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ABSTRACT

The thermal integration into industrial process is majorly focused on guarantee the heat duty and
temperature level demanded by the process. Other important objectives must be considered when is
integrated solar thermal energy, since its integration into industrial processes seeks to maximise its use.
The present work proposes a comprehensive integration of solar thermal energy, which is based on the
Pinch Analysis, and considers economical evaluation, environmental impact and the A4T,,;,. The 4T,
used to get the objectives of the solar thermal integration is denominated 4T, ¢. The approach sup-
poses the establishment of multiple objectives before the solar system final design. Profitable costs for
two case studies, dairy and 2G bioethanol processes, were obtained. For all the scenarios, the integrated
solar thermal system of dairy process was viable with zero emissions of CO,. In 2G bioethanol process,
only in one scenario the solar fraction was equal to one. It is possible to reach a surplus energy of 44%,
with the same absorber area of solar energy, or would be possible to reduce the area by 49% to supply the
heat duties.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Global energy consumption in the industrial sector is significant,
only the process heat consumes 74% of the total industrial energy
demand and more than 50% of the industrial heating demand is in
the temperature range between 60 and 250 °C [1]. Currently, only
9% of the demand for industrial process heat is supplied from
renewable energy sources [2], with 741 industrial plants that use
solar heat with a total area of solar collectors of 662,648 m2(567
MWth), that were reported in 2019 [3]. Applications of solar ther-
mal energy (STE) in industry lead to sustainable production [4].

Solar thermal energy integration to industrial processes implies
the study and knowledge of relevant issues: solar potential, current
state of technology, methods and extensions of solar heat integra-
tion, performance evaluation of solar thermal equipment, eco-
nomic and environmental evaluation, barriers to large-scale
adoption, costs, and the most representative case studies in liter-
ature [5]. Pinch Methodology has been successfully extended to
solidly support the integration of solar energy into industrial pro-
cesses, and to comply with regulations or environmental policies,
limits on the total cost, decrease or elimination of GHG emissions,
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among others [6]. Atkins et al. [7] established is central that solar
thermal system provides heat above the Pinch point; so, the inte-
gration be efficient, and savings are achieved in both, hot and cold
utilities.

The STE that is captured by a solar collector network (SCN) can
be considered a solar utility [8]. STE integration allows to achieve
operation objectives that favour the achievement of environmental
objectives. Quijera et al. [9] used Pinch Analysis to reduce the use of
fossil fuels by 11.4%, considering not limited surface for the instal-
lation of solar collectors, in a tuna canning process which operates
in batches, in a region where diffuse radiation predominates over
direct radiation. Eiholzer et al. [10] found that solar heat can only
account for a maximum of 7.7% of heat demand for a brewery
operating in batches due to the restrictions of UK incentive pro-
gram, however the study showed that this value could double up to
13.6%.

When the main interest was to deploy solar technology to the
maximum, Baniassadi et al. [11] developed a procedure to find a
better energy integration scenario, using Pinch Analysis, setting the
solar fraction as an objective. They carried out an economic opti-
misation of the integration by calculating solar fraction for a certain
amount of capital investment, however, payback time is predicted
for a minimum of 7 years. At same year, Walmsley et al. [12] studied
three scenarios for integration of solar energy into an industrial
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process using a Heat Recovery Loop (HRL) and determined that a
series configuration was the best scenario for integration of solar
energy; authors set 4Ty, at 5 °C, this value was also validated by
authors in base of their own observations in the dairy plant [12].
Abdelhady et al. [13] developed a hierarchical design approach for
the optimal integration of heating and power processes, achieving
integration between thermal demand of the process, solar energy
obtained and an auxiliary heating service. Eiholzer et al. [10] pre-
sented a method based on Pinch Analysis to optimise direct heat
recovery from a batch process in a brewery, followed by integration
of a solar thermal system at a chosen point. Allouhi et al. [14]
presented a procedure for the optimisation and simulation of a
centralised solar heating system that provides hot water to four
processes with different temperature levels and load profiles. They
evaluated a milk processing company as a case study and used the
life cycle cost method to select the optimal size of the main design
parameters for decision making. Velazquez-Torres [15] made a
study of Pinch Analysis concepts and integrated low-temperature
STE into a 2G bioethanol production process and determined the
SCN and the thermal storage system with a smaller size and cost.

Total cost of solar thermal integration defines the viability of the
installation and includes the SCN, heat recovery network, utility
system and thermal storage system. Size of SCN must be evaluated
in detail since it represents up to 54% of total cost of the solar
thermal system [16]. Designing the collector network represents a
design space that has already been evaluated by Martinez-Rodri-
guez et al. [17] who determined how the supply temperature to the
collector network and the supply flow reduce the number of col-
lectors in series and the number of series connected in parallel.
Storage unit can improve the performance of the facility by elimi-
nating fluctuations in energy supply [12], because its use allows
guaranteeing the supply of thermal load at temperature level
required by the process, and thus increasing supply time [18]. This
variable represents from 11% to 30% of the total cost of solar ther-
mal device [18].

Levelised cost of thermal energy (LCOEth) for industrial heating
of solar thermal systems is determined in the range of 5—9 US cents
per kWh with a strong sensitivity towards collector price, collector
efficiency and financial parameters in each country [19]. Tian et al.
[20] studied that the lowest levelised net cost of STE from hybrid
solar heating plants could reach approximately 0.058 USD/ kWh.
Ghazouani et al. [21] found that renewable energy utilisation rate
could be higher than 40% with a cost of less than 0.05 USD/ kWh for
a small thermal storage capacity; this could constitute more than
85% and cost less than 0.2 USD/kWh, implementing large thermal
storage capacities.

In the complete panorama of integration, ecological footprint
[22] evaluates the complete life cycle of the components of a pro-
cess. One of the studies carried out on this topic [23] compared two
technologies for domestic use for water heating; a result showed
that flat plate thermosyphon unit systems, are less environmentally
friendly, compared to their integrated collector storage counter-
parts. Transition towards the use of alternative sources of energy in
industry, using utility systems with fossil fuels as backup, is a
common scenario reported in some works, however, current pri-
mary approach, regarding the use of solar energy, is the develop-
ment of methods that make possible to achieve the global goal of
zero carbon emissions using 100% renewable systems, or net zero
emissions, if low carbon fuel is used as backup. In this sense, some
studies are already reported for electricity [24] and domestic sector
(water heating and comfort) [25].

