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Abstract: Economic criteria have prevailed in studies on integration of renewable energies. Tons
of dangerous emissions are emitted by a biomass fuel, causing negative impacts over atmosphere
and health. Current research proposes Pinch Analysis of solar thermal energy and the joint use
of biomass (sugarcane bagasse) to produce heat and power in a Caribbean sugar mill; measuring
emissions like: carbon oxide CO, carbon dioxide CO,, dinitrogen monoxide N>O, nitrogen oxides
NOy, sulfur oxides SOy, non-methane volatile organic compounds NMVOC, methane CHy, and
particulate matters, to have a global and clear view of the impacts of biomass as a renewable fuel.
Variables like kWh cost, the installation and device area of renewable energy, and greenhouse gas
emissions, are analysed to assess the effect on the integration final design, the target of which is to
control the use of biomass. It is possible to produce an economically competitive integration design of
solar system LCOEy, 591, = 0.0636 USD/kWh, LCOE,, = 0.1392 USD/kWh), zero greenhouse gases
emissions (AT,iurew = 7 °C), and deletion of 378,711.53 t/year of CO, and 9567.56 t/year of solid
particles. There are many possibilities that can implemented; in one of them, bagasse burning is
reduced by 30% and the solar collector network for required power production is reduced by 68%.

Keywords: renewable energies; power and heat production; greenhouse gases emissions; zero

emissions; Pinch Analysis; biomass

1. Introduction

Transition towards renewable energies is a global topic in constant evolution with
objectives established a priori. In general, the renewable kWh cost is the parameter that
defines the installation of clean technology. There are other parameters that must be
considered, including simple payback time, levelised cost and occupied area of the re-
newable device. All of these are of relevance during design, installation, and operation of
renewable systems.

There are some papers related to renewable energy integration in industrial processes.
Martinez-Rodriguez et al., in 2019, [1] carried out the solar thermal energy integration to
dairy process, supplying the total heat load. Simple payback times less than three years
were calculated. Valderrama et al. (2020) [2] used 60% of sugarcane bagasse to produce
heat and power in a bioethanol production process (1G and 2G). Taking account of the
variability of some renewable energies like solar, renewable hybrid systems have been
proposed that seek to give confidence and certainty to the energy systems of the industrial
sector. Da Silva et al. (2020) [3] studied the energetic aspects related with the adoption of
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a hybrid system compound by a parabolic trough collector solar field (PTC), a biomass
burner (biomass: Eucalyptus grandis wooden briquettes), an intermediate thermal oil circuit,
a regenerative organic Rankine cycle (ORC), and an absorption cooling system to deliver
the energy demand of a small industrial plant in Brazil. It considered the solar energy
like the primary source and the biomass as secondary ones. Tsimpoukis et al., 2021, [4]
analysed, in energetic terms, the concept of a trigeneration system of super-critical CO; to
cover the needs of a cold store in Athens, with simultaneous production of electricity and
heating. This system took advantage of captured solar energy by PTC and biomass (dry
straw) as a supplemental energy source to increase the temperature of CO; at high pressure
in a turbine that is coupled to a generator. The study analysed different scenarios. Simple
payback time was four years for solar collectors, and 13.5 years for the biomass boiler. The
financial savings were equivalent to EUR 542,000 and EUR 22,900 for the estimated useful
life of the project. In the works mentioned above, biomass had a role as a secondary energy
or backup system, to buffer the variability of the solar resource.

There is research about the economic and environmental advantages in using biomass
co-fired with coal for the reduction of net emissions of CO, [5], because there is a balance
between the amount of carbon dioxide absorbed by plants while they are growing, and the
amount released during biomass burning; an activity that is carried out at an industrial
level in European countries with relative success [6], since the use of fuels obtained from
biomass is considered a sustainable energy source, and they are highly recommended as
carbon neutral fuels [7]. However, the common theme of biomass burning is its significant
contribution in relevant pollutants in addition to CO;, such as SO, and black carbon,
to name a few. So, the use of biomass as a renewable fuel must be approached from a
comprehensive point of view when evaluating its impacts on the global environment and
climate region [7].

The burning of some biomass residues also produces toxic compounds, including
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/F), which are listed as
persistent organic pollutants and have been linked to adverse risks to human health that
should not be ignored [8]. These health risks include chloracne, immunotoxicity, endocrine
disruptors, mutagenicity, and carcinogenicity [9-11]. In the United States, more than
14% of PCDD/F air emissions are from controlled sources of the combustion of wood
used for heat and power generation, which is much higher than waste incineration and
coal combustion [12]. Small-scale industrial combustion was also found to be the main
source of PCDD/F emission in Guangzhou, China [13]. The annual estimate of PCDD/F
emitted by biomass combustion in the industrial sector was approximately 208 g of I-EQT
(international toxic equivalency factors) in China, which represents 2% of total national
emissions, annually [8].

