

January 409,293 245,576
February 443,016 265,810
March 577,530 346,518
April 571,860 343,116
May 555,768 333,461
June 454,410 272,646
July 443,610 266,166
August 439,425 263,655
September 394,470 236,682
October 410,967 246,580
November 407,430 244,458
December 522,288 235,030

Table 2. Useful Collected Energy per Hour for an Average Day of each Month in Morelia, M�exico-Given in kJ/(m2h)76–80

Tank Hour/month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1 06:00 am 0 0 0 0 0 102 14 0 0 0 0 0
2 07:00 am 0 0 0 44 173 615 498 54 0 0 0 293
3 08:00 am 311 401 729 914 899 1,140 1,023 483 378 436 1,045 1,013
4 09:00 am 595 1,056 1,405 1,632 1,356 1,409 1,341 967 517 1,208 1,277 1,386
5 10:00 am 1,320 1,521 1,795 1,959 1,703 1,613 1,535 1,369 1,399 1,477 1,532 1,360
6 11:00 am 1,450 1,605 1,847 2,024 1,876 1,741 1,687 1,557 1,553 1,544 1,509 1,306
7 12:00 pm 1,398 1,669 1,873 2,154 2,002 1,754 1,714 1,678 1,637 1,510 1,416 1,333
8 1:00 pm 1,476 1,711 1,900 2,111 2,066 1,741 1,700 1,691 1,651 1,494 1,439 1,413
9 2:00 pm 1,527 1,753 1,951 2,132 2,050 1,652 1,618 1,718 1,637 1,510 1,486 1,466
10 3:00 pm 1,605 1,817 2,082 1,980 2,003 1,472 1,383 1,624 1,580 1,510 1,532 1,440
11 4:00 pm 1,683 1,838 2,108 1,828 1,766 1,114 1,078 1,463 1,399 1,393 1,439 1,040
12 5:00 pm 1,501 1,690 1,977 1,523 1,388 794 719 1,074 895 1,175 906 586

6:00 pm 337 761 963 761 646 0 0 497 503 0 0 0
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12 tanks in the multitank TES system, in addition to the water
tank used to store the cold water entering to the solar collector.
All the tank sizes are optimized accounting for the optimal
operation and minimizing the total annual cost. Table 6 con-
tains the size of the hot tanks involved in the optimal solution
of this case. It should be noted that the Tank 1 is not required
(which corresponds to the tank receiving from 6:00 am to 7:00
am and dispatching in the rest of the time), while the volume
of Tank 12 is much smaller compared to rest of tanks. More-
over, the maximum accumulation for each tank has a linear
correspondence respect to the tank volume; also, the cold water
tank requires a large volume (almost 700 m3) to provide a vari-
able flow rate entering the solar collectors. Finally, the TAC for
the energy storage system is $901,797.49/year.

Case B. Tanks storing at periods h 6¼ h0 and dispatching
at period h 5 h0

In this case 12 tanks dispatching at a specific hour and
receiving in the twenty three remaining hours were consid-
ered. However, no feasible solution was obtained for this
case, even for a special case that considers 24 tanks.

Case C. Combination

This case includes a combination of each type of tanks
previously described (Case A and Case B), where 12 tanks
receive at period h 5 h0 and dispatch at interval h 6¼ h0, while
other 12 tanks receive at periods h 6¼ h0 and dispatch at
period h 5 h during the sunlight hours. Table 7 shows the
tanks required in the solution as well as their optimal size.
The optimal sizes for the Tanks 4, 11 and 12 are similar to
Case A. Furthermore, Table 7 shows the results for this case.

It should be noted that the storage tanks operating as Case B
are not required in the optimal solution. Additionally, the
tank that stores at interval 6:00am–7:00 am is not needed.
Notice that this solution is similar to the results obtained for
Case A (owing to the optimal solution for Case C also con-
siders 11 storage tanks operating as Case A); however, in
Case C the tank costs are reduced significantly ($901,797.49/
year vs. $837,266.56/year for cases A and C, respectively).

Case D. Disjunctive model

Table 8 contains the optimal number of tanks required by
the solution (where only nine tanks are required) as well as
their sizes. It should be noted that in this operation mode,
hot water can flow into and out of the storage tanks at any
time but not at the same time. As can be seen, three tanks
have volumes higher than 100 m3; however, the size of the
other tanks is significantly smaller respect to Cases A and C.
For this reason, the total annual cost is also lower than those
of previous cases. In this case, the total annual cost of the
TES system is $738,296.76/year.