In general, the literature contains relevant research reports on
the integration of STE in industrial processes and they analyse one
or some variables and evaluate the objectives achieved. However,
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until now, there is no research that analyses how multiple vari-
ables, in a comprehensive approach, affect the objectives set in
solar thermal integration, and how these variables are related to
each other, giving valuable and reliable information for decision-
making.

This work develops an approach for the detailed integration of
STE into industrial processes to:

e impact on one or more of the following design objectives,
simultaneously: solar fraction, installation area of SCN, payback
time, maximum supply time, reduction in network size.
generation of energy surpluses, for a fixed collector network
size, to develop multiple utilities targeting (generating multiple
utility levels [26])

to promote processes with zero carbon emissions.

e be adapted to different scenarios, depending on the process
requirements and the particular interest of the industrial
engineer.

be extended to generate cooling and power.

be extended for medium temperature technology (medium-
temperature SCN).

2. Solar thermal energy integration method

Among the various methods for the integration of processes,
such as graphic methods, numerical programming methods and
hybrid-type approximations, is the Pinch Analysis which allows to
establish a priori design valuable objectives in the process. Pinch
Analysis, through Process Integration improves heat recovery in the
industry. This concept has been extended to integrate STE. The
integrated amount of STE is related to both the captured STE and to
the net process heating demands of the considered system [8].

It is viable to carry out a comprehensive integration intensifying
the use of STE in industrial process. The main objective is supplying
a larger amount of the hot utility demanded by a process (maxi-
mise). A detailed STE integration to process is important to maxi-
mise its use and to identify, a priori, the objectives from process
data and integration variables. Various of those objectives have
been studied in a painstaking way, as well as, it has been evaluated
the impacts and results from the STE integration to an industrial
process. As an example, when the interest is to reduce the size of
SCN and storage system, inlet temperature, operation flow and
radiation has been evaluated [18]. A comparative study between
two different technologies of solar collectors, flat-plate against
evacuated-tube, showed greater efficiency in these last, with a
payback time of 5 months [10]. Budak et al. [27] determined the
thermal efficiency of a flat-plate solar collector rise from 73 to 87%
using a CuO/Water solution (0.2—0.8% w/v).

The integration of STE, proposed in this work, seeks corre-
spondence on the temperature levels between STE and process
heating demands. A thermal storage system solves the match be-
tween the times of the energy requirement by the process, and the
availability times at the target temperature level of the STE. The
implementation of storage seeks certainty and stability; guarantees
the supply of the thermal load (at the target temperature) in the
required time; and increases the supply time, of STE, when the solar
resource is not available in the conditions required to reach the
target temperature of the process.

Detailed STE integration lets a global vision about the involved
objectives and variables. This method considers variables with
prominent influence in the solar thermal integration to reach the
final multi-objective design. This study determines the relationship
between the different variables among themselves and evaluates
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the impacts on the objectives of the final solution. Fig. 1 is a general
schematic about the STE integration to an industrial process, as is
proposed by the authors of this paper. The main components of this
proposal are next: the objectives established a priori (before the
design), the intrinsic variables of the components of the method,
and the solution, which contains the final design that meets the
objectives set.

As previously stated, the objectives of the integration of STE are
set prior to the final integrated solar system design. Based on
process data it is possible to know the refrigeration, the power and
thermal energy demands. The focus is supply thermal energy using
the solar thermal source only. The minimum utilities are calculated
from the process data; equally, are calculated the solar fraction and
the heat recovery network associated with 4T,,;,,. Composite Curve
(CC) and the Grand Composite Curve (GCC) let establish the re-
lations between minimum hot utility and the size of SCN. The point
is to supply the total hot utility with solar utility analyzing for
different AT,;,.

A range of AT,,;, of 10—30 °C is recommended for the chemical
and refining industry, and a 4T,,;, of 3—5 °C is recommended in the
food industry [28], therefore the range used was from 5 °C up to 25
°C. Behaviour of GCC is analysed in a range of 4T,,;,. In this paper, a
AT, that allows achieving the objectives set when carrying out
solar thermal integration is denoted as ATy, ¢h-

The GCC allows maximise the use of STE, because locates the
scenarios where it is possible to provide the total heat duty with
that source of energy. When solar fraction has a value of one (f =
1), the resultant scenarios can keep the original area (size) of the
SCN. The latter gives a surplus of energy to supply heat duty below
the maximum temperature level reported by the CC. Otherwise, it is
possible to reduce the size of the network and increase the delivery
time.

2.1. Estimation of heat recovery network and SCN areas

The calculus of the areas and the auxiliary services is carried out
from the CC. Heat recovery network area is calculated prior to
design of the network. To design a heat exchanger Eq. (1) is applied
in each section based on the assumption of “vertical” heat
exchange.

Objectives

Solar fraction

= Area of solar collector network
(absorbing area)

Storage tank volume
Company investment

Thermal energy cost per kWh
Reduce GHG emissions
Generate power or cooling

L]

Pinch
Analysis

Data

= Process and auxiliary services
= Solar thermal technology type
and operating conditions

Impact to the
environment

Method

ATmin,th

Comprehensive
integration
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Q =UAATivp (1)

where Q is thermal load (kW), U is the heat transfer global co-
efficient (kW/m?2 °C), ATyymp is logarithmic mean temperature
difference (°C). If values of the individual heat transfer coefficients
are known, then the equation that predicts the necessary heat ex-
change area is given by Eq. (2), Bath's formula, for estimating
minimum area for the synthesis of heat exchange networks [29].

hot streams
1 .
% +

cold streams q
k= h.
AT mrDK — h;

A By (2)

J

where A, is the area of each interval (m?), Q; and Qjare thermal
loads from hot and cold streams (kW), h; and h; are the individual
coefficients of hot and cold streams that exchange heat in the in-
terval (kW /m? °C), the estimate of total area is obtained by adding
the areas of the intervals.

The design of the SCN is based on the thermal model proposed
by Martinez-Rodriguez et al. [17] to supply the thermal load at the
target temperature, where the number of collectors connected in
series provides the target temperature and the number of collectors
connected in parallel provides the thermal heat load, as repre-
sented in Fig. 2. The design variables of the collector network are
geometric dimensions and characteristics of the flat plate collector
materials, the properties of the working fluid, the operating con-
ditions of the process and the environmental parameters. The
determination of the absorber surface is considered to operate in
the most critical conditions of the year, the winter period from
Mexico.