50; is a widely cited air pollutant that has important effects on ecosystems, human
health, and the climate [14]. Total emissions originating from all sources, including biomass,
reached 105.4 Tg in 2014, with 43% coming from power plants and 35% from industry [15].
50, emissions are not negligible, especially in many developing countries and certain
developed countries [16]. In the US, France, Germany, Finland, India and other Asian
countries, contributions of SO, to biomass are increasing [17].

World sugar production is expected to recover from the current fall and rise by
approximately 16%, this projected upturn in the economy of the sugar sector will pro-
mote an increase in emissions resulting from the burning of biomass.

According to the Intergovernmental Panel on Climate Change, regarding global warm-
ing impacts of 1.5 °C [18], to accomplish the zero CO; emissions goal in 2050, an unprece-
dented energy transition is imperative, in all sectors of society. The goal requires the
transition from fossil fuels to clean energies to reduce or eliminate the generation of GHG
emissions. The industrial sector, in particular, must decrease their direct CO, emissions,
by 2050, by 6 Gt (66% of current levels), and limit energy use to 200 E]J (40% below current
levels) [5]. There is a well-established industry of burning biomass to produce energy
across the world. However, it must be borne in mind that regardless of the type of biomass



Energies 2022, 15, 2338

30f16

used, gases and particulate matters are emitted in large, uncontrolled quantities, which
maintain high levels of carbon in the environment and persistent pollution.

The purpose of this research work was to supply the energy of an industrial process
through an energy system design with controlled emissions, through the incorporation
of solar energy and biomass. The emissions caused by use of natural gas are compared
against those caused by the burning of sugarcane bagasse, since it is generally perceived
that the latter generates fewer emissions, compared to other fossil sources. The results
indicate that the burning of sugarcane bagasse generates a greater variety and quantity of
emissions than natural gas. There are scenarios in which it is possible to integrate an energy
system based on solar thermal energy that meets technical, environmental, and economic
criteria, which guarantee the total supply of energy for an industrial process. Alternatively,
there are scenarios where it is convenient to combine the use of biomass and solar thermal
energy, where the former is used setting a priori control of emissions. When the objective is
to reach a solar fraction of 0.5, the area of the solar collector network is reduced by 48%.
There is a direct relationship between the solar fraction, the emissions, and the area of the
solar field.

2. Integration of Solar Energy and Reduction of Burning Biomass

The industrial sector uses the bagasse mainly like backup. In bagasse burning, the
generation of dioxins, particulate matters (PM), and volatile organic compounds (VOC) is
common. These gases are extremely dangerous for human health [11]. In the case study of
bioethanol processes 1G and 2G, described by Valderrama et al. [2], the bagasse is burned
for heat and power cogeneration.

This study shows how the integration of solar energy could be used to substitute in a
partial or total way the use of bagasse as a biofuel, and how the integration of solar energy
controls and reduces the generation of dangerous gases from biomass burn. An economic
analysis, associated with the amounts of pollutants generated by biomass burning, shows
that biomass can be replaced by solar thermal to produce heat and power, and thus,
reducing biomass burning is feasible. The caloric value of sugarcane bagasse taken in this
study is 8477.4 ] /kg [19] to estimate the heat load produced by the boiler (in Table 1).

Table 1. Calorific value of sugarcane bagasse in kJ/kg.

Calorific Value (kJ/kg)
Bagasse (wet basis) 8477.4
Bagasse (dry) 18,096.7

2.1. Bioethanol Production Process (1G and 2G) from Sugarcane

The case study is a sugar mill located in Valle del Rio Cauca, Colombia. To produce
38 ton/h per day and 12,654.5 kg /h of bagasse, 40% of bagasse is returned to the process,
the rest is used to deliver the energy required by the process. The sugar mill operates
18 h/day [20] and produces 29,023.95 kg/h of superheated steam at 510 °C and 66 bar with
an efficiency of 64%, to produce electricity in a turbine with a power of 3147.30 kW and
with an isentropic efficiency of 69.9%. The steam produced is destined for the stages of
evaporation and crystallisation, in addition to the generation of power.

Bioethanol process unit operation is shown in Figure 1. First, cane juice is extracted by
grinding the raw material; at this stage, bagasse is obtained as a residue. The juice extracted
in the first stage is clarified by adding lime and flocculants, this allows neutralisation of
the juice and eliminates the solids and impurities present in it. Clarified juice goes to
the evaporation stage, where water is extracted and then concentrated until a molasses is
obtained. In the crystallisation stage, molasses is converted into sugar grains by vacuum
containers of simple effect and the addition of heat, but it is necessary that the mixture goes
through a centrifugation process to separate the grains from the molasses. This molasses
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goes to the fermentation stage in conjunction with the liquor obtained from bagasse. Then,
this fermented broth is distilled, and bioethanol is obtained.
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Figure 1. Production of 1G and 2G bioethanol from sugarcane.

Conventional distillation is used in the purification stage, followed by dehydration
with molecular sieves. This stage consists of three distillation columns: degassing, recti-
fication, and separation of aldehydes; thus, achieving the production of bioethanol with
a concentration of 99%. To design heat recovery network, Table 2 shows data from hot
and cold process streams, which can exchange energy. It also presents the inlet and outlet
temperatures of the streams, their heat capacity flow rate, and the individual heat transfer
coefficient, k.

