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Reducing the demand for fossil fuels and the derived products can be achieved through the development of
alternative energy sources. This work presents a countrywide study of the energy potential of lignocellulosic
biomass sourced from agro-industrial by-products in the country of Peru. Ranking of the crops that produce
the most waste was followed by an energy potential evaluation of carbohydrate conversion and
thermochemical conversion. The crops with high calorific values were sugar cane bagasse, wood waste, and
coffee husk. The energy potential of the principal lignocellulosic by-products, in terms of tons of oil
equivalents per year, resulted from rice straw at 1.45 M, followed by corn residue at 1.13 M and sugar cane
residue at 1.10 M. The northern region of Peru generated the highest quantities of rice (straw and husk),
banana (husk and rachis), and sugar cane (bagasse and straw) by-products and the southern regions generated
the greatest quantities of quinoa residue, all of which could be used as raw materials for biofuels and
aggregates for materials. These results indicate that theoretically, this readily available biomass could meet the

Keywords:
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Renewable Biofuels,
Circular Economy,
Calorific Value

country's energy demands while promoting sustainability and national energy security.

https://doi.org/10.30501/jree.2022.323731.1310

1. INTRODUCTION

Non-renewable fossil fuels, such as coal, oil and natural gas,
are currently the main source of energy for the development of
public, private, and residential activities. As is well known,
consumption of these high-energy fuels generates harmful
waste products such as CO,, greenhouse gas (GHG), NOx,
one of the main components of smog, and SO,, and the
precursor of acid rain. Additionally, the International Energy
Agency (IEA) predicts that worldwide oil and gas reserves
will fall by up to 60 % by 2030 while energy demand will
continue to rise. For example, the growth per capita energy
consumption in the United States depletes their fossil-fuel
reserves in approximately 10 years [1].

A biofuel is a type of renewable and green fuel, where its
energy is derived from biological carbon fixation and can be a
solid like wood, liquid like bioethanol and biodiesel, or gas
like syngas [2]. Nonetheless, biofuels are considered an
effective alternative energy source for decreasing GHG
emissions [3]. The most common biofuels produced
worldwide are bioethanol, biogas, and biodiesel. New options
including biobutanol, biopropanol, and syngas are currently
under study [4]. Potential sources of biofuels consist of natural
vegetation, cultivated products like fast growing trees and

*Corresponding Author’s Email: urodriguez@utec.edu.pe (U.F. Rodriguez
Zuiiga)
URL: https://www jree.ir/article_154098.html

other crops grown for energy, residues from other agricultural
activities such as forestry and food production, as well as
other by-product sources such as city, husbandry, and
slaughterhouse waste [2].

In recent years, lignocellulosic biomass from forestry and
by-products of crop production has been studied for efficient
conversion into both renewable energy sources as well as
fibers for composite material manufacturing [5]. This waste to
biomass repurposing also occurs in the production of organic
acids, absorbent materials, fertilizers, high oils, and
fermentation products, all comprising important aspects of the
bio economy [6]. As such, lignocellulosic biomass sources are
considered important platforms to promote energy
independence as well as rural development while indirectly
helping to reduce the impact of greenhouse gases by fostering
food security and process and environmental sustainability
[7]. Lignocellulosic waste from the forest sector is most often
used in the form of sawdust and chips and as a low-cost
energy source in the form of pellets and briquettes [8-10].

On the other hand, the agricultural sector in Peru is one of
the main contributors to the national Gross Domestic Product
(GDP) and the economies of several regions are dependent
directly on this sector. As both agricultural exports and
domestic food demand grow, their waste residues will also
grow. Currently, much of residual biomass is discarded,
incinerated, or repurposed for compost, with a small fraction
used as animal feed, fertilizer, and solid and liquid biofuels.

(https://doi.org/10.30501 /jree.2022.323731.1310).
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The objective of this research is to assess the energy potential
and development opportunities for the utilization of
lignocellulosic biomass in Peru. The authors hypothesized that
biomass feedstock agricultural by-products would be enough
to cover the energy demands in terms of ethanol production
and heating value. To this end, this study organized its
framework as follows. The existing non-renewable and
renewable resource energy matrix for Peru is presented, along
with current and future projection levels of the agricultural
production of crops that could generate useful by-products. A
literature review of research on the use of lignocellulosic
biomass in Peru is then presented, followed by the energy
potential for each crop by-product in terms of Higher Heating
Value (HHV). The next section covers chemical
characterization of each individual crop by-product and its
energy  potential in  theoretical bioethanol yield.
Complementary tons of oil equivalent (TOE) of all the
geographical regions is used as an indicator to rank them
prospectively considering the availability of feedstock to
produce energy.

2. METHODOLOGY

In order to verify the proposed hypothesis, the information
resulting from the literature review in the Google Scholar
database of the last 7 years and in university thesis
repositories on the Internet is presented. Websites from
governmental entities such as Ministry of Agriculture and
Irrigation (MINAGRI) [11-14] and Ministry of Energy and
Mining (MEM) [15-17] were surveyed in order to have
national production data organized in tables in the next
sections. Ethanol yield was selected to verify the quantity of
cellulosic bioethanol that could be produced from agricultural
feedstocks. Theoretical ethanol yield from the compositional
cellulose (glucan in mL.g™') was calculated through this
relationship: [(180 g of glucose/162 g of glucan) x (0.51 g
ethanol/g glucose)] / 0.789 g ethanol per mL; assuming 100 %
conversion [18]. Complementarily, the energy potential was
calculated in terms of the tons of oil equivalent (TOE) that
represents the enthalpy of complete combustion of fuel,
including the condensation enthalpy [19]. This value is
compared to the energy released from burning one ton of
crude oil and is equivalent to 41.87 GJ or 11.63 MWh. Both
ethanol and TOE (1 TOE = 41.868 GJ) were selected as
representative biofuels for the transportation sector.