The minimum number of collectors in series, Ns, can be deter-
mined considering the difference between the outlet temperature
T! (°C) and inlet temperature T#~! (°C) to the solar collector is
given by Eq. (3):

AT =T} — T 1 (3)

The minimum temperature difference for a solar collector must
be 1°C, thatis, T! — T?~! > 1, to be able to include a collector in the
series. The number of collector series in parallel, Ny, is calculated by

Solution
Use of solar
thermal energy
Final design
AT mingh

Energy cost per kWh
Reduce CO, emissions
Area of solar collector fields
Simple payback period

Economic analysis

Fig. 1. Design approaches proposed.
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Fig. 2. Representation of a network of solar collectors [adapted from 33].
Eq. (4): 2.2. Costs estimation of system components
In any of the evaluated scenarios to integrate solar thermal
Np=Q/Qs (4) v 8

Where, Qs (kW) is thermal load that provides a line of n col-
lectors connected in series (Fig. 2) and, Q (kW) is the total thermal
load required by the process.

The number of solar collectors, N, that make up the structure of
the solar field is obtained from Eq. (5):

Ne=NpNs (5)

The surface area of the SCN is calculated using Eq. (6):

Agsen =LWN, (6)

where Agcy is the area of SCN (m2), Nc is the number of solar
collectors, L is the length (m) and W (m) is the width of the solar
collector.

The calculated areas of heat recovery and SCN present a
behavior opposite to each other, by increasing the 4T,,;,. The area of
the heat recovery network (Aggn) decreases with the increase of the
minimum temperature difference, 4Ty;.

With a fixed 4T;,, the relationship between the calculated
areas presents substantial differences. The SCN area is 14 times
larger than the area of heat recovery network, Fig. 3, and the cost of
heat recovery network is 2.3 times larger than SCN cost. This im-
plies an evaluation of the costs and a negotiation between the costs
and the value of the areas, both the area available for installation, as
well as the area of the SCN and the heat recovery area.
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8¢ 40 4 35
S L 500 ©°
g 20 + AHRN ASCN %
T 0 T T T 0 n
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Fig. 3. Comparison of the behaviour of the areas regard to 4T, for the integration of
solar thermal energy. Bold line represents the area of heat recovery network, light line
represents the area of solar collector network.

technology the costs are involved. Next, the equations with which
the costs were evaluated are described (costs from: heat recovery
network, auxiliary services, SCN and storage system). The cost of
kWh for the solar system and for the integrated system were
estimated from the cost of the system (solar or integrated) and the
energy produced by the system.

The cost evaluation of the heat recovery network (Cygy) Was
carried out by Eq. (7) [30],:

- oo

e

where is the number of heat exchangers, a, area of heat recovery
network (b), ¢, 26600 and 6500 are cost constants that are related to
construction materials, pressure and type of heat exchanger, the
corresponding values are 0.9, Cys and [30].

To calculate the cost of utility system, Qc, Eq. (8) [30], is used. In
this equation, the amount of hot utility, that is supplied by the SCN
must be considered and subtracted from the total required utility,
this to reduce the cost of using said utility.

Cuys = Qp*Cysy + Qc*Cuysc (8)

where Qy and Q. are the heating and cooling requirements of the
process, respectively, (kW), Cysy and Cysc are the costs associated
with steam and cooling water, respectively. For the present study,
were taken the costs of heating, 150 USD/(kW y), and cooling ser-
vices, 35 USD/(kW y) [30].

Then we proceed to determine the cost of the collector network,
Cscn, by means of Eq. (9) [31]:
Cscn =Nc {“/0 +1¥ (71d+72 +%) + WLy, +71o?p—z}i

s ("Zf*f"’) ©)

where N¢ is the number of collectors, A¢ is the lateral area of the
tube (m?2) [17], N¢ is the number of tubes, d is the internal diameter
of a tube (m), W and L are the width and length of a solar collector
(m), H, (kW) and ey are the pump load and efficiency, respectively,
and vo, Y1, Y2, Y3, Ya, V5, Y10 are setting constants.
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The cost of the STE storage system, Crss, is conditioned by the
dimensioning of the collector network and the supply time
required by the process. Next, Eq. (10) is to determine the cost of
thermal storage system [32].

Crss = a+b- VTSSC, (10)

where @', b’ and c’are cost constants for tanks [33], their values are
5800, 1600 and 0.7, respectively. And Vrgs is the volume of the

thermal storage system (m3) determined by Eq. (11) [32]:

3600+ Qqgs+t

_ 11
CP- ATrssp+n1ss (1

Vrss

where Qrss is the total heat load that is stored at day (kW), t is the
total supply time of the process (h), CP (J/kg °C) and p are the heat
capacity-mass flow rate of heat transfer fluid and the density or
working thermal fluid (kg/m?), commonly water. 4Tyss and 7y are
the temperature variation (°C) and the efficiency of the thermal
storage system, respectively. From this equation the only variable
value is the thermal load, therefore there will be a storage volume
and a total cost associated with the evaluated 4T.

Next step is to calculate the total cost ($) of the integrated sys-
tem, Cr js. The Cr s is the sum of the utility system cost, Cys, the cost
of the heat recovery network, Cygy, and the cost of the thermal
storage system, Crss Eq. (12), [15]. Since the values of the cost
constants in Egs. (7) and (10) are calculated for the year 2010, to
obtain the updated cost values, multiply the costs obtained by the
value of the ratio that exists between the cost index for the year
2019 and the cost index for the year 2010, which are 607.5 and
550.8, respectively.

Cr1s = Chrn + Csen + Crss + Cus (12)

In addition, it is necessary to obtain the amount equivalent to a
cost per unit of time, in this case an annual cost or annualised cost
($/y) is our interest. The calculation is done with Eq. (13) [30].
Where i is the annual interest and n is the number of years of useful
life of a piece of equipment or an equipment network.

. 1
CTAIS:CTIS°{%:| (13)

By obtaining the Cr4 s it is possible to relate each of the variables
involved in the integration of energy. That is, not only is the AT,;p
determined to obtain the minimum cost of the components of the
integrated system, but there is also the possibility of showing the
behaviour of different variables depending on the objectives set by
the user.

The simple payback time is another criterion of interest in the
evaluation of investments. Can be calculated by Eq. (14), both for
the solar thermal system and for the integrated system. This cri-
terion relates the total cost of the system in USD and the cost of
fossil fuel saved per year.

total systemcost
S

The costs of heat recovery network Cygy, the SCN, Cscya, and the
STE storage system, Crssq, were annualised to 25-years using 5%
interest. In the same way the energy cost (USD/kWh) was levelised.
This approach relates the costs of the energy supply system in-
vestment with the energy generated by this system during its

Payback = (14)
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useful life (25-years).