Table 2. 1G and 2G bioethanol process stream data.

Stream Description Tin (°C) Tout (°C) CP (kW/°C) h (kW/m? °C)
H1 Neutralisation 1 167.0 50.0 22.19 2.0
H2 Neutralisation 2 52.0 25.0 7.63 2.0
H3 Neutralisation 3 52.0 30.0 44.65 2.0
H4 Distillation 1 98.0 32.0 48.36 2.0
H5 Distillation 2 150.0 25.0 5.43 2.0
C1 Extraction juice 25.0 90.0 14.40 3.0
C2 Clarification 1 34.0 85.0 40.34 3.0
C3 Clarification 2 84.0 100.0 50.03 3.0
C4 Separation 1 38.0 50.0 80.14 3.0
C5 Separation 2 93.0 150.0 27.97 3.0

2.2. Solar Thermal Energy Integration

Using the Pinch Analysis, it is possible to identify the minimum hot utility and multiple
hot utility to increase the use of solar thermal energy. Targets can also be set for the utility
load at various levels. Utility levels supplied to the process may be a part of a centralised
site-wide utility system. The grand composite curve (GCC) provides a convenient tool
for setting the targets for the multiple utility levels. AT,,;,, defines these ones looking to
maximise the use of low-temperature solar thermal energy.

2.3. Low-Temperature Solar Thermal Energy

According to the Solar Payback Project [21], 32% of global energy use is in the industrial
sector, and 74% of these energetic needs in industry are from heat. One third of this heat
is covered by low-temperature heat. Almost all the heat process demand required are in
temperature ranges that could be supplied a solar thermal system. Pursuant to the recently
published Renewables 2021 Global Status Report by REN21, thermal uses in 2018, which
include water and space heating, space cooling, and industrial heat processes, accounted
for more than half (51%) of total final energy consumed.
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Identifying the minimum hot utility and multiple utility levels, the next step is to design
the solar collector network following the method proposed by Martinez-Rodriguez et al. [1].
The final design arrangement must deliver the temperature using collectors connected in series,
and the heat load, using series connected in parallel. This method also considers heat storage to
guarantee the heat load at the level of target temperature. Lizarraga-Morazan et al., 2020 [22],
furnished a cost equation to calculate the investment of a network of solar collectors. The solar
thermal heat is used to supply the solar heat load, and also to deliver the solar energy required
on the evaporator to produce power through the organic Rankine cycle (ORC).

2.4. Power Cycle: Organic Rankine Cycle (ORC)

The organic Rankine cycle is a mature technology, it has low maintenance costs, a
high degree of automation, and employs more compact equipment compared to water-
steam cycle technology, making it the best commercial solution available for electricity
production [23]. ORC has shown to be a good solution for small- and medium-scale
generation, as well as decentralised generation [23].

The selection of the working fluid requires a thermodynamic study of the operating
conditions, such as low pressure and critical temperature, low specific volume, or high
thermal conductivity, among others, to increase the operation of the ORC. It seeks to
improve the mechanisms of heat transfer to reduce the size of the equipment, save energy
and costs. In addition, the toxicity, flammability, availability, thermal efficiency, and
compatibility of materials must be considered [24]; working fluids with low environmental
impact and a high level of safety must be evaluated.

Ozone depletion potential and the global warming potential (GWP) index are the main
parameters to be considered.

Figure 2 displays the proposal of how to supply the heat load to the evaporator at
105 °C. We used a network of low-temperature solar collectors, designed following the
method proposed by [1].

Solar collector
network

Organic Rankine

Cycle
Hot water
(105 °C)
- Power
H) E: |
Boiler
Storage
District water system ﬁ . Hot water

Figure 2. Basic scheme of the proposed organic Rankine cycle.

In this stage, the heat required by the evaporator (Qeys) is delivered by the solar
collector network and calculated following Equation (1).

Qeva = mfw(h?; - h2)' (1)

where m fw is the mass flow of the working fluid, and h; and k3 (k]/kg) are the enthalpies
at the inlet and outlet of the evaporator. Assuming an isentropic turbine efficiency (#;s,) of
69.9%, the enthalpy at the turbine outlet (h4) is calculated using Equation (2).

h4 = h3 — Miso (h3 - h4, iso) (2)

The work produced by the turbine, W4, is calculated as a function of the turbine
efficiency using Equation (3).

Whurp = 1oy (hs — ha) turt ®)

where 774, is the efficiency of the turbine. A turbine efficiency of 87% was taken [3].
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Condenser heat load (Qcon) is obtained from Equation (4).

Qcon = mf(h4 - hl) (4)

The operating pressure of the condenser is assumed to be 1 atm. /; is the enthalpy
at the condenser outlet, in k] /kg. The power consumed by the pump to move the fluid is
obtained with the following Equation (5).