3. RESULTS AND DISCUSSION
3.1. The energy scenario in Peru

Today, the Peruvian energy matrix is caused by the non-
renewable source of natural gas around 65 % in 2018 [15-17].
This year, for example, the national consumption was around
83 x 10° TJ [17].

According to projections by the Ministry of Energy and
Mining [15], energy consumption will be three times greater
in 2040, caused by transportation, industrial, and trade sectors
[15].

Peru addresses this additional demand by taking advantage
of the energy potential of their various biomass resources as
other countries have done. Muhammad et al. (2019) [20] in
Pakistan and Balat (2010) [21] in Turkey, among others,
demonstrated that biomass could play a significant role in
sustainably, meeting increased national energy demands.

According to the Peruvian Supreme Decree No 021-2007-EM,
biofuels would be commercialized primarily as additives for
diesel and gasoline. However, it is also possible to meet the
economic demands and sustainable energy requirements of
non-transportation activities. Interestingly, Liu et al. (2014)
[22] found that a mix of policy and market incentives had a
large impact on the type of bioenergy feedstock developed
and subsequent GHG emissions reduction. Overall, they found
that the use of biomass for electricity generation had a far
greater GHG offset potential than its production for vehicle
fuel. Already, some Peruvian agroindustry companies
currently use sugar cane bagasse as feedstock for steam
generators that produce electricity [16].

Additionally, biomass as an energy feedstock has a
significant advantage over other energy sources as it can be
converted into solid, liquid, or gaseous states. This flexibility,
combined with how demand influences technological
adaptation, can help further spur innovation in sustainable
energy generation [23].

3.2. Peruvian agricultural production and potential
generation of by-products

Peru maintains a varied agricultural sector across its coastal,
mountainous, and tropical regions, with rice, coffee, and hard
yellow corn crops covering the greatest area cultivated, as
depicted in Figure 1 [13-24].

4 N\
Rice
Coffee
Corn
Banana
Cocoa
Sugarcane
Quinoa
Asparagus
Cotton

0 1 2 3 4

Harvested Area x 105 (ha)
o J

Figure 1. Crop-harvested area in 2018 of the main Peruvian
agricultural products

Peru produces other important crops such as asparagus,
cocoa, and quinoa which are the 5%, 9" and 10" leading
national agricultural exports by Metric Tons (MT),
respectively. Peru leads the world as the largest exporter of
fresh, preserved, and frozen asparagus, having the second-
largest agricultural area under cultivation after China, and
ranked third in yield (MT/ha) [25]. Interestingly, the regions
of Ica and La Libertad produce 84.0 % of the area harvested
and possible centers of innovation for derived products. With
regard to genetic biodiversity, Peru accounts for 60.0 % of the
biodiversity (genetic material) of cocoa and 50.0 % of quinoa
[14], with Puno and Ayacucho having the largest harvesting
area for quinoa.

Considering the harvested area, agricultural and forest
residues were calculated in MT (Figure 2) [7, 26-29]. The
straw from rice cultivation (4.27 x 10° MT), the stems and
leaves from sugar cane (3.31 x 10° MT), and the stubble
residue from corn (3.16 x 10° MT) generated the largest
quantities of potential by-products in 2018.
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Figure 2. Generation of residuals from Peruvian of agroforestry in
2018

Focusing on 2018 and total crop by-products (MT), as well as
listing Harvested Area (ha) and Production (MT) (Table 1),
the two crops that generate the greatest quantities of potential
residues are sugar cane and rice and are produced
predominantly in the San Martin, Piura, and Lambayeque
regions, while the third highest quantity of potential residues,
corn, is predominantly produced both in the Ancash and Ica
regions. It should be noted that sugar cane (bagasse and
straw), rice (husk and straw), and asparagus (brushwood and
straw) have two different by-products that comprise their total
residuals.

Table 1. Crop area, production, and residues of the main crops

(2018)
Harvested Production Total Residues
Product
area (ha x 105 | (MT x 109 (MT x 10°)
Sugar cane 0.85 10.31 6.20
Rice 4.38 3.56 4.98
Hard yellow
2.56 1.27 3.16
corn
Banana 1.63 2.19 1.47
Asparagus 0.31 0.36 0.29
Quinoa 0.65 0.10 0.13
Cocoa 1.60 0.14 0.12
Cotton 0.15 0.04 0.10
Coffee 4.47 0.37 0.07

According to the report "Renewables 2018 Energy Policy
Network for the 21% Century", by 2025, Peru aims to have up
to 60.0 % of total energy production provided by renewable
energy sources including bioenergy [30]. In agreement, the
“Peru Natural Gas Sector Report” in 2020 suggested that only
6.0 % of the potential energy from biomass had been utilized,
which is a statistic that presents a substantial economic and
sustainability opportunity [31].

In terms of the potential growth of national agriculture, The
International Coffee Organization predicts that global demand
for coffee will increase by 32.0 % by 2030, which can
translate into an 87.5 % increase in Peruvian exports [32]. The

International Cocoa Organization (ICCO) predicts that by
2023, global demand for cocoa will increase by 14.3 %. Peru
has the potential to meet that demand as it is currently one of
the top 10 worldwide cocoa exporters [11] and its production
has been increasing at an average annual rate of 10.0 % over
the past 13 years (2003-2015) [12]. Based on 2018-2020
figures, the world production of quinoa has a growth rate of
22.6 % and Peru, with an average annual market growth of
around 13.0 %, could become the leading producer worldwide
[13]. Finally, in 2018, Peru consolidated itself as the world’s
leading exporter of asparagus (fresh and chilled), and given its
two growing seasons and the historical trend of its annual
export growth (2005-2015), it is expected to continue in that
position into the future [33].