Finally, Table 9 contains a comparison for the three ana-
lyzed cases in this example. Notice that Cases A and C
require more tanks than Case D; so, Case D is the solution
with the lowest total annual cost. Notice also that the cost
and, consequently, the volume of the cold water tank is the

Table 3. Data for the Fossil Fuels and Biofuels Considered in the Examples

# Fuel Heating power [kJ/kg] Overall GHGE [ton CO2 eq/kJ] Cost [$/mm kJ] Generation of Jobs [Jobs/kJ]

Fossil Fuels
1. Coal 35,000 2.21357 3 1027 1.5559 1.06281 3 10211

2. Oil 45,200 8.05408 3 1028 18.2447 1.81677 3 10211

3. Natural Gas 54,000 7.90892 3 1028 5.8349 5.25431 3 10211

Biofuels
1. Biomass 17,200 2.44307 3 1028 2.0303 6.6964 3 1028

2. Biogas 52,000 2.68216 3 1028 8.5388 5.25431 3 1027

3. Softwood 20,400 3.3482 3 1028 2.5332 1.46691 3 1028

4. Hardwood 18,400 3.3482 3 1028 2.8975 5.43641 3 1028

5. Biodiesel 40,200 5.13283 3 1028 31.3092 2.46582 3 1026

6. Bioethanol 29,600 5.8436 3 1028 14.4212 2.87453 3 1026

Table 4. Monthly Amount Available for the Fossil Fuels and Biofuels (kg/month)

Fuel/month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Biomass 10,000 10,000 40,000 50,000 70,000 150,000 100,000 50,000 40,000 40,000 30,000 20,000
Biogas 5,000 5,000 6,000 6,500 6,500 10,000 10,000 10,000 8,000 7,000 6,000 5,000
Softwood 30,000 30,000 25,000 25,000 23,000 23,000 15,000 15,000 20,000 25,000 25,000 30,000
Hardwood 30,000 30,000 25,000 25,000 23,000 23,000 15,000 15,000 20,000 25,000 25,000 30,000
Biodiesel 5,000 5,500 6,000 7,000 10,000 10,000 10,000 10,000 9,000 8,000 7,000 6,000
Bioethanol 10,000 11,000 12,000 12,000 15,000 15,000 15,000 15,000 14,000 13,000 11,000 10,000

Table 5. Streams Data for Example 1

Stream
Inlet

temperature [�C]
Outlet

temperature [�C]
FCp

[kW/�C]

H1 125 65 38.75
H2 85 25 18.75
H3 45 25 43.75
C1 35 240 20
C2 35 55 36.25

Figure 9. Pareto curve for Example 1.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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same in the three cases; thus, the cost differences between
these solutions are due to the different costs of the multitank
TES systems. According to the tanks operation mode, Case
D offers the best economic solution; however, an important
quantity of binary variables must be included in the formula-
tion (i.e., this case is the more difficult to solve). Thus, Case
C reduces 7.16% the total annual cost respect to Case A;
while Case D decreases the total annual cost in 18.13% com-
pared with Case A and 11.82% respect to Case C. So, the
results show that the best configuration minimizes the num-
ber of required tanks. Also, the total annual cost is obtained
when the flow rate entering and the flow rate exiting the
tanks are permitted at any time (Case D). However, the opti-
mal configurations obtained for Cases A, B and C are
included to consider different modes of operation, which can
be useful when there are special requirements.

Note that the internal flow rates, temperatures and accumu-
lations of the proposed configuration are determined for each
case considering their variation during the day and months.

Example 2

This example considers a formic acid process, which has
six hot process streams and four cold process streams. Table
10 shows the inlet and target temperatures for the process
streams as well as the product of the flow rate times the heat
capacity to carry out the energy integration and synthesis of
the HEN and AR system.