Tthf(Pz — Pl)
Mpump

©)

Woump =

where 17,ump is the efficiency of the pump. An efficiency of 85% for the pump was taken [3].
The net power output of the system, Wi, is calculated with Equation (6).

Wiet = Wrurpfgen — Wpump (6)

where 774, is the generator efficiency. An efficiency of 89% for the generator was taken [3].
Finally, the ORC efficiency (1orc), in Equation (7), is obtained by using Equations (4)
and (6).

Tore = 5.1, @

To design the evaporator and condenser of the Rankine cycle, the general design in
Equation (8) was used.

Qnx = UAAT MmTD 8)

where U is the overall heat transfer coefficient, in kW/m?2 °C, A is the heat exchange area,
in m?, and ATy prp is the logarithmic mean temperature difference between hot and cold
streams that exchange heat, in °C. In this work, the reported values of U, such as 1.2 and
1.1 kW/m? °C, were taken for the estimation of the exchange area of the evaporator and
condenser, respectively [25]. The costs of the equipment that make up the Rankine cycle
were calculated using the equations [26] reported in Table 3.

Table 3. Cost functions for the components of the Rankine cycle in USD.

Component/Equipment Cost Functions
Turbine, Ci,y Crur = 10(2-6259+1.438910g Wi,y —0.1776(log Wi ) )*
Pump, Cpumy Cpump = 549.13WI7, (1+ =92
Heat exchangers (evaporator and condenser), Cj,, Cpx = 516.621A + 268.45

2.5. Quantification of Bagasse Emission Pollution

Gil-Unday et al. [27] reported real values of pollutants emitted by bagasse in tons
emitted per GWh. Table 4 shows the indices of gas emissions generated. The results
correspond to an environmental impact study of the use of bagasse as an energy source in
sugar mills in Cuba, with the purpose of knowing the morbidity behaviour of respiratory
diseases, the time of occurrence, and the areas of greatest affectation, with the objective to
propose improvements in the process and the community. Solid particles are generated in
large quantities and the effects on human health are mainly related to respiratory diseases;
only in Tuinuct, in 2005, the expenses for these affectations were USD 119,599.23.

Making a comparison of the gases generated between the burning of bagasse and
that of natural gas, which is a more used and less polluting fuel, emission factors were
used to highlight the notable differences in quantity, diversity of pollutants, environmental
and health hazard between both. These factors are generally accepted as representative
values of long-term averages for all installations in the source category. Table 5 presents
the updated emission factors (April 2021) from the Greenhouse Gas Reporting Program of
Environmental Protection Agency (EPA) [28].
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Table 4. Emissions index.

Index t/GWh kg/kWh
coO 0.036 3.6 x 107>
CO, 2125.6 213
N,O 43 x 1074 430 x 1077
NOy 1.6 1.60 x 1073
SOy 0 0

NMVOC 0.02 2.00 x 107>
CH, 1.4 x 1073 1.40 x 107°
Particulate matters 53.7 537 x 102

Table 5. Emission factors for greenhouse gas inventories.

Factor Natural Gas Bagasse
kg/MMBTU kg/MMBTU kg/kWh kg/MMBTU kg/kWh
CO, 53.06 0.181 95.5 0.326
CH, 1.0 x 1073 3.410 x 1076 1.9 x 1073 6.48 x 10~°
N,O. 1.0 x 1074 3410 x 1 42 x 1074 1.43 x 1076

To estimate the total pollutants emitted, the variable E (annual amount emitted) of the
different chemical substances produced during combustion is used. The calculation of E
can be carried out using Equation (9).

E=Y EFW; ©)

where W is the energy consumption of the process, and i and EF; are the factor or emissions
fuel index.

2.6. Economic Analysis

The feasibility and profitability of the proposed renewable energy system, to be
implemented using solar thermal energy and sugarcane bagasse, is defined through an
economic evaluation by the International Renewable Energy Agency [29]. The levelised cost
of energy, LCOE, is an indicator generally adopted for the evaluation of the profitability
of renewable energy systems, with which the power production devices are economically
and spatially sized. The LCOE relates the cost for each unit of energy produced, in USD
per kWh, and is defined by Equation (10).

CFR-Cipp + Cop&maint + Cfuel
Wnet-Hours

LCOE = (10)

The levelised cost evaluates the investment costs of the system (Cj,,,,), the operating

and maintenance costs of the system (Cop&mﬂim), and the fuel costs (C fuel); with respect

to the production of energy by the system, (Wm) is the generation power, and Hours

are the operating hours of the renewable device. The LCOE is estimated for the solar
thermal system (LCOEy, 4,,-) and the solar electricity generation system (LCOE, so1ar)-
The levelised cost of solar thermal energy, LCOEy; 51,4, for industrial heating is determined
to be in the range of 5-9 USD cents per kWhy, [30].

The costs quoted are annualised for a period, using the Equation (11).

(i)
s L (1)
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where i, is the interest rate and n is the system lifespan. For the present study, an interest
rate of 8% and a useful life of the industrial process of 25 years are considered. In investment
costs, the evaluation of the individual components of the system is considered.