CO, emissions from natural gas combustion, were quantifying
using the factor 0.203 kg/kWh, published by the Ministry of
Ecological Transition of the Government of Spain (April 2019) cor-
responding to fixed combustion equipment.

2.3. Solar fraction

The solar fraction equal to one could be an objective, however,
exists restrictions related with space, economical and by temper-
ature levels. Fig. 4 shows the behaviour of STE cost (USD/kWh), with
a fixed heat duty and different values of 4T,,;, and solar fraction. It
can be observed, for the same AT,;,, that cost of the kWhy, varies
significantly with solar fraction, from 0.01 USD/kWh to 0.05
USD/kWh. The cost of the kWhy, does not vary with 4T,,;, when
solar fraction is constant.

For the same conditions, the integrated system energy cost
(kWhs) varies significantly with solar fraction, while 4T, in-
creases, Fig. 5. For a fixed solar fraction, the kWh;; cost decreases
while AT,,;, increases.

The comprehensive integration of STE offers a wide range of
possibilities; it is possible to have more than one objective on the
final solar system. The design approach could be applied to both
continuous and batch processes.

Once the AT, 4 has been defined based on the objective
sought, the Grand Composite Curve is used to deliver the hot utility
in two temperature levels and increase the supply time of the
original SCN. In this scenario it is possible to have an excess of
energy and produce another auxiliary service like power or cooling
or reduce the size of the SCN. The SCN was designed with the lower
irradiance levels on the year to guarantee the heat load demanded
by the industrial process during all year.

0.06

0.05 ]
0.04 4 =0.8
0.03 4 f=0.6
0.02 4 f=0.4
001 { 02

0.00

f=1

(USD/kWh

Solar thermal energy
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Fig. 4. Behaviour of solar thermal energy cost against different values of 4T, and
solar fraction.
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o
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Energy cost (USD/kWh)
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Fig. 5. Behaviour of integrated system cost against different values of 4T,,;, and solar
fraction.
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Lastly, the approach will be applied on two study cases. A dairy
process and 2G bioethanol process.

3. Case studies
3.1. Dairy industry

Dairy processes encompass a lot of staple food products and by-
products. These processes handle operating temperatures below
100 °C, so the process temperature levels are in correspondence
with the temperature levels reached by the SCN network, and it
could be possible to supply the total thermal load required by the
process.

3.1.1. Description of the production process

The case study of a dairy product process described in the
literature [34] operates in batches and the heating utility is
required in a period of 5 h, from 8:00 to 13:00. Fig. 6 shows the
diagram of main operations of the dairy production process. The
thermal load is 4,401 kW and must be supplied to the process for
5h (8:00 a.m. to 1:00 p.m.).

3.1.2. Detailed solar thermal integration of dairy process

The start point of the integration is define what are the objec-
tives in relation with the process data and the variables considered
in method. Table 1 shows the data of the process streams used for
Pinch Analysis: where Tj,,; and T, are the inlet and outlet
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temperatures of the streams (°C), respectively, and CP is the heat
capacity of the current (kW /°C). With the data of the streams the
minimum hot utilities are calculated. Values of heat transfer co-
efficients considered in this case are 0.8 kW /(m? °C) for water and
slightly viscous substances and 0.3 kW/(m?°C) for viscous
substances.

Designing the collector network for dairy industry case study, a
target temperature of 100 °C is set and the thermal load levels vary
according to the evaluated 4T,,;,. For example, for a 4T,;; = 5 °C
the solar collector area, with 435 units, is 796 m2. These values
increase as the 4T,,;;, does the same one; in the same way rising of
the requirement of thermal load (minimum hot utilities).

Once the energy requirements of the process have been deter-
mined using Pinch Analysis, the different costs associated with the
heat recovery network and utilities are calculated. In addition, it is
possible to determine the solar fraction that can be achieved by
integrating STE, through a network of solar collectors. With this, it
seeks to increase the supply time, by determining temperature
levels below the maximum. Figs. 7 and 8 show the location of Pinch
point and thermal loads corresponding to each temperature level
by varying 4T, GCC is constructed with modified temperatures,
whereby the heating service supply, in Fig. 7 is at 99 °C for
AT = 8 °C, and in Fig. 8 is at 104 for a °C = 18 4T,,;;;,. Comparing
the information provided by both curves, it is seen the supply
temperature for Fig. 7 is 95 °C with a heat load of 265 °C, while for
Fig. 8 the supply kWtemperature is also 95 °C, however, the ther-
mal load is increased to 415 kW. In both cases the temperature level

Milk
Pasteurized milk i N
75 ¢ l Milk 44 °C
Pasteurizer Economizer Cooler
Raw milk 35°C l Milk 42 °C

Fermentation of milk and

yogurt

Boiler

l

Non fermented drinks mixer

unity

l

Store
4-10°C

Coagulation vats/cheese

Fig. 6. Diagram of the main stages of the dairy product process.

Table 1
Dairy process stream data.

Streams Description Tinter (°C) Toutter (°C) CP (kW /°C)
H1 Effluent pasteurised milk 75.00 44.00 4.38
H2 Boiler water 95.00 78.00 10.63
H3 Input milk 44.00 36.00 5.84
H4 Water of the storage tank 73.30 40.00 1.94
H5 Water of the rennet vats 40.00 38.00 3.89
H6 Water of the storage tank 62.40 25.00 9.30
H7 Water of the storage tank surplus 62.40 25.00 12.90
C1 Mains water for boiler 12.20 95.00 10.63
c2 Raw milk input 4.00 35.00 438
c3 Milk input 35.00 75.00 4.38
c4 Mains water for cooler 12.20 18.00 6.35
c5 Mains water 12.20 38.00 2.64
C6 Milk from rennet vats 34.00 35.00 3.89




G. Martinez-Rodriguez, A.L. Fuentes-Silva, D. Velazquez-Torres et al.

120
100 A1

Temperature (°C)

80
60
40
20

120

§ 100
80
60
40
20
0

Temperature (

Energy 239 (2022) 122332

200

400 600

Enthalpy (kW)

Fig. 7. Grand Composite Curve, 4T,,;, = 8°C, dairy process.
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Fig. 8. Grand Composite Curve, 4T,;;, = 18 °C, dairy process.

for the energy requirement can be supplied with low-temperature
solar collectors, and the solar fraction is 1.