From the Pareto front given by the first step of the optimi-
zation process (see Figure 12) can be identified the points A,
B and C, where point A corresponds to the optimal solution
for the minimum overall GHGE and maximum TAC, while
the point B is the optimal solution for the minimum TAC
and maximum overall GHGE. As it can be seen in Figure
12, neither the point A nor the point B involves an accepta-
ble number of jobs (459 and 707 jobs, respectively). Then,
the best solutions for the creation of jobs are the points with
overall GHGE values of 10,000 tons CO2 eq/yr, 20,000 tons
CO2 eq/yr and 30,000 tons CO2 eq/yr (3,699, 3,580 and 3,484
jobs, respectively). Between these three alternatives, point C
was selected to apply the next optimization process (step 2),
which has a great number of jobs and an appropriate overall

Figure 10. Configuration of the integrated HEN and AR for Example 1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Energy sources required for each month in
Example 1.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table 6. Solution for Case A of Example 1

Tank
Maximum Accumulation

[kg/s]
Volume

[m3] Cost [$]

2 5.45 19.62 11,400.07
3 28.67 103.20 54,861.53
4 22.11 79.60 42,591.55
5 26.57 95.65 50,938.79
6 35.68 128.46 68,000.79
7 34.40 123.85 65,601.45
8 33.30 119.89 63,544.87
9 32.14 115.72 61,374.03
10 37.39 134.62 71,199.92
11 22.47 80.92 43,277.07
12 1.85 6.65 4,659.06
Cold water tank 193.99 698.36 364,348.38
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GHGE. Figure 13 shows the configuration for the heat
exchanger network as well as the general scheme for the
energy sources to run the absorption refrigeration cycle. This
solution requires a PTSC to provide the energy demanded by
the AR cycle, which has an area of 31,056 m2, in addition to
fossil fuels and biofuels that are also needed to supply the
heating load of the overall system. The total heat load of the
absorption refrigeration cycle is 13,960 kJ/s. Figure 14
shows the types of energy sources required in each month,
where natural gas is the main energy source.

For the solution chosen, the absorption refrigeration cycle
requires 111.22 kg/s of hot water with an inlet temperature
of 80�C to run the generator. To consider different alterna-
tives to implement the absorption refrigeration cycle
accounting for the efficient use of the solar energy, the four
proposed scenarios are solved as follows:

Case A. Tanks storing at period h 5 h0 and dispatching
at periods h 6¼ h0

Table 11 shows the maximum accumulation, volume and
cost for each tank considered in the solution of the Case A.
Notice that Tank 3 is too small compared with the rest of

tanks (2.05 m3). Tanks 1, 2 and 12 are not involved in the
optimal solution to store hot water coming from the solar col-
lector. It is noteworthy that the cold water tank has a volume
of 426.70 m3 and its cost is almost equivalent to the sum of
the costs of the hot water storage tanks. The TAC for the stor-
age tank system for this configuration is $512,958.47/year.

Case B. Tanks storing at periods h 6¼ h0 and dispatching
at period h 5 h0

This operation mode has been modified to consider 24 tanks
(a tank per hour, considering all the day) and not only the 12 h
of solar radiation. Table 12 contains the solution obtained for
this case, which has 10 hot tanks in addition to the cold water
tank; in this figure, below each tank is shown the hour h0 when
the tank dispatches hot water (most of them in periods when
there is not available solar radiation). In this sense, each tank
can receive hot water from the solar collector in the rest of the
periods (periods available for storing considered by this opera-
tion mode); however, the storing is only possible during sun-
light periods. Notice that only two tanks dispatch hot water
when useful solar radiation is available (Tanks 2 and 9),
whereas the other tanks dispatch during the part of the day
without sunlight. In this sense, Tank 24 dispatches the working
fluid from 5:00 am to 6:00 am and the storing is available since
the dispatching has finished (6:00 am) until the next dispatch-
ing process starts (5:00 am) and the cycle is completed. Notice
that the cold water tank has a volume significantly smaller than
the size of the cold water tank obtained in Case A (341.85 m3

vs. 426.70 m3). Finally, the implementation of this scheme rep-
resents a TAC of $456,972.23/year.