Cost of Auxiliary Services and Fuels

The cost of auxiliary services varies according to the sector, the country, and the region
within the same country. In this work, the data reported in Table 6 were taken.

Table 6. Cost of energy services.

Index t/GWh
Steam/heating 16.9102 USD/MMBTU
Cooling water 9.0852 USD/MMBTU
Electricity 0.0838 USD/kWh (Texas, 2022) [31]

The cost of fuels is a variable of interest; in general, fossil fuels are set by the interna-
tional market, but they are also influenced by regional economic policies. Table 7 shows
the prices of fossil and renewable fuels.

Table 7. Fuel prices reported in 2021.

Natural Gas 0.0480 USD/kWh (word average, 2021) [32]
0.052 USD/kWh (Germany, 2021) [32]
Sugarcane Bagasse (Briquette) 145 USD/t [33]

3. Biomass and Solar Energy

The plant operates 360 days a year for 18 h a day. Thirty-eight (38) t/h of sugarcane are
processed; from this amount, 12,565 kg/h of residue is obtained. Of the bagasse obtained,
60% (7539 kg/h) is used to produce energy from the process through combustion. It is
reported that the boiler has an estimated efficiency of 64% and the energy produced daily
is approximately 490,000 kWh for cogeneration. The turbine has an efficiency of 85% and
produces a power of 3.15 GW. The turbine outlet steam is in a saturated condition between
170-190 °C and is used for heating the process. The process cogenerates all the heat and
power required using superheated steam at 510 °C and 66 bar.

Cogeneration with Bagasse Burning from the Current Process

There were compared the renewable fuel (bagasse) and a non-renewable one (natural
gas) to highlight the relevance of using bagasse as a sustainable energy source. The
emissions generated are presented in Table 8. In the comparison, CO; is 91.5% higher for
the bagasse, and it also produces NOy, SOx, NMVOC and particulate matters. Emissions
decrease significantly if the renewable fuel is replaced by natural gas, but it is necessary
to quantify the rest of the emissions generated. In producing countries, the bagasse is a
residue from the process, and they do not associate a cost, since they are using bagasse for
cogeneration; however, some countries in the world, like Finland, buy bagasse to generate
energy. In this study, the price of bagasse is considered, and the authors also intend to
highlight the quantities and diversity of emissions generated by the burning of bagasse
associated with public health problems, which imply a cost.

Table 8. Emissions from biomass burning of the process under study.

NMVOC Particulate
Fuel CO; (t/Year) CO (t/Year) N> O (t/Year) NO, (t/Year) SO, (t/Year) CH, (t/Year) Matters
(t/Year)
(t/Year)
Bagasse [27] 378,711.53 6.41 0.0766 285.0670 0.0000 3.5633 0.2494 9567.56
Natural gas [28] 32,257 - 60.79 - - - 607.93 -
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4. Results and Discussion

This section presents the selection of the renewable devices according to the objec-
tive to be achieved, which meets the heat and power requirements to product 1G and
2G bioethanol and reduce the dangerous emissions of pollutants by the burning of biomass.
The renewable energies that are being considered in the study are solar thermal energy
and biomass (sugarcane bagasse). The selection of AT, defines the targeting for
multiple utilities, the minimum utilities, the heat recovery network, plus the size of the
network and the renewable storage system. The selection of AT,y depends on the
objective being pursued.

To supply the heat and power required by the process, two energy systems that operate
independently were designed. In the design of the solar thermal installation to supply
the heat load of the process, first the Pinch Analysis was used to reduce the auxiliary
services, and simultaneously the network of solar collectors was designed to provide this
requirement. Subsequently, an organic Rankine cycle was designed to provide the power
of the plant where the thermal load of the evaporator is by means of low temperature solar
thermal energy.

4.1. Solar Thermal Energy Integration Using Pinch Analysis

Using the concepts of Pinch Analysis, the integration of solar thermal energy was
carried out for different AT,,;,,. Table 9 shows, for each AT,,;,, the minimum hot utility
requirement (Qp), the minimum cold utility requirement (Qc¢), the Pinch temperature
(7,
network (Cyry), the costs of auxiliary services (Cas), and the total annualised cost of the

heat recovery network (Cra grn)-

inch)/ the area of the heat recovery network (Aggry), the cost of the heat exchanger

Table 9. Minimum energy requirements and costs of the heat recovery network for different AT,,,;,.

ATpin €O Qp kW) Q¢ (kW) Tpineh CC)  Apgn (m?)  Cprn (USD)  Cas (USD/Year) Cra prn (USD/Year)

131 1436 95.5 532 2,346,716 337,514 619,044
6 181 1486 95.0 496 2,224,894 366,270 633,185
7 231 1536 94,5 466 2,123,404 395,026 649,765
10 410 1715 93.0 389 1,899,159 497,847 725,685
15 769 2038 455 290 1,582,982 696,776 886,683
20 1149 2454 48.0 230 1,363,688 922,365 1,085,964
25 1528 2834 50.5 200 1,253,547 1,140,723 1,291,108

It is important to highlight in Table 9, that there exists three AT,;,;;,. where the minimum
hot utility is small with respect to the rest of the values. The minimum hot utility is related
with the heat recovery network and the auxiliary cost. These parameters are used to
calculate kWhy, solar, Which has the lesser cost for a AT,,;, =7 °C.