Continuing with the procedure outlined in section 2.1, Table 2
shows the results of the utilities (Q, and Q.), the area of heat re-
covery network (Apgy) and the costs for the dairy industry by
varying 4T, from 5 °C to 25 °C. The Pinch temperatures are below
of the SCN target temperature. The minimum hot utility increases
58%, changing from 220 kW to 522 kW while the area of heat re-
covery network reduces 60%.

For all the 4T,,;, considered in dairy process, 5 to 25 °C, the solar
fraction is one. It means that it is possible to deliver total heat duty
with STE. The selected scenario will depend on the STE integration
available total area, the costs of solar system and integrated system.
Table 3 shows the relationship between the ATy, (4, area of solar

Table 2
Costs of the heat recovery network, utility systems and cost of energy integration for different 4Ty,;,, in a dairy process.

AT pin Qn Q. T pinchshifted AlrN CHRN CHRrNA Cys Cra

0 (kW) (kW) (°C) (m?) ($) ($/y) ($/y) ($/y)

5 220 186 59.9 324 2,228,359 158,108 39,457 197,564
6 235 201 59.4 298 2,105,172 149,367 42,234 191,601
7 250 216 58.9 277 2,003,373 142,144 45,010 187,155
8 265 231 58.4 260 1,917,042 136,019 47,787 183,806
9 280 246 57.9 245 1,842,409 130,723 50,564 181,288
10 295 261 57.4 231 1,776,863 126,073 53,341 179,414
11 310 276 56.9 220 1,718,732 121,948 56,118 178,066
12 325 291 56.4 209 1,666,687 118,256 58,895 177,150
13 340 306 55.9 200 1,619,710 114,922 61,672 176,594
14 355 321 55.4 192 1,577,005 111,892 64,448 176,341
15 370 336 54.9 184 1,537,932 109,120 67,225 176,345
16 385 351 54.4 177 1,501,988 106,570 70,002 176,572
17 400 366 53.9 170 1,468,775 104,213 72,779 176,992
18 415 381 53.4 164 1,437,955 102,026 75,556 177,582
19 430 396 52.9 159 1,409,268 99,991 78,333 178,324
20 445 411 524 154 1,382,478 98,090 81,110 179,200
21 460 426 51.9 149 1,357,385 96,310 83,886 180,196
22 475 441 51.4 144 1,331,230 94,454 86,663 181,117
23 490 456 50.9 139 1,306,563 92,704 89,440 182,144
24 505 471 50.4 135 1,283,245 91,049 92,217 183,266
25 522 487 49.9 130 1,293,338 91,766 95,287 187,052
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Relationship between 4T,,;,, with size of the solar collector network and the thermal storage system.

AT 1in Q; Solar fraction SCN array Area of SCN Csen Vrss Crss Solar thermal payback
(°Q) (kW) (3] (m?) ($) (m3) ($) 67)
5 220 1.00 15x29 796 244,195 21 21,299 19
6 235 1.00 16x29 849 259,632 23 22,004 1.9
7 250 1.00 17x29 902 275,058 24 22,696 1.9
8 265 1.00 18x29 955 290,474 25 23,376 1.9
9 280 1.00 19x29 1008 305,289 27 24,044 1.9
10 295 1.00 20x29 1061 321,275 28 24,702 1.9
11 310 1.00 21x29 1114 336,662 30 25,349 1.9
12 325 1.00 22x29 1168 352,041 31 25,988 1.9
13 340 1.00 23x29 1221 367,413 33 26,617 1.8
14 355 1.00 24x29 1274 382,777 34 27,238 1.8
15 370 1.00 25x29 1327 398,135 35 27,851 1.8
16 385 1.00 26x29 1380 413,486 37 28,457 1.8
17 400 1.00 27x29 1433 428,831 38 29,056 1.8
18 415 1.00 28x29 1486 444,170 40 29,648 1.8
19 430 1.00 28x29 1486 444,170 41 30,234 1.8
20 445 1.00 29x29 1539 459,503 43 30,814 1.8
21 460 1.00 30x29 1592 474,832 44 31,387 1.8
22 475 1.00 31x29 1645 490,155 46 31,956 1.8
23 490 1.00 32x29 1698 505,473 47 32,518 1.7
24 505 1.00 33x29 1751 520,786 48 33,076 1.7
25 522 1.00 34x29 1804 536,095 50 33,687 1.7

system (includes the area of SCN and solar energy storage system)
and the associated costs. The simple payback time practically is
constant.

The annualised costs of each component of the integrated solar
thermal system change significantly with the increase of 4T,;,. The
cost of auxiliary services and annualised cost of the solar energy
storage system are notably lower with respect to the annualised
costs of SCN and heat recovery network. These relations can be
used to achieve different design objectives of the solar thermal
system.

Fig. 9 shows the trend of annualised costs of heat recovery
network (Cygna) and the integrated solar thermal system (Cpy is).
Both curves present a similar behaviour with a minimum point as it
increases 4T,,;;,;. However, the selection of the objective will define
ATpin - The difference between both curves is given by the non-
linear increase in hot minimum utility.Crz s

Greenhouse gas emissions are zero in all cases, because it is
possible to eliminate the use of fossil fuels. Although this objective
is covered with each CO,, another additional objective is sought.
Table 4 shows the results obtained when evaluating the kWh,
emissions, the costs of the energy, in kWhy, for the solar system
(kWh;s) and of the integrated solar thermal system (), for the
different 4T,,,;;,. Making a comparison between the cost of kWhy,
and the cost of kWh;g, the latter is larger by approximately 3.6—9.7
times, and its absolute value decreases very significantly with the
increase of AT,.

240,000 |
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T < HRNA
25 180,000 Te——
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235 C
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>
[
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Fig. 9. Behaviour of annualised cost of the integrated solar thermal system, Cygna, and
the annualised cost of the heat recovery network, AT, at different AT,,;,.

Table 4
Determination of CO, emissions and energy cost for different ATy,;,.
AT iy (°C) CO, emissions (ton/y) kWh,,(S/kWh) kWh;s(S/kWh)
5 0 0.0490 0.4771
6 0 0.0486 0.4293
7 0 0.0483 0.3908
8 0 0.0481 0.3591
9 0 0.0477 0.3323
10 0 0.0476 0.3097
11 0 0.0474 0.2901
12 0 0.0472 0.2731
13 0 0.0470 0.2583
14 0 0.0469 0.2451
15 0 0.0467 0.2335
16 0 0.0466 0.2230
17 0 0.0464 0.2137
18 0 0.0463 0.2052
19 0 0.0447 0.1961
20 0 0.0447 0.1891
21 0 0.0446 0.1828
22 0 0.0446 0.1768
23 0 0.0445 0.1713
24 0 0.0445 0.1662
25 0 0.0443 0.1635

3.2. 2G bioethanol industry from agave

Second generation of bioethanol production process uses agave
as its raw material. This case study is of significant relevance, since
Mexico is one of the countries with the largest areas of cultivation
of this plant worldwide. The revised industrial process is based on
the work of Oseguera-Villasenor [35].