Case C. Combination

In this configuration, 12 tanks can operate as Case A and
other set of tanks operates as Case B only during the

Table 7. Solution for Case C of Example 1

Tank
Maximum

Accumulation [kg/s] Volume [m3] Cost [$]

Tanks operating as
Case A

2 21.26 76.54 40,998.65
3 15.46 55.65 30,137.81
4 22.11 79.60 42,591.55
5 24.95 89.80 47,897.39
6 26.09 93.92 50,037.46
7 25.20 90.73 48,380.44
8 36.43 131.15 69,396.60
9 24.61 88.61 47,275.98
10 25.14 90.51 48,266.19
11 22.47 80.92 43,277.07
12 1.85 6.65 4,659.06
Cold water tank 193.99 698.36 364,348.38

Table 8. Solution for Case D of Example 1

Tank
Maximum

Accumulation [kg/s] Volume [m3] Cost [$]

1 13.24 47.67 25,986.56
2 13.21 47.57 25,934.19
3 6.23 22.44 12,868.24
4 45.32 163.15 86,036.97
5 13.99 50.37 27,391.46
6 31.69 114.08 60,523.12
7 30.03 108.11 57,418.56
8 18.59 66.92 35,996.56
9 21.68 78.06 41,792.72
Cold water tank 193.99 698.36 364,348.38

Table 9. Results Comparison for Example 1

Concept Case A Case C Case D

Number of required
tanks

11 11 9

Storage tanks system
cost [$/year]

537,449.11 472,918.18 373,948.38

Cold water tank
cost [$/year]

364,348.38 364,348.38 364,348.38

TAC [$/year] 901,797.49 837,266.56 738,296.76

Table 10. Stream Data for Example 2

Stream
Inlet temperature

[�C]
Outlet

temperature [�C]
FCp

[kW/�C]

H1 65 60 1,060
H2 60 15 6.67
H3 57 15 33.33
H4 37 35 1,350
H5 120 35 50.59
H6 150 35 100.74
C1 95 97 2,900
C2 60 120 13.33
C3 95 110 193.33
C4 150 157 671.43

Figure 12. Pareto curve for Example 2.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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sunlight hours; nevertheless, the optimal solution only selects
nine tanks operating as Case A (see Table 13). Although this
solution is similar to the solution presented in Case A (the

number of required tanks is the same in both cases), this
case has a higher total annual cost (TAC of $561,145.63/
year). Notice that this difference in cost between both solu-
tions is due to the Tank 10 is bigger in Case C than in Case
A (72.71 m3 vs. 165.38 m3).

Figure 13. Integrated HEN and AR system obtained for Example 2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 14. Energy sources required for each month for
solution C of Example 2.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table 11. Solution for Case A of Example 2

Tank

Maximum
Accumulation

[kg/s]
Volume

[m3] Cost [$]

3 0.57 2.05 2,264.34
4 14.05 50.59 27,507.63
5 16.73 60.24 32,525.40
6 22.10 79.54 42,560.96
7 20.32 73.16 39,241.51
8 21.19 76.27 40,862.64
9 19.13 68.85 37,002.81
10 20.20 72.71 39,009.92
11 14.80 53.26 28,897.16
Cold water tank 118.53 426.70 223,086.10
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Case D. Disjunctive model

This case includes an important number of binary variables
to allow inlet flow rates and outlet flow rates in each tank at
any time but not at the same time. Table 14 presents the opti-
mal solution for this operation mode, which has 10 hot tanks.
The cold water tank has a volume of 426.70 m3. Additionally,
the tank sizes found in this solution are significantly lower
than those of previous solutions for this example and, as con-
sequence, the tank costs are smaller respect to the other solu-
tions; in this case, the total annual cost is $456,972.22/year.

Moreover, the costs comparison of the four cases considered in
the case study is shown in Table 15. Case C represents the worst
economic solution with a TAC of $561,145.63/year, while Cases
B and D are the best solutions found with a TAC of $456,972.23/
year, which represents a reduction of 18.56% respect to Case C.
Then, Cases B and D have the same total annual cost and both
required 10 tanks in the optimal solution; however, notice that the
solution for Case B is different than the one for Case D, owing to
the cold water tank size in Case D is larger, but in Case B the hot
storage tanks system cost is higher. An intermediate solution is
represented by the solution of Case A, which requires nine tanks
and a total annual cost of $512,958.47/year.

It is noteworthy that the internal flow rates, temperatures
and accumulations of the proposed configuration are deter-
mined for each case considering their variation during the
day and months.

Finally, Table 16 shows the problem characteristics for
both stages of the two examples illustrated. In this sense, the
second stage contains the same characteristics for Example 1
and Example 2 and only varies for the different scenarios
analyzed. Notice that for scenario D the problem size is sig-
nificantly greater and so the CPU required in a computer
with an i7 processor at 3.4 GHz and 16 GB of RAM.