To identify the multiple utilities, the grand composite curve (GCC) is used. Figure 3
presents the GCC for different AT,,;,; an increase in the hot utility requirement is observed
as ATy, increases. To supply this thermal requirement through solar thermal energy, as the
hot utility increases, the size of the solar collector network also increases. Low-temperature
solar thermal energy is supplied at 105 °C. For AT,,;, greater than 10 °C, the temperature
levels to supply the hot utility are greater than 105 °C (therefore, the solar fraction f < 1),
and it is not possible to reach those temperature levels with a network of low temperature
collectors; however, with the steam obtained by burning bagasse, a window of possibility
is highlighted, which are analysed.
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Figure 3. Grand composite curves for different AT,,;,, that show how it is possible to supply the
total heat process in the 1G and 2G bioethanol production described lines above. (a) AT,,;,, of 5 °C;
(b) AT,,;,, of 10 °C; (¢) ATy,,5, of 15 °C; (d) ATy, of 20 °C.

4.2. Solar Thermal Installation Design

The design of the solar collector network is made for a temperature of 105 °C during
a period of 3 h (11:15 a.m.—2:15 p.m.), with irradiance levels of the winter season. Solar
thermal energy is stored to guarantee the supply of the thermal load and the temperature
level required by the process. Table 10 shows the results obtained by evaluating different
AT,in, where Qg scn is the heat that can be supplied by a solar collector network at 105 °C
for a period of 18 h.

Qn as and Cxg correspond to the auxiliary heating service and its respective cost. To
supply the thermal energy requirement of the process, it is necessary to have a storage
system to guarantee the heat load at the target temperature level. The design of the solar
collector network was based on values of irradiance data in the winter period in the city of
Guanajuato. The dimensions of the components of the solar thermal installation and their
costs are also shown, to estimate the total investment (Ct soraR)-
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Table 10. Results of the design of the solar thermal installation for different AT,,;;,.

AT in CC) Qp sen (kW)

QHAS (kW) f CAS (USD/Year) NC AC (mz) CSCN (USD) VSST (m3) CSST (USD) CTSOLAR (USD)

5
6
7
10
15
20
25

131
181
231
242
294
352
408

0

0

0
168
474
797
1120

1 288,522 870 1592 531,510 24 57,075 588,586

1 298,572 1218 2229 744,115 34 67,992 812,107

1 308,622 1537 2813 939,002 43 77,192 1,016,194
0.59 407,510 1595 2919 974,436 45 78,801 1,053,236
0.38 586,776 1943 3556 1,187,040 54 88,109 1,275,149
0.31 790,773 2349 4299 1,435,078 66 98,357 1,533,435
0.27 988,128 2697 4936 1,647,682 75 106,722 1,754,404

The Table 10 shows the AT,,;,; where the solar fraction is equal to one, it means the
emissions to atmosphere are zero. The AT,,;;, = 5 °C equation presents the minimum solar
collector network and solar storage thermal cost. However, in the analysis there are other
variables that must be considered, like the solar network area, limitations on installation
area of the renewable system, and heat recovery network cost for the selection of AT,,;;,.
There are many possibilities that could be the object of study that could be reached, using
the result presented in Tables 9 and 10.

Table 11 shows the energy savings, the payback of the solar thermal installation and
the energy costs in USD per kWh for each AT,,;,,, which could be reached depending on
the objective sought. The levelised cost of solar thermal energy (LCOE;j, sy14r) cOrresponds

to the solar thermal system, while the integrated system cost (LCOE thint sys> includes the
solar thermal system, storage system and the heat recovery network system.

Table 11. Design costs of the solar thermal installation for different AT,,,;,,.

AT, °C) Savings Payback Solar LCOEy, so1ar LCOE, int sys
(USD/Year) Thermal (Year) (USD/kWh) (USD/KkWh)

5 25,897 22.7 0.0649 0.7363

6 35,785 22.7 0.0648 0.5468

7 45,752 222 0.0636 0.4398

10 47,752 22.1 0.0630 0.4688

15 58,146 21.9 0.0627 0.4701

20 69,559 22.0 0.0630 0.4815

25 80,661 21.8 0.0621 0.4926

The LCOEyy, ¢o14+ does not present significant variations for different AT,,;,,, in contrast
to the LCOEyy, jnt sys, due to the cost of the heat recovery network Cpry. Figure 4 shows
the results of the emissions generated by using natural gas and bagasse as fuel to produce
the heat required by the process.