3.2.1. Process description

The process for obtaining bioethanol from agave is graphically
described in Fig. 10. Tequila and mezcal industry, only takes
advantage of 40% by weight of this product when processing the
pineapple from agave. After performing a mechanical separation,
the pineapples go to a cooking process, completing this task, a part
enters together with the agave bagasse to a grinding process where
acid hydrolysis is carried out, a fraction of the output enters an
enzymatic hydrolysis as waste, the output of both processes is fed
to the fermentation process; lignin is obtained from enzymatic
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Fig. 10. Block diagram of the bioethanol production process from agave.

hydrolysis, which can be used as a biofuel.

After fermentation, the ethanol-water mixture enters an
ethanol purification process, whatever the raw material or the
process, the product obtained from the fermentation is a dilute
solution of less than 10% by weight of ethanol. In the bioethanol
purification process a conventional distillation column is used,
there, the mixture must be brought as close to the azeotrope as
possible, the distillate then passes to a second column where a
second purification is carried out using a mass extraction solvent,
the purity specified is 99.5% so that it can be used as an additive
mixed with gasoline.

The bioethanol purification operation demands the highest
energy consumption in the process. The thermal load required for
purification is 97,915 kWh in a process that operates 24 h for 350
days a year. A natural gas boiler generating 205 °C of saturated
steam provides this service.

3.2.2. Detailed solar thermal integration for bioethanol process

In this work, the integration of STE will be carried out in the
ethanol purification section. Table 5 shows the data of the process
streams that will be used for the integration of STE.

The values of the convective heat transfer coefficients consid-
ered in this case are 0.8 kW/(m? °C) for water and slightly viscous
substances and 0.3 kW/(m? °C) for viscous substances.

Using Pinch Analysis, the energy requirements of the process
and the amount of energy that can be supplied with the integration
of STE, using a network of low-temperature solar collectors are
determined. Table 6 shows the energy and cost results of heat re-
covery network, evaluated between 5 and 25 °C. The Pinch tem-
perature is far below of the target temperature (105 °C) delivered

Table 5
Data of the 2G bioethanol production process streams.
Streams  Description Tintet (°C)  Toutter °C)  CP (KW /°C)
H1 Ethanol-water 78.23 78.20 11,888.33
H2 Water SA-R1 185.22 100.00 3.27
H3 Anhydrous ethanol 78.57 78.28 434.44
H4 Water SA-R2 204.00 185.22 4.27
H5 Side stream water 106.00 20.00 1.19
H6 Glycerol outlet stream  194.00 20.00 6.36
H7 Water outlet stream 100.00 20.00 38.82
C1 Ethanol-water 20.00 79.00 59.83
c2 Water SA-C1 20.00 62.87 8.31
c3 Ethanol-water R1 99.97 100.00 9,308.00
C4 Water SA-C2 20.00 35.68 8.03
c5 Ethanol-glycerol R2 107.68 194.88 0.92
C6 Glycerol 20.00 194.00 6.84

for the SCN. By varying the 4T,,;, from 5 °C to 25 °C, the minimum
hot utility increases 59%, which impacts on the annualised total
cost.

As stated in the method, once the energy requirements of the
process have been obtained, the design of the SCN is carried out, the
supply temperature to the process is 105 °C and the environmental
parameters considered were from winter period. The design of the
network is carried out considering a supply time of 24 h. Table 7
shows the solar fraction, f, which indicates the amount of heat
that the process will receive from a SCN, Qy scy. Next, the costs of
the network and the design, and costs of the thermal storage sys-
tem are obtained, the latter is related to the heat supply time and
the temperature level required by the process. Temperature levels
from the minimum hot utility after 4T,;, = 5 °C, could not be
reached by a low-temperature SCN. The simple payback time
almost is constant. In this study case the CO, emissions could be
until 391 ton/y. The area of SCN required for supply the heat load is
significantly bigger, compared with the absorber area for dairy
process.

Once the minimum utilities, hot and cold, have been defined,
starting from 4T,,;,, the following analysis focuses on locating the
levels of utilities and matching them with the solar thermal avail-
ability, based on the selected collector network, maximising the use
of STE and reducing the costs of services. Unlike the dairy case
study, where in all 4T,;, the solar fraction is equal to one, in the
bioethanol process this only occurs with a 4Tp,;, = 5 °C.

4. Analysis of results

Based on results obtained for an industrial process, exist many
objectives that could be reached when carrying out a comprehen-
sive integration of STE. The set of objectives and variables are
analysed to have a panoramic view of the process needed in making
decisions. Checking the results, it is possible to identify scenarios
where the solar fraction is equal to one, maximising the heat
exchanger process to process, and minimising the hot utility and
the size of SCN. Cost is the variable that define the viability of the
solar system, and with that, the integration of the STE.

4.1. Dairy process scenarios

4.1.1. Scenario 1
Objectives: minimum cost of the heat recovery network, solar
fraction equal to one and increasing the operation time of the SCN.
The minimum cost of heat recovery network is the variable most
significant in the integration of STE in the process. For this case, the
ATminen is 14 °C, the thermal load is 355 kW and it can be supplied
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Table 6

Results of the energy integration of bioethanol production process from agave to different 4T,;,.
AT min Qn Q. Tpinch shifted AHRN CHRN CHRNA Cuys Cra
(°Q) (kW) (kW) g9 (m?) ($) $/y) (S/y) (S/y)
5 637 232 225 854 4,155,997 336,158 103,635 439,793
6 683 278 23.0 808 3,973,698 321,413 112,216 433,629
7 730 325 235 763 3,795,348 306,987 120,797 427,784
8 776 371 24.0 722 3,630,084 293,619 129,378 422,997
9 822 417 245 689 3,497,874 282,926 137,959 420,884
10 869 464 25.0 660 3,381,395 273,504 146,540 420,044
11 915 510 255 634 3,277,754 265,121 155,120 420,241
12 961 557 26.0 611 3,184,790 257,602 163,701 421,303
13 1,008 603 26.5 594 3,116,174 252,052 172,282 424,334
14 1,054 649 27.0 575 3,039,793 245,874 180,864 426,737
15 1,101 696 275 559 2,970,570 240,275 189,444 429,719
16 1,147 742 28.0 547 2,922,980 236,425 198,024 434,450
17 1,193 789 285 533 2,866,763 231,878 206,605 438,483
18 1,240 835 29.0 521 2,815,016 227,693 215,187 442,879
19 1,286 881 29.5 509 2,767,253 223,829 223,767 447,596
20 1,333 928 30.0 499 2,723,087 220,257 232,348 452,604
21 1,379 974 305 489 2,682,155 216,946 240,929 457,876
22 1,425 1,020 31.0 480 2,644,155 213,872 249,510 463,382
23 1,472 1,067 315 471 2,608,823 211,015 258,090 469,105
24 1,518 1,113 320 463 2,575,918 208,353 266,671 475,024
25 1,564 1,160 325 456 2,545,238 205,872 275,252 481,124