Given that the biomass residues of these crops will follow
these growth patterns, their uptake could help contribute to the
60 % target of renewable bioenergy generation proposed in
the Renewables 2018 Global Status Report [30].

Studies related to the reuse of lignocellulosic materials in
Peru focused on alternatives such as material composites and
bioethanol [34-37]. This review shows that no complete
overview presents a countrywide evaluation of the energy
potential of agro-industrial by-products in Peru. In response to
this gap, the framework of the results will present prospective
quantification of heat generation through simple combustion
using indicators as Heating Value (HV) and tons of equivalent
(TOE) by region. The attainable production of cellulosic
ethanol production based on the composition of the
lignocellulosic biomass (carbohydrates content) is discussed
too.

3.3. Heating value (HV) of agricultural by-products

The energy contained in a lignocellulosic material can be
measured in terms of calorific value during air combustion
and expressed in kJ/kg or kcal/kg [19]. The accumulated plant
biomass is not proportional to the energy absorbed during
photosynthesis because the amount of the accumulated
chemicals differs due to their distinctive energy densities [38].
This difference in carbohydrate generation depends on the
species and stage of plant development and it can be
characterized by the enthalpy of the complete combustion of a
fuel, especially when all carbon is converted into CO-, all
hydrogen is converted into H,O and is represented as the
Higher Heating Value (HHV) [2].

Figure 3 shows the standard HHV values of the
lignocellulosic by-products studied in this article, with sugar
cane bagasse, wood waste, and coffee husk having the highest
values of 4 600.0, 4 413.7, and 4 361.3 kcal/kg, respectively.
In addition, the use of sawdust for the production of thermal
energy has been studied in equipment such as steam
generators, furnaces, and turbines due to their calorific value
[20].

Beyond simple combustion, utilization of the heat capacity
of biomass can also focus on the combination of technologies
that would produce intermediate and final products. The
production of coal and bio-oil by pyrolysis, gaseous fuels, and
supercritical liquefaction are some other alternatives in
thermochemical conversion [39-40]. Although studied since
1788, with the first patent registered by Robert Gardner,
gasification and liquefaction are still in the research and
development phases, approaching commercialization, with
direct combustion and coal co-firing for electricity production
projected as the most promising alternative [39, 41].



4 R.I. Bernaola Flores et al. / JREE: Vol. 10, No. 1, (Winter 2023) 1-8

/ N
Wood residues
Coffee (husk)
Sugarcane bagasse
Sugarcane straw
Quinoa (stem)
Cocoa (shell)
Cotton (brush)
Corn (stubble)
Rice (husk)
Asparagus (brush)
Rice (straw)
Banana (stem)

Byproduct

0 1 2 3 4 5
Higher heating value x 10% (kcal/kg)
- J

Figure 3. Higher Heating Value (HHV) of major Peruvian
agricultural and forest residues

3.4. Characterization of agricultural by-products

To evaluate the energy potential of agriculture and
agroforestry by-products, their chemical composition must be
determined in terms of the percentage of phenolic content
(lignin) and complex carbohydrates (cellulose and
hemicellulose). An average composition, on a dry basis,
would consist of cellulose (38-50 %), hemicellulose
(23-32 %), lignin (15-25 %), and extractives (< 5 %), as
reported in different studies corresponding to the principal
Peruvian agricultural by-products, as shown in Table 2.

Of complex carbohydrates, cellulose is a polymer composed
exclusively of glucose molecules bound by B-glucosidic bonds
and hemicellulose is composed of heterogeneous polymers of
pentose (xylose, arabinose), hexose (mannose, glucose, and
galactose), and sugar acids; all these monomers of sugars can
be used in fermentation processes to produce fuels [6, 43, 54].

Lignins are three-dimensional, complex, branched and
amorphous heteropolymers formed from phenylpropane units

(coniferyl, cumaryl, and synapyric alcohols) and have energy
properties similar to those of solid fuels such as mineral coal
[54, 55]. Their physicochemical characteristics are expressed
by proximate analysis, elemental analysis, thermal stability
analysis, and calorific value, indicating that they can be used
for the production of thermal and electrical energy [5].

The research into the use and transformation of lignin is
advancing rapidly. Using different physicochemical extraction
procedures, lignin separated from their carbohydrates, and
biomass fibers can have different structures, purities, and
properties. According to Liao et al. (2020) [56], the three
potential uses of lignin can be used for fuel synthesis, for
biomaterial as macromolecules, and for pharmaceutical
building blocks in aromatics.

In the first user group, lignin serves as a carbon source for
energy production in the synthesized fuel. In the second user
group, lignin functions in a macromolecular manner by taking
advantage of their high molecular mass to produce adhesives,
carbon fibers, and polymers including polyurethane foams.
The third user group applies technologies to produce polymer
building blocks and aromatic monomers such as benzene,
phenol, vanillin, and toluene and xylene [57, 58].

The large amounts of lignin found in rice, sugar cane, and
corn by-products represent a significant energy source that is
currently underutilized in Peru. Lignin contents available from
the most significant residues of rice straw, cane residue, and
maize are 767 x 103 Mt, 1.4 x 10% Mt, and 696 x 103 Mt,
respectively. Given an average calorific potential of 24 MJ/kg
of pure and dry lignin, the energy potential amounts to more
than 7 billion TJ. However, this biopolymer offers a variety of
potential manufacturing routes in a biorefinery scheme and
lignin is difficult to isolate and convert into chemical
commodities, specialized chemicals, thermal and/or electric
power, and advanced biofuels due to its chemical nature [4, 5,
56].