Emissions for different AT,,;, are estimated for the combustion of natural gas and
bagasse. For a AT,,;;, between 5-7 °C there are zero emissions, but the LCOE is higher.
Analysing the Figure 4a, it could be observed that Co, emissions are much higher for
bagasse compared to natural gas; for bagasse it represents 97% of total emissions. In
Figure 4b,c, natural gas emits higher amounts of CHs and NOy into the atmosphere
compared to bagasse. Figure 4d shows the emissions of NMVOC and PM for bagasse
burning, and it is clearly observed that a large amount of solid particles are released into
the environment. In all the graphs it is observed that at higher AT,,;, the emissions grow;
this due to the influence of the heat recovery network. For AT,,;,, between 5 and 7 °C, it is
feasible to completely replace the use of fossil fuels for heat supply. When there are higher
AT, the auxiliary services increase, as do the emissions: this at a lower levelised energy
cost of the integral system, LCOEy;, iy sys-
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Figure 4. Variation of emissions for different AT,,;,,. (a) Carbon dioxide, CO;, emissions; (b) Methane,
CHy, emissions; (c) Nitrogen oxides, NOy, emissions; (d) Non-methane volatile organic compounds,
NMVOC, and particulate matters emissions from bagasse.

4.3. Organic Rankine Cycle Results

The working fluid selected to be used in the power cycle to supply electrical energy to
the process was the R290, due its thermodynamic properties and impact on the environment,
(ODP = 0) and (GWP = 3). It is considered that to generate a power of 3.15 GW for 18 h, it is
necessary to assume a total thermal load on the evaporator, and this is supplied by a solar
thermal system (solar collector network and storage system) at 105 °C. The temperature in
the evaporator is 90 °C for the design of the cycle and its components, and the condenser
is considered to operate at atmospheric pressure. The design conditions of the ORC are
shown in Table 12.

Table 12. ORC design conditions data.

T3 (°C) P3(kPa) T,(°C) Py(kPa) T, (°C) P;(kPa) T,(°C) P,(KPa) fyorc
90 2402 25 1003 25 1003 26 2402 0.129

The results for different solar fractions are presented in Table 13. By varying the solar
fraction (f), one part of total power will be supplied by the solar resource, and the other
with the burning of biomass. The results show a lineal relationship that exists between
the solar fraction with the size and cost of the components of the solar thermal system.
However, the installation area of thermal storage (Asst), compared to the surface required
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by the solar collector network (Agcy ), is 116 times smaller. With the use of biomass, it is
possible to reduce the cost, the number of collectors, and the installation area.

Table 13. Costs of the solar thermal installation to supply the thermal load of an ORC by varying the

solar fraction.

f Qn (kW) Nc Ac (m?) Cscn (USD)  Vsgr(m®)  Csgr (USD)  Agsr (m?)  Crsorar (USD)

1 0 176,030 322,135 107,542,273 4917 1,707,006 2788 109,249,278
0.89 2935 156,658 286,684 95,707,308 4376 1,574,477 2481 97,281,785
0.78 5869 137,286 251,233 83,872,342 3835 1,436,925 2174 85,309,268
0.67 8804 117,943 215,836 72,055,094 3294 1,293,622 1868 73,348,716
0.56 11,739 98,571 180,385 60,220,129 2753 1,142,821 1561 61,362,950
0.44 14,940 77,459 141,750 47,322,143 2164 967,872 1227 48,290,015
0.33 17,875 58,087 106,299 35,487,178 1622 794,181 920 36,281,359
0.22 20,809 38,744 70,902 23,669,930 1082 602,088 614 24,272,018
0.11 23,744 19,372 35,451 11,834,965 541 376,768 307 12,211,733

fQp Table 14 presents the levelised cost of energy of the ORC for different solar
fractions, and also estimates the total cost of the annualised solar thermal installation.
There are many important results that must be highlighted: simple payback time is almost
the same for the solar fractions; savings for any solar fraction are big; cost associated with
burning biomass increases significantly when the solar fraction decreases; and the cost of
electrical power using solar thermal energy and biomass (LCOE,;,) is lower as the solar
fraction increases.

Table 14. Levelised cost of energy for different solar fractions.

CTA SOLAR Fuel Cost Savings Payback LCOE,,,

f (USD/Year) (USD) (USD/Year) (Year) (USD/kWh)
1 10,234,339 0 5,272,776 20.7 0.1392
0.89 9,113,239 580,005 4,692,771 20.7 0.1392
0.78 7,991,668 1,160,011 4,112,765 20.7 0.1393
0.67 6,871,218 1,740,016 3,532,760 20.8 0.1393
0.56 5,748,406 2,320,021 2,952,754 20.8 0.1394
0.44 4,523,750 2,952,755 2,320,021 20.8 0.1395
0.33 3,398,793 3,532,760 1,740,016 20.9 0.1396
0.22 2,273,773 4,112,765 1,160,010 20.9 0.1398
0.11 1,143,980 4,692,771 580,005 21.1 0.1402

Emissions from burning sugarcane bagasse, for the power cycle, are shown in Figure 5 for
two different solar fractions. For an f = 0.89, the amount of CO, emissions (40,421.62 t/year)
and PM (1021.19 t/year) represents a serious impact on the environment and health due to the
tons and the danger of the substances emitted.