Table 7

Results of the integration of solar thermal energy from the bioethanol production process from agave to different AT,,;,.
AT ppin Qpnsen f Ascn Cscn Cscva Viss Crss Crssa CO,emissions Solar thermal Payback kWhyy, kWh;
9] (kW) (m?) $) (S/y) (m3) ($) (S/y) (ton/y) ) (S/kWh)  (S/kWh)
5 637 1.00 9,393 2,706,553 192,037 260 288,027 20,436 0 1.76 0.0897 0.1061
6 584 0.86 10,030 2,887,894 204,903 278 301,042 21,360 169 1.75 0.1031 0.0992
7 624 0.86 10,720 3,084,272 218,837 296 313,803 22,265 181 1.75 0.1017 0.0934
8 663 0.86 11,357 3,265,479 231,694 314 326,331 23,154 192 1.74 0.1002 0.0883
9 703 0.86 11,994 3,446,629 244,547 333 338,643 24,028 204 1.74 0.0988 0.0841
10 742 0.86 12,684 3,642,815 258,467 351 350,754 24,887 216 1.74 0.0977 0.0807
11 782 0.85 13,321 3,823,858 271,312 369 362,679 25,733 227 1.73 0.0965 0.0777
12 821 0.85 14,010 4,019,936 285,224 387 374,428 26,567 239 1.73 0.0956 0.0751
13 861 0.85 14,647 4,200,885 298,063 405 386,013 27,389 251 1.73 0.0946 0.0730
14 900 0.85 15,284 4,381,793 310,899 424 397,442 28,199 262 1.72 0.0936 0.0709
15 940 0.85 15,974 4,577,733 324,801 442 408,725 29,000 274 1.72 0.0929 0.0692
16 980 0.85 16,611 4,758,562 337,632 460 419,870 29,791 286 1.72 0.0921 0.0677
17 1019 0.85 17,248 4,939,357 350,459 478 430,883 30,572 297 1.71 0.0913 0.0662
18 1060 0.86 18,097 5,180,365 367,560 501 444,232 31,519 306 1.72 0.0912 0.0652
19 1098 0.85 18,575 5,315,907 377,177 515 452,540 32,109 321 1.71 0.0899 0.0638
20 1138 0.85 19,211 5,496,604 389,998 533 463,195 32,865 332 1.71 0.0893 0.0627
21 1177 0.85 19,901 5,692,326 403,885 551 473,742 33,613 344 1.71 0.0887 0.0618
22 1217 0.85 19,530 5,586,941 396,407 542 468,343 33,230 356 1.71 0.0846 0.0598
23 1256 0.85 19,211 5,496,604 389,998 532 462,916 32,845 367 1.71 0.0808 0.0581
24 1296 0.85 18,893 5,406,259 383,587 523 457,461 32,458 379 1.71 0.0773 0.0565
25 1335 0.85 18,521 5,300,848 376,108 514 451,975 32,069 391 1.71 0.0738 0.0549

at 100 °C with a network of 696 flat-plate solar collectors and a
thermal storage volume of 34 m3 (see Table 3, Section 3.1.2). To
supply the thermal load required by the process, the SCN operates
for 3h(11:15 a.m. to 2:15 p.m.). Designing of the SCN, however, was
developed considering that STE will not be fed to the process
directly from the network. But rather that, the entire thermal load
required by the process will be stored to be supplied the next day
during 5 h of operation (8:00 a.m. to 1:00 p.m.). By matching the
temperature of multiple utility targets with the solar availability at
the different temperature levels required by the process, at the
selected ATpin h, the thermal energy requirement can be supplied
at two temperature levels, that is, 157 kWat 71 °C and 198 kWat 100
°C, as shown in Fig. 11.

In this case, it is possible to design 2 smaller SCN that meet the
heat loads, as result the absorber area decreases by 24%, this is due
part of the thermal load is provided at lower level of temperature,
increasing the period of operation of the solar field, and

10

consequently decreases the number of parallels of the network. The
results of these assertions can be seen in Table 8.

4.1.2. Scenario 2

The same objectives are sought as in the previous scenario and
additional way to generate power.

If using the original SCN, that is, a network with 696 solar col-
lectors, there would be a 21% surplus of hot water at 100 °C. This
would be achieved by identifying two levels of temperature (71 °C
and 100 °C) to supply the heat duty to the process. It means the
original design of the SCN is oversized; an excess of thermal energy
is generated. This surplus could be used to generate another ser-
vice, for example electricity. All this in addition to complying with
the reduction of CO, emissions and lower cost of the heat recovery
network.
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Fig. 11. Pairing temperatures of multiple utility targets with the availability of solar energy for the dairy process (4T, = 14 °C).

Table 8

Design of solar collector networks for different thermal loads and required temperature level.

Thermal load (kW) Supply temperature (°C) Operation period (h) SCN array Area of SCN (m?)
355 100 24x29 1,274

157 71 4x29 225

198 100 13x29 732

4.1.3. Scenario 3

Objectives: Solar fraction equal to one, competitive cost of en-
ergy in kWh and the smaller absorber area of SCN.

There are some options that can accomplish the objectives.
However, the point that defines the selection is the smaller area.
The objectives mentioned are met for a 4Ty = 20 °C. At this
point, the variation in the cost of energy begins to decrease
considerably, it is observed in Fig. 12, after this point the cost of
energy in KWh trends to be constant.

Under these conditions, the absorber area of the solar field is
1539 and the STE cost in m? is 0.0447 kWh, Comparing the STE
cost, in USDkWh;,,kWh$ with the conventional energy system, in
MMBTU, the ratio is 0.85 times. Currently, the cost of steam pro-
duced from conventional sources ranges from USD/ kWh 12—15 per
(ie 0.0410—0.0520 kWh).