Table 2. Chemical composition of agricultural and agroforestry residues

By-product Cellulose (%) Hemicellulose (%) Lignin (%) Reference
Rice (straw) 35.6 12.0 15.4 [42]
Corn (agricultural residue) 36.8 30.6 23.1 [43]
Sugar cane (straw) 39.8 28.6 22.5 [44]
Sugar cane (bagasse) 38.0 29.5 21.5 [45]
Banana (pseudostem) 38.5 25.4 5.8 [46]
Quinoa (agricultural residue: 01 203 13.0 [47]

stem)

Rice (husk) 435 22.0 17.2 [48]
Asparagus (husk) 31.2 16.8 14.2 [49]
Cotton (bushwood) 37.9 20.4 25.0 [50]
Cocoa (peel) 18.6 13.9 14.2 [51]
Coffee (husk) 36.7 47.4 15.9 [52]
Wood residue: Pinus patula 36.6 25.0 28.5 [53]
WOOdCr;:j;Z; lf:sci‘s’ly pius 45.0 17.9 29.5 [53]

3.4.1. Bioethanol yield

Bioethanol is an advantageous fuel used directly as not only
an alcohol in specific engines, but also an additive to gasoline,

as it cleans the combustion process, widens flammability
limits, and increases octane, flame speeds, and vaporization
heat [54, 59]. As such, the process of obtaining bioethanol is a
highly studied technological transformation. One way to
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increase its production without increasing the planted area is
to use the sugars of lignocellulosic biomass as a raw material
in the fermentation process. The extraction of these sugars
contained in cellulose and hemicellulose encompasses a
sequence of stages from chemical pretreatment, chemical, or
biological saccharification to conventional fermentation by
yeast [43, 55]. While the glucose content to carry out such
processes is found in cellulose, it should be noted that other
sugars like xylose, an abundant component of most
hemicelluloses, can also contribute to the production of
bioethanol by using genetically modified yeasts that ferment
both compounds [55].

As indicated in the methodology section, the theoretical
yield for the production of bioethanol from each by-product
was calculated considering the chemical composition of
lignocellulosic residues, assuming that all the glucose
contained in cellulose is used to produce ethanol. The raw
materials with the greatest potential for conversion into
ethanol are wood residue, rice husk, and quinoa stalk, yielding
23.0,22.2, and 21.5 g bioethanol/g total cellulose, respectively
as seen in Figure 4.

4 N
Rice (husk)
Quinoa (stem)

Sugarcane (straw)
Corn (stubble)
Banana stem
Sugarcane bagasse
Cotton (brush)
Coffee (husk)
Wood residues
Rice (straw)
Asparagus (husk)
Cocoa (shell)

0.0 0.5 1.0 1.5 2.0 2.5

Theoretical bioethanol yield x 10
(g bioethanol/g total of glucose)

G /

Figure 4. Theoretical bioethanol yield of major Peruvian agricultural
and forest residues

In Peru, Peruvian Technical Standard restricts the ethanol
content in gasohol to a maximum of 7.8 % and this ethanol is
derived from corn (with higher CO, emissions than that made
from sugar cane) [15-17]. It is demonstrated that
lignocellulosic-derived ethanol leads to greenhouse gas
savings [43, 54] relative to gasoline and corn ethanol; thus, its
use represents an environmental positive impact for the
nation.

3.5. Byproduct potential in TOE equivalent by region

Figure 5 shows the energy potential of the main
lignocellulosic byproducts in terms of tons of oil equivalent
(TOE) per year. As can be seen, rice straw (1.45 x 10°), corn
agricultural residue (1.13 x 10°), sugarcane agricultural
residue (1.1 x 10%), and sugar cane bagasse (6.80 x 10°)
formed the classification.

To assess the geographical distribution of the energy
potential, Figure 6 shows the distribution in TOE /year by
region and biomass availability.

4 N
Wood waste

Coffee husk

Cocoa husk

Cotton brushwood

Asparagus brushwood

Asparagus husk

Rice husk

Quinoa brushwood
Banana stems

Sugarcane bagasse
Sugarcane straw

Corn agricultural residues

Rice straw

0 0.5 1 1.5 2
Energy potential x 10° (TOE)

G J

Figure 5. Energy potential (TOE) of major Peruvian agricultural and
forest rresidues

4 N
La Libertad
Lambayeque
San Martin
Piura

Lima
Ancash

Ica
Amazonas
Loreto
Cajamarca
Arequipa
Puno
Huanuco
Ucayali
Junin
Tumbes
Ayacucho
Apurimac
Cusco
Madre de Dios
Pasco

Huancavelica

0 0.25 0.5 0.75 1 1.25

Energy potential x 10¢ (TOE/year)

-

Figure 6. Energy potential (TOE) of Agricultural and Forest
Residues by Region

The regions with the greatest energy potential are La
Libertad (1.18 x 10° TOE), Lambayeque (7.74 x10°> TOE),
San Martin (5.83 x 10° TOE), and Piura (4.29 %105 TOE)
localized in the north of Peru, as can be seen in Figure 7. Due
to their location (400-2000 meters above sea level), these
regions have tropical climates and landscapes of plains, which
promote higher productivity per cultivated hectare and
consequently increase the quantity of biomass feedstock for
energy potential [60, 61].
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Madre de Dios

Y

Reference TOE/Year Main agroforestry r

<10000 Rice straw, quinoa brushwood

- 100000- 170000 Rice straw, corn residues

170000 - 400000 | Corn residues, sugarcane straw
> 400000 Rice straw, corn residues

Figure 7. Production of significant agricultural by-products in
TOE/year and main agroforestry residues, by geographical region