Conclusion

This article has presented a two-step approach for the opti-
mal design of HENs integrated with absorption refrigeration
cycles involving the utility selection from a set of available
energy sources that include fossil fuels, biofuels and solar
collectors. A multitank sensible energy storage system that
uses liquid water as both the heat transfer fluid and the stor-
age media has been proposed. The variation in the hourly
radiation of solar energy is taken into account. Furthermore,
the seasonal variability of biofuels and fossil fuels was

Table 12. Solution for Case B of Example 2

Tank
Maximum

Accumulation [kg/s]
Volume

[m3] Cost [$]

2 25.78 92.79 49,451.57
9 23.57 84.85 45,323.63
14 9.14 32.87 18,300.67
15 7.51 27.02 15,249.24
17 7.07 25.46 14,441.29
18 9.38 33.77 18,762.14
19 7.7 27.73 15,619.35
21 30.69 110.5 58,658.52
23 5.4 19.42 11,299.04
24 15.87 57.12 30,904.28
Cold water tank 94.96 341.85 178,962.50

Table 13. Solution for Case C of Example 2

Tank

Maximum
Accumulation

[kg/s]
Volume

[m3] Cost [$]

Tanks operating
as Case A

3 0.57 2.05 2,264.34
4 14.05 50.59 27,507.63
5 16.73 60.24 32,525.40
6 22.10 79.54 42,560.96
7 20.32 73.16 39,241.51
8 21.19 76.27 40,862.64
9 19.13 68.85 37,002.81
10 45.94 165.38 87,197.00
11 14.80 53.26 28,897.16
Cold water tank 118.53 426.70 223,086.10

Table 14. Solution for Case D of Example 2

Tank
Maximum

Accumulation [kg/s]
Volume

[m3] Cost [$]

1 7.14 25.72 14,574.22
2 10.64 38.31 21,118.64
3 4.99 17.98 10,547.65
4 17.79 64.04 34,502.12
5 21.80 78.46 42,000.76
6 11.85 42.67 23,386.81
7 25.63 92.29 49,190.18
8 4.89 17.60 10,353.49
9 8.20 29.52 16,548.54
10 5.59 20.12 11,663.71
Cold water tank 118.53 426.70 223,086.10

Table 15. Results comparison for Example 2

Concept Case A Case B Case C Case D

Number of tanks required 9 10 9 10
Storage tanks system cost [$/year] 289,872.37 278,009.73 338,059.53 233,886.12
Cold water tank cost [$/year] 223,086.10 178,962.50 223,086.10 223,086.10
TAC [$/year] 512,958.47 456,972.23 561,145.63 456,972.22

Table 16. Characteristics for the Proposed Methodology in the Examples

Concept

Stage 1 Stage 2

Example 1 Example 2 Case A Case B Case C Case D

Number of constraints 355 481 13,875 24,567 24,567 17,563
Number of continuous variables 318 452 17,645 31,541 31,541 18,206
Number of binary variables 43 78 0 0 0 2,880
CPU time (sec) 0.062 0.047 0.093 0.467 0.484 0.266
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considered in the proposed formulation that is based on
mixed integer nonlinear programming methods. The first
step of this methodology optimizes the configuration and
design of the HEN coupled to the AR cycle without heat
storage on a monthly basis. The first optimization step pro-
vides the optimal energy integration of the HEN with the
AR cycle considering simultaneously the minimization of
the total annual cost, the minimization of the overall green-
house gas emissions and accounting for the number of jobs
that can be created for the use of the different types of
energy sources. In this step the HEN configuration, use of
external energies (solar, biofuels and fossil fuels) as well as
the type and size of the solar collector needed are deter-
mined. In the second step the optimal design and operation
of the multi-tank TES system (number of storage tanks and
their optimal size) are determined. The proposed formula-
tion considers different tank operation modes to find the
best tradeoff between TAC and operation. Two case studies
have been solved to show the applicability of the proposed
methodology. The results show that the proposed approach
is capable of producing designs and operating schedules
that integrate various forms of energy while accounting for
economic, environmental and social metrics.