4.2. 2G bioethanol process scenarios

4.2.1. Scenario 1

Objectives: minimum cost of the heat recovery network, solar
fraction equal to one and increase the operation time of the SCN.

There is only one case where the solar fraction is equal to one.
This happens when = 5 °C. The STE cost is 0.0897 USD/ kWh and
the absorber area of the solar field is 9,393 m?. One way to increase
or maximise the operation of the solar device is using different
temperature levels to supply the heat load required by the process.
Fig. 13 is a graph showing the match between multiple utility tar-
gets and solar thermal availability of the collector network. For
ATpin = 5 °C (AT in, ), the temperature levels of the utilities are
40 °C and 103 °C. The deliver times for each temperature level are 8

0.0600
0.0550 A
0.0500 gy .
0.0450 A ——r—
0.0400 A
0.0350 A
0.0300 T T

5 10 15 20 25

ATmin (°C)

energy (USD/kWh)

Cost of solar thermal

Fig. 12. Cost per kWh,, of solar thermal energy (A4T,,;,) for different AT, -

h and 2.5 h, with a total thermal requirement of 637 kW. In this
scenario, it is possible to supply the entire thermal load of the
process with solar energy with a network of 5,133 solar collectors
(9,393 m2). Two levels of temperature are represented and their
thermal load, respectively, the thermal requirement is 565 kWat 40
°C and 72 kWat 103 °C.

It is possible to design 2 solar fields that supply the heat load.
Keeping the 9,393 m? solar field running at two temperature levels
will result in an energy surplus of 44%, as the original design rea-
ches 105 °C. Or, if two solar fields are used that supply thermal
loads at 40 °C and 105 °C, the size of the SCN could be reduced by
up to 49% as can be seen in Table 9.

4.2.2. Scenario 2

Objectives: Restrictions of available area, reduce CO, emissions
and energy cost in kWh;s.

Restrictions on the absorber area is something that could
happen when the solar collector area is big. In this case, the ob-
Jectives could be accomplished with AT, 4 = 6 °C with a cost per
kWh of solar thermal integrated system of 0.0992 USD. The solar
collector area is of 10,030 m?, emissions of CO, to environment are
169 ton/y with a solar fraction of 0.85. In this scenario 99 kW are
required at temperature level higher to 105 °C of the hot utility.

4.2.3. Scenario 3

Objectives: Lower cost of energy in kWhy, and in kWh;, a small
SCN and, reduce the emissions of CO5.

Behaviour of kWhenergy cost is opposite regard to kWhj,
when 4T,,;, increases. In this study case, the solar fraction is almost
constant except for 4T, = 5°C. Thus, the lower cost of energy,
without surface limitations to the installation of a solar collector
field is reached with a AT, i, of 25 °C. In this case the absorber
area is 18,521 m? and the cost of STE in kWhy, is 0.0738 USD/kWh.
The emissions of CO,, under this criterion, are 391 ton/y and the
cost of integrated energy system, in kWh;, is 0.0549 USD/kWh.
However, if there is a limitation for the area of installation of the
solar field, it is still possible to accomplish the other two objectives
(lower energy cost and emission reduction) with a 4T,;;;, s, =15 °C.
At this point the absorbing area decreases by 14% (final installation
area: 15,974 m?). Now the cost of energy in kWhy, and in kWh;, are
0.0929 y 0.0692 USD/kWh respectively. The solar fraction is 0.85
and the emissions of CO, are 274 ton/y. Fig. 14 shows the trends of
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Fig. 13. Pairing temperatures of multiple utility targets with the availability of solar energy for the bioethanol process (4T, = 5 °C).

Table 9

Design of solar collector networks for different thermal loads and required temperature level.

Thermal load (kW) Supply temperature (°C) Operation period (h) SCN array Area of SCN (m?)
637 105 2.5 177x29 9,393
565 40 8.0 67x29 3,556
72 105 2.5 24x29 1,274
0.15 - kWh. The cost to produce hot water or vapour using natural gas is
%013 1 0.0520 USD/kWh.
e< 0.11 4 2G Bioethanol process obtained from agave presented only one
= NS o . .
f_“a‘ 0.09 - —v— result with solar fraction equal to one and A4T,;, = 5°C. Solar
,;%, 009 | *\ fraction in other cases was constant (0.85). In these cases, the
8~ 005 1 absorber area reached values of 18,521 m? and emissions of 6957
0.03 T T . S ton/y. The STE cost in kWhy, reduced up to values of 0.0738
5 10 15 20 25 USD/kWh, the ratio with the cost obtained using natural gas was
ATmin (°C) 1.4.

Fig. 14. Cost per kWh of solar thermal energy for different AT,,;,. Trends of kWhy, (gray
line) and kWh;s (black line).

energy cost. The kWhy, (gray line) is more expensive than the kWh;,
(black line).

5. Conclusions

The proposed design method, comprehensive solar thermal
integration for industrial process, let to accomplish multiple ob-
jectives, maximising in each one of the scenarios the use of STE, the
operation time of the SCN, the solar fraction. In both study cases the
Pinch temperature is below 100 °C.

In each case study, different scenarios were evaluated, and the
defined objectives were different depending on the needs of the
processes. However, with an approach based on design objectives,
it seeks to maximise the integration of STE to have more sustainable
processes. With the use of AT,;;, ¢ a design space is opened for the
achievement of objectives, which are sought to be attained simul-
taneously, such as: zero CO, emissions, increase in the supply time
of the network of solar collectors, production of surplus energy to
be used in other forms of energy, adaptation to limited installation
surfaces, among others.

In the dairy process case, it was possible to achieve zero CO,
emissions with low temperature solar thermal collector networks
by carrying out a detailed integration that maximises the solar
fraction to one, through the analysis of the variables considered in
the method. The STE cost, in kWhy;, is competitive in all considered
cases from 5 °C to 25 °C with values from 0.0490 to 0.0443 USD/

12

Comparing with other relevant works [10,36], this study opens
the possibility of achieving zero CO, emissions, in addition to
foresee multiple utilities. With the present solar integration
approach, the operation of the SCN was determined and it was
possible to reduce its area by up to 49% for the bioethanol industry
and up to 24% for the dairy industry, or to have energy surpluses of
up to 44% for the bioethanol industry and 21% for the dairy industry,
in addition to significantly increasing of supply time of the SCN,
keeping constant its area and the storage capacity.

The scope of the present design approach is even greater since it
could be scaled, for example, with medium temperature solar
thermal technology or other design objectives.
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