4. CONCLUSIONS

In Peru, around 1.65 x 107 Mt of agricultural residues and 301
Mt of forest residues are generated annually. The northern
region of Peru generates the highest quantities of biomass
by-products, mainly rice (straw and husk), banana (husk and
rachis), and sugar cane (bagasse and straw), which accounts
potentially for more than 4 x 10° TOE per year. This value is
equivalent to 20 % to the total national consumption; thus,
their development could help reduce fossil fuel dependency,
increase the energy security of Peru, and help guide other
countries that share similar agricultural profiles.
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ABSTRACT

In the power system, frequency stability is critical. The wind turbine oscillates (depending on the wind speed)
and is of low inertia. Thus, wind turbines face the issue of power system frequency stability. Since the power
system's resources are interconnected via communication networks, the presence of time delay also affects the
frequency stability of the power system. When a disturbance occurs in the power system due to load or
distributed generation sources (wind turbine), it leads to frequency deviations in the power system, exhibiting
low damping speed. Although large conventional generators in the power system provide sufficient inertia and
reduce frequency deviation, the damping speed of frequency fluctuations is slow, which may be due to time
delays between power system resources. In this paper, virtual damping (a proposed method) is used to
accelerate the damping of frequency deviations caused by load disturbances, distributed generation source
disturbances, and the time delay between power system resources. The results of the proposed method are
compared to those obtained using the conventional method in this field, demonstrating the superiority of the
proposed method. The proposed method reduced frequency deviations in the power system caused by
disturbances and time delays by 67 % (a 67 % improvement over existing methods in this field) and increased
the damping speed of the frequency deviations by 62 % (a 62 % improvement over the methods used in this

field).

https://doi.org/10.30501/jree.2022.321859.1308

1. INTRODUCTION

The conventional energy generation system should be
replaced by renewable energy sources since the uncontrolled
use of fossil fuels is accompanied by global warming and
environmental hazards, besides the danger of their depletion,
and because much of the energy derived from these fuels is
consumed by buildings [1]. Renewable energy systems impact
the process of meeting domestic energy demands [2]. Due to
the increased demand for electricity today, distributed
generation sources such as wind turbines have made
significant inroads into the power system [3, 4]. Wind turbine
development has aided human progress throughout history [5,
6]. While incorporating a wind turbine into the power system
has numerous benefits, the power system faces several
challenges [7, 8]. The issue of frequency control is one of the
primary challenges posed by the presence of turbines in the
power system [9]. The power system is in a steady state when
production and consumption are balanced, and if this
equilibrium is lost to a disturbance, the frequency deviates
from the nominal value [10]. If the system’s frequency
fluctuations are not controlled, they can cause significant
damage, even up to the point where a production unit shuts

*Corresponding Author’s Email: mh_moradi@yahoo.co.uk (M.H. Moradi)
URL: https://www.jree.ir/article_154524.html

down [11]. The primary control loop is the initial control loop
responsible for limiting the frequency drop following a
disturbance [10, 12]. This control loop is based on the
generator's true frequency-power characteristic and is installed
on the generator [10]. The primary control loop constrains the
dropped frequency, but is unable to restore it to its nominal
value, necessitating the use of another interactive loop termed
as the secondary frequency control [13]. The load-frequency
control loop can only respond to small-scale and slow changes
in load and frequency and is, therefore, incapable of
controlling emergencies and the resulting power imbalance.
The control of systems during emergencies and rapid changes
is investigated in terms of their transient stability and
protection [14]. Active power primarily changes the system’s
frequency, whereas reactive power is insensitive to frequency
and is primarily affected by changes in voltage magnitude
[15]. As a result, active and reactive powers are managed
separately. The loop regulates the Load-Frequency Control
(LFC), the actual power, and frequency, and the reactive
power and voltage magnitude are also regulated by the
Automatic Voltage Regulator (AVR) [16]. The presence of a
wind turbine in a power system reduces the system inertia,
which later dampens frequency deviations [17]. Even in the
presence of wind turbines, large synchronous generators
provide sufficient inertia for the power system, but the
problem of slow damping frequency deviations persists [18].

Please cite this article as: Amiri, F. and Moradi, M.H., "Improvement of frequency stability in the power system considering wind turbine and time delay",
Journal of Renewable Energy and Environment (JREE), Vol. 10, No. 1, (2023), 9-18. (https://doi.org/10.30501/jree.2022.321859.1308).
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Several methods have been developed to enhance the
frequency stability of the power system in the presence of a
wind turbine.

The sliding mode controller is used for Load-Frequency
Control (LFC) in a wind turbine-powered power system [19].
Model Predictive Control (MPC) is used to control the load
frequency in a power system with a wind turbine [20, 21]. In
the presence of a wind turbine, the power system is controlled
using a coordinated energy storage source and load-frequency
control [22]. The power system and wind turbine controllers
are highly complex [23, 24]. A neuro-fuzzy controller is used
to coordinate the energy storage source and LFC in the power
system in the presence of the wind turbine [25]. An optimized
PID controller was used to coordinate the energy storage
source and LFC in the power system in the presence of a wind
turbine [26]. The methods for controlling the frequency in a
power system with wind turbines perform well in the presence
of disturbances and uncertainty in system parameters. They
do, however, have challenges. These issues include the low
damping speed of frequency deviations, the absence of wind
turbine participation in the power system's frequency control,
and the omission of time delays. Low damping speeds for
frequency deviations may result in suboptimal performance of
the frequency control system and frequency instability in the
power system. The frequency deviation of the European
power grid is greater than 0.1 Hz, and the wind turbine must
participate in the issue of frequency control and compensate
for the power grid's frequency deviations by changing its
power [27]. Time delay in the power system is one of the
issues that can cause numerous problems during frequency
control system operation and result in frequency instability,
which is why it is necessary to model time delay when
controlling the power system's frequency. As a result, a
method for frequency control in the power system is required
to address the issues in this field.