Notation

Parameters
Avail = maximum availability, kg/month

C = cost, $
COP = coefficient of performance

CpFluid = specific heat capacity of the fluid, kJ/kg K
Cu = unit operating cost, $/kJ

Ddm
m = conversion factor, day/month

Dsh = conversion factor, s/h
Dt = conversion factor, s/month

FPr o = flow rate required by the AR cycle, kg/s
FC = fixed charge, $/y

FCp = heat capacity flow rate, kJ/s K
GHGE = greenhouse gas emissions, ton CO2eq/kJ

H = film heat transfer coefficient, kW/m2 K
HPS = i | i is a hot process stream

HeatingPower = heating power, kJ/kg
HY = hours of operation per year, h/y

Kf = factor used to annualize the capital costs
NJOBS = unit number of generated jobs, jobs

NOK = total number of stages
QUseful = usable solar radiation in the specific location, kJ/m2

month
R = tax credit for the reduction of GHGE, $/kJ

TIN = inlet temperature, K
TOUT = outlet temperature, K

TProcess In = inlet temperature to the AR system, K
TProcess Out = outlet temperature to the AR system, K
TVaporization = vaporization temperature of the working fluid, K

VC = variable charge, $m3 yr

Greek letters
a = combustion efficiency
b = exponent for tank cost and for area cost
d = small number
h = index for hours of the day (24 slots)
q = density
s = residence time

DTmax = upper bound for temperature difference, K
DTmin = minimum approach temperature difference, K

H = set for hours

Variables
ac = area of the solar collector, m2

costTank = of the tank p, $/yr
costWT = water tank cost, $/yr

dt = temperature approach difference, K
f By = bypass flow rate to avoid the solar collector, kg/s

f coll = flow rate leaving the solar collector, kg/s
f Mix = output stream from the storage tank system, kg/s

f TankBy = bypass flow rate to avoid the storage tanks, kg/s
f Tank In = flow rate entering to the storage tank p, kg/s

f Tank Out = flow rate leaving form the storage tank p, kg/s
f WT Out = flow rate leaving the water tank, kg/s

q = heat exchanged, kJ/s
qExternal = external heat required by the AR system, kJ/s
qHeater = heat transferred in the heater, kJ/s

qLoss = heat losses in the tank p, kJ/s
qSolar = total solar energy, kJ/month

sa = mass accumulation, kg/s
sa0 = initial mass accumulation, kg/s
ti;k = internal temperature, K
tac = total annual cost, $/y

tHeater = temperature entering to the heater, K
tMix = temperature of the output stream from the storage tank sys-

tem, K
tSolar = temperature at the exit of the solar collector, K
tTank = temperature in the tank p, K

tTank Initial = initial temperature in the tank p, K
vTank

p = volume of the storage tank p, K
vWT = water tank volume, m3

W = Boolean variables used to model the existence of the type
of solar collector

w = binary variables to model the existence of the type of solar
collector

Y = Boolean variables used to model the existence of a solar
collector

y = binary variables to model the existence of a solar collector
Yp = Boolean variables used to model the existence of the storage

tanks
yp = binary variable to model the existence of the storage tank p
Z = Boolean variables used to model the possible existence of

inlet or outlet flow rates in the storage tanks
z = binary variables to model the possible existence of inlet or

outlet flow rates in the storage tanks

Sets
B = b | b is a biofuel

CPS = j | j is a cold process stream
F = f | f is a fossil fuel
G = g | g is a segment for the capital cost of the solar collector

HPS = i | i is a hot process stream
M = m | m is a month
P = p | p is a storage tank
S = s | s is a solar collector

ST = k | k is a stage in the superstructure, k 5 1, . . ., NOK
H = h | h is an hour

Subscripts and superscripts
ar1 = stage of the superstructure where the excess heat from hot pro-

cess streams is removed
ar2 = stage of the superstructure where the hot process streams are

cooled
b = biofuels

cap = capital
cw = cold water
dis = disaggregated

f = fossil fuel
i = hot process stream
j = cold process stream
k = index for stage (1, . . ., NOK) and temperature location (1, . . .,

NOK 1 1)
LPS = stage of the superstructure where the cold process streams

exchange heat with low-pressure steam
m = month

Max = maximum
Out = outlet
op = operational
p = tank
r = segment for the capital cost for the solar collectors
s = solar collector
t = period of time (i.e., months)
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Tank = storage tank
Up = maximum allowable
WT = water tank placed at the exit of the AR system

h = p (i.e., hours)
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