4.4. Ways to Use Biomass and Solar Thermal Energy (Two Renewable Energies)

Case 1: Zero emissions. When the objective of the design is to completely replace the use
of biomass, reducing to zero the emissions to supply the total heat and power to the process, the
AT i rew selected is 7 °C, which has the lowest levelized cost of energy, 0.0636 USD/kWh. The
required area of the solar collector field is 2813 m?. The levelised energy cost for LCOE,;, power
production is 0.1392 USD/kWHh, and the simple payback of the Rankine cycle is 20.9 years.

Case 2: Reduce NMVOC and PM emissions according to environmental regulations,
or else, to minimize the impact on health. If the goal is to eliminate 10%, 30% or 50% of
these emissions, the cost of electricity (LCOE,,) and the simple payback are maintained,
at an average of 0.1394 USD/kWh and 20.8 years, correspondingly. With this objective,
1.73 t/year of NMVOC and 4642 t/year of PM are no longer released into the atmosphere.
The levelised cost of electrical energy LCOE,, is 0.1394 USD/kWh for a solar fraction
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Figure 5. Estimated emissions for different solar fractions. (a) f = 0.89; (b) f = 0.44.

Case 3: Reduce the size of the network collectors and storage system for power
production. In this case, the design objective focuses on the availability of plant area for
solar thermal installation. The solar collector field represents the largest required area of
space compared to the storage surface, at a ratio of 116 times. If there is an available area
of 10 hectares of surface, the solar fraction suggested to supply the power required by the
process would be 0.22, with a total emission, E, of 294,091 t/year.

For the three cases, the heat process is supplied completely with solar thermal energy
with a AT,,,;;,, of 7 °C.

The use of the renewable system, composed by solar thermal energy and biomass, is
based on the preferential use of solar thermal energy, controlling the characteristic emissions
originated by bagasse burning.

In the present work, three scenarios were studied; however, several more can be
considered where a different objective set could be addressed, such as the limitations of
installation area, project investment and payback time, and solar collector network area,
among others.

The results achieved show that the relationship between the variables AT,,;,, heat
recovery network, solar collector network, storage tank, installation area, LCOEj g4/,
LCOE,,, emissions, project investment and payback time defines the final design of the
renewable energy system composed by solar thermal energy and biomass.

It is sought that the AT,,;, reduces the auxiliary heating service, and thus eliminates
the largest amount of emissions considering the profitability of the system. It is noted that
the cost of solar thermal energy (LCOEy, 5014,) is in a range of 0.0649-0.0621 USD/kWh;
however, when adding the cost of the heat recovery network, this value is increased by
0.7363-0.4926 USD/kWh, that is, the cost of the integrated system is doubled due to cost
to the heat recovery network. In power production, the average levelised cost of energy
(LCOE,,) is 0.1394 USD/kWh, which remains practically constant when the solar fraction
varies. However, the solar collectors network area for power production changes drastically
with the solar fraction. In the same way, when solar fraction decreases, with a consequent
rise in biomass burning, the CO, tons are 12 times the amount generated by the burning of
natural gas. Reduction of emissions should be a design target in itself.

In the study by Tilahun et al., 2020, [33] regarding the cogeneration of heat and electricity,
they proposed a hybrid solar-biomass energy system. They performed an optimisation with
the objective of maximising the solar fraction with the lowest investment cost, obtaining
LCOE =0.094 USD/kWh for f=0.235. A Prosopis juliflora tree was used as biomass, because it
is abundant in the study location. However, the burning of wood did not solve the long-term
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environmental impact. In the present work, with a LCOE,j, = 0.1392 USD/kWh (f = 1), it is
feasible to eliminate the emissions.

5. Conclusions

The proposed approach enabled control of the generated emissions, putting special
attention on the dangerous emissions produced by the burning of biomass. It is not possible
to use biomass burning as a backup system, but rather as a complement where the operator
has control over the amount of emissions generated and the consequent impact on the
environment.

Based on the results in one of the analysed cases, it is feasible to supply the full
thermal load of the process, thus eliminating the burning of bagasse and the generation of
dangerous emissions to atmosphere.

In power production, the area of the solar collector network can be reduced by 68%
by decreasing the burning of bagasse by 30%, keeping the energy cost and recovery time
constant (0.1395 USD/kWHh, 20.8 years).

Regarding power production, there is an area of opportunity, because the technology
efficiency must be improved to reduce the large areas of solar collectors (32 hectares) that are
required. This makes evident the convenience of using biomass, as long as it is controlling
emissions.

The design method can be adjusted for other renewable technologies and globally
to assess the environmental impact and economic cost. Regarding the existing control
from the design, and the generation of emissions into the atmosphere, it can be adjusted
according to the regulations of each country or region.

In any of the scenarios proposed, the cost of electrical energy and thermal energy is
competitive compared to the global market.
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