Wind Turbines

The present study discusses the viablityof a method for
frequency control in a power system with a wind turbine. The
proposed method incorporates a virtual damping design on a
wind turbine in the power system, thereby increasing the
damping speed of power system frequency fluctuations.
Among the other advantages of the proposed method are
reduced power system frequency fluctuations and active wind
turbine operation during control frequency. The proposed
method is also designed to consider the effect of time delay.
The results of the proposed method are compared to those of
conventional methods, demonstrating the superiority of the
proposed method in simulation. The proposed method reduced
frequency deviations in the power system caused by
disturbances and time delays by 67 % (a 67 % improvement
over existing methods in this field) and increased the damping
speed of the frequency deviations by 62 % (62 %
improvement over the methods used in this field). This paper
discusses the structure of a power system with a wind turbine,
the proposed method, simulation, and results.

2. POWER SYSTEM STRUCTURE WITH THE PRESENCE
OF WIND TURBINE

Figure 1 shows the general structure of the power system
considering the wind turbine. The studied power system
includes several hydropower plants, several non-reheat power
plants, some reheat power plants, a number of wind turbines,
several Energy Storage Systems (ESS), and different loads.
The total amount of power produced in the studied power
system is 38000 MW, while the peak load is 29000 MW [26].
Figure 2 shows the dynamic model of the study power system
in which different components are modeled using the reduced-
order model, which suits the stability analysis of frequency
[12].

Power System
Control Center

Figure 1. The general structure of the power system considering the wind turbine
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Figure 2. The dynamic model of the study power system

3.PROPOSED METHOD
3.1. The structure of the proposed method

The proposed method (virtual damping for wind turbines) is
intended to mitigate frequency deviations caused by load
disturbances and distributed generation source disturbances in
the power system. It increases the frequency oscillations'
damping speed. The proposed method activates the wind
turbine during frequency control and also minimizes power
system-related frequency deviations caused by disturbances.
The dynamic model of the proposed method for wind turbines
1 and 2 is shown in Figure 3. When a disturbance occurs in
the power system, feedback is obtained from the frequency
deviation multiplied by the virtual Damping gain of wind
turbine 1 (D) and the virtual Damping gain of wind turbine 2
(D2). This signal is routed to the inverter of wind turbines 1
and 2. The coefficients D; and D,, representing the virtual
damping control gains for wind turbines 1 and 2, are
proportional to the system and determined through system
experiments. The proposed method bears no additional
economical cost as it is merely a signal that increases the
damping of frequency deviations in the power system when a
wind turbine is present. During disturbances, the wind turbine
operates passively under conventional control methods. To
this end, the proposed method activates the wind turbine

during disturbances. When a disturbance enters the power
system, this method is used by the wind turbine to obtain
feedback from the frequency deviations, reduce the frequency
deviations, and enhance the frequency stability of the power
system. In Figure 3, i = 1, 2, Af denotes the power system's
frequency deviation, Di is the virtual damping of wind
turbines 1 and 2, APwi denotes the output power of wind
turbines 1 and 2, and APwt is the output power of inverter
wind turbines 1 and 2. The power system parameters in the
presence of a wind turbine are listed in Table 1. Simulink
MATLAB simulations were used to adjust the virtual damping
associated with wind turbines 1 (D) and 2 (D). As illustrated
in Figure 4, load disturbance is introduced into the power
system to adjust the wind turbines' virtual damping gain.
Additionally, the power system has a time delay (t = 0.5 sec.).
Figure 5 illustrates the power system's frequency response to
load disturbances. According to Figure 5, the trial-and-error
method was used to determine the virtual damping gain of
most turbines (D and D»). The maximum frequency deviation
and settling time associated with the power system's frequency
response are depicted in Figures 6 and 7, respectively.
According to Figure 6, increasing the wind turbine's virtual
damping gain reduces the power system's maximum
frequency deviation. Thus, when tuning a wind turbine's
virtual damping gain, the higher the gain, the lower the



12 F. Amiri and M.H. Moradi / JREE: Vol. 10, No. 1, (Winter 2023) 9-18

frequency deviation. According to Figure 7, as the virtual
damping gain of a wind turbine increases, the settling time
associated with the power system’s frequency deviations
decreases (higher damping speed). We can achieve a shorter
settling time by selecting larger values for the wind turbine's
virtual damping gain (higher damping speed). The virtual
damping gains associated with wind turbines 1 and 2 are
selected to be D1=1.5 and D,=1.5, respectively, based on the

‘&Pﬂ"

1

D .

1

Af—

results obtained in the studied power system. A portion of the
wind turbine's output must be considered as reserve power to
implement the proposed method for frequency control
purposes. It is possible to increase the amount of virtual
damping gain to the extent that the wind turbine capacity is
allowed. 5 % of each wind turbine's capacity is considered
reserve power in this paper and the maximum virtual damping
gain is selected accordingly.

— AP

Inverter; -

Figure 3. The dynamic model of the proposed method
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Figure 6. The maximum frequency deviation related to the frequency response of the power system

The settling time (sec)
60

50

40
30
2
1

D1=0.3,D2=0.3 D1=0.6, D2=0.6 D1=0.9,D2=0.9 D1=1.2,D2=1.2

o

o

o

Figure 7. The settling time related to the frequency response of the power system
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Eq. (1) shows the power system's frequency deviation model. R,
Eq. (2) shows the generated power model from the non-reheat
power plant. Eqgs. (3) and (4) exhibit the generated power
model from the reheat power plant. Egs. (5) and (6) show the
hydropower plants’ generated power model. Eq. (7)
demonstrates the power model of wind turbines. Eq. (8) P Ts+P, [ -1

exhibits the generated power model from superconducting AP, =WX[—M-APC}
magnetic energy. The system state-space is shown in Egs. (9) ’

and (10), respectively, for the purpose of designing the T
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4. SIMULATION Table 1. Power system parameters with the presence of wind turbine
. . . . . [22]
This paper considers various implementation scenarios for the
proposed method. In Scenario (1), the proposed method's Parameter Value Parameter Value
performance against load disturbances is evaluated by Ri 2.5 m 0.5
considering the time delay between the power system's R> 2.5 Ty 5
sources. In.Scenario .(2), the performance of the pro.pose.d R; 1 T 04
method against load disturbances and parameter uncertainty is
L ) B 1 T2 0.4
evaluated by considering the time delay between power T 0 o 90
system resources. In Scenario (3), the performance of the i 3
proposed method against power system disturbances (load and Th 6 H 5.7096
wind turbine) is evaluated. Scenario (4) evaluates the Pni 0.2529 Pn3 0.1364
performance of the proposed method in the presence of P 0.6107 Pw.1 750KW
disturbances and uncertainty in system parameters. Pu2 3000kW D 0.028
D1 1.5 D2 1.5
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Scenario (1): In this scenario, the performance of the
proposed method against load disturbance is investigated by
considering the time delay between power system resources.
First, the load disturbance according to Figure 8 is applied to
the power system considering the time delay (t = 0.5 sec.).
Figure 9 shows the frequency response of the power system to
disturbances. According to Figure 9, the maximum frequency
deviation using the proposed method is 0.0008 Hz. The
maximum frequency deviation using conventional methods
(without virtual damping) is 0.0024 Hz. The settling time of

15

frequency deviations using the proposed method is 12 sec.
The settling time of frequency deviations using conventional
methods (without virtual damping) is 45 sec. The proposed
method has reduced the frequency deviations due to
disturbances and time delays of the power system by 67 %
and has increased the damping speed of the frequency
deviations by 73 % (73 % improvement over the methods
used in this field). According to the results of this scenario,
the proposed method has a better performance against load
disturbance and system time delay.
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Figure 9. The frequency response of power system, scenario (1)

Scenario (2): In this scenario, the proposed method's
performance against load disturbances and uncertainty of
system parameters is evaluated by considering the time delay
between power system resources. First, the load disturbance is
applied to the power system according to Figure 8,
considering time delay (t = 0.5 sec.). The uncertainty of
system parameters is considered for power system inertia and
power system damping (D = -30 %, H = -30 %). The
frequency response of the power system to disturbances is
depicted in Figure 10. According to Figure 10, the proposed
method produces a maximum frequency deviation of
0.0011 Hz. The maximum frequency deviation when using
conventional methods (without virtual damping) is 0.0031 Hz.
The settling time of frequency deviations using the proposed
method is 31 sec. The settling time of frequency deviations
using conventional methods (without virtual damping) is 78
sec. The proposed method reduced frequency deviations in the
power system caused by disturbances and time delays by 65 %
and increased the damping speed of the frequency deviations

by 61 % (61 % improvement over the methods used in this
field). According to the outcomes of this scenario, the
proposed method outperforms existing methods in terms of
load disturbance and system time delay.

Scenario (3): The performance of the proposed method
against power system disturbances is examined in this
scenario. According to Figure 11, the power system is
subjected to load disturbances and disturbances from
distributed generation sources. Figure 12 illustrates the
frequency response of the power system to disturbances. As
per Figure 12, the maximum frequency deviation for the
proposed method is 0.005 Hz. The maximum frequency
deviation when using conventional methods (without virtual
damping) is 0.017 Hz. According to the results of this
scenario, the proposed method (virtual damping) performed
better than conventional methods (without virtual damping) in
damping power system frequency fluctuations and was able to
dampen the fluctuations more.
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Figure 12. The frequency response of power system, Scenario (3)

Scenario (4): In this scenario, the performance of the
proposed method against disturbances and uncertainties
related to the parameters of the power system is investigated.
The disturbances are entered into the power system according
to Figure 11. The uncertainty in the damping parameter of the
power system D is considered to be -20 %. Figure 13 shows
the frequency response of the power system disturbances and
the uncertainty of system parameters. As shown in Figure 13,

the maximum frequency deviation using the proposed method
is 0.0053 Hz. The maximum frequency deviation using
conventional methods (without virtual damping) is 0.022 Hz.
The proposed method (virtual damping) has better
performance in damping the frequency fluctuations related to
the power system than conventional methods (without virtual
damping).
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5. CONCLUSIONS

Distributed generation sources such as wind turbines
undeniably impact the power system. The presence of these
resources in the power systems poses challenges. The
complexity of frequency control is one of the most significant
challenges associated with the presence of wind turbines in the
power system. Because wind turbines naturally oscillate and
are not involved in frequency control. The paper aimed to
design and implement a control method (virtual damping) for a
wind turbine that has the following advantages:

* Improvement of the damping speed of frequency
deviations: Wind turbines reduce the damping speed of
frequency deviations caused by disturbances (load and wind
turbine), to be then dampened. The presence of this issue
may result in power system frequency instability. The
proposed method's design (virtual damping) on the wind
turbine increases the damping speed associated with the
power system's frequency deviations and a decrease in the
maximum deviations.

* Wind turbines' proactive role in power system frequency
regulation: Wind turbines played no role in the frequency
control methods proposed in the power system frequency
control field. Due to the presence of wind turbines in today's
power systems, this source must be capable of actively
controlling the system frequency. According to the proposed
method, the wind turbine participates actively in the power
system during disturbances, thereby enhancing the frequency
stability of the power system.

» Improvement of the power system's frequency stability in
the presence of time delay: Time delay in the power system
can result in frequency instability. The methods used to
control the power system's frequency in the presence of wind
turbines do not address the issue of time delay. This paper
studied the effects of time delay on the power system.
Inclusion of time delay effect results in a more
comprehensive frequency response model for controlling the
frequency of the power system.
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NOMENCLATURE

Af The power system frequency deviation

APyon-ren  The generated power from the non-reheat power plant

APren The generated power from the reheat power plant

APy, The generated from the governor. 2

APy The generated from the governor. 3

APyydro The generated power from the hydropower plant

AP, The load power

APgpgs The generated power from the superconducting magnetic
energy

T Time delay

R, Governor speed regulation non-reheat plant (Hz/pu MW)

R, Governor speed regulation reheat plant

R; Governor speed regulation hydro plant (Hz/pu MW)

B Bias factor (pu MW/Hz)

Ty Water starting time in hydro intake (s)

Th Time constant of reheat thermal plant (s)

P Nominal rated power output for the non-reheat plant (MW
pu)

Pny Nominal rated power output for reheat plant (MW pu)

P Nominal rated power output for the hydro plant (MW pu)

Py, Nominal power of wind turbine 1

Py, Nominal power of wind turbine 2

m Fraction of turbine power

Ty Dashpot time constant of hydro plant speed governor (s)

T, Valve time constant of the non-reheat plant (s)

T, Steam valve time constant of reheat plant (s)

Ts Water valve time constant hydro plant (s)

H Equivalent inertia constant (pu s)

D System damping coefficient of the area (pu MW/Hz)
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Increased global energy consumption demands the use of more energy resources, aggravating environmental
issues. This study focused on analyzing biogas production from a mixture of cow dung, water hyacinth, and
food waste and checking the efficiency of the biogas. The efficiency of biogas production was tested using two
alternative settings in the study. The first setup employs Eichhornia crassipes that have been NaOH-treated and
mixed with co-digestion substrates such as cow manure and food waste which have been stored at room
temperature for 32 days. The second setup contains five different types of substrates such as L1-cow dung, L2-
cow dung: water hyacinth, L3-cow dung: food waste, L4-cow dung: water hyacinth: food waste, and L5-water

Keywords: ¢ ! v ! ! ! 1
An}a\/erobic Digestion, hyacinth. The properties of the Eichhornia crassipes were studied on several biogas substrates, such as pH,
Bioenergy, temperature, COD, TOC, and NPK tests, as well as total biogas output and methane percentage. The results of

Biogas, the comparison analysis show that the substrate L4 has a high level of NPK (4.7 %) and a higher amount of

Cow Dung, COD (137600 mg/l). These characteristics enhance the gas yield and methane percentage (85 %). Overall, the

Eichhornia Crassipes water hyacinth mixed with cow dung and food waste exceeded the other four substrates. The total yield of
biogas from the first setup was 8.5 litres, the flammability was tested on the 28th day, and the blue flame was
obtained. Water hyacinth was removed from aquatic areas and used as an alternative energy source, hence
being environmentally friendly.

https://doi.org/10.30501/jree.2022.327715.1325

1. INTRODUCTION

Energy is vital to most industrial and commercial wealth
organisations and serves as a major component in improving
social and economic well-being [1]. Environmental
sustainability, economic prosperity, and social equality are all
dependent on energy. However, individuals in many
developing countries, particularly in rural areas, suffer from
energy poverty due to no access to electricity [2]. The
shortage of energy can have a negative impact on the country's
development, economic growth, lifestyles, health, education,
and so on. The economic development of acountry is mainly
dependentupon the use of energy in industrial, transportation,
domestic, and agricultural domains [3]. A high rate of energy
consumption in these sectors indicates the development and
quality of life in these sectors of the country [4]. In any
country, it has been difficult to increase per capita income
without raising the use of commercial energy. The

*Corresponding Author’s Email: thangavelgis@gmail.com (T. Arumugam)
URL: https://www.jree.ir/article 154525 html

consumption of energy can improve living standards because
it provides an essential service to humans [5, 6]. According to
the Energy Information Administration, between 2018 and
2050, approximately half of the world's energy consumption
will increase [7]. In all industries, non-renewable energy
sources like fossil fuels and uranium are still used. These
fossil fuels are considered non-sustainable sources, because
they produce pollutants that contribute to global warming,
according to the Intergovernmental Panel on Climate Change
(IPCC). As a result, we focused mostly on alternative energy,
which is regarded a renewable and long-term energy source.
Solar energy, wind energy, biomass energy, and geothermal
energy are examples of renewable energy resources [8].
Biogas is one of the renewable energy sources that is a more
sustainable solution which effectively replaces or reduces the
demand for coal or natural gas. Humans and animals always
generate waste in order to manage the waste, which is used in
generating biogas. Recently, energy crops like weeds and
agricultural residues have been widely used for biogas
production [9]. The water hyacinth (Eichhornia crassipes) is

Please cite this article as: Kinattinkara, S., Arumugam, T., Samiappan, N., Sivakumar, V., Velusamy, S., Murugesan, M. and Shanmugamoorthy, M., "Deriving
an alternative energy using anaerobic co-digestion of water hyacinth, food waste, and cow manure", Journal of Renewable Energy and Environment (JREE),
Vol. 10, No. 1, (2023), 19-25. (https://doi.org/10.30501/jree.2022.327715.1325).
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generally considered an aquatic weed, and it is an invasive
species that is persistent in the environment and causes
aquatic problems [10]. It affects the quality of the water by
preventing sunlight and the air-water interface from reaching
it. Therefore, these blockages reduce oxygen levels in the
water [11]. Several studies have been conducted on biogas
production from water hyacinth; methane can be produced
under anaerobic conditions. For these reasons, lignocellulose
waste can be used and is a significant renewable source [12].
A study conducted on biogas production from anaerobic co-
digestion of water hyacinth (Eichhornia crassipes) and cow
manure revealed that the mesophilic anaerobic fermentation
system was operating at (39 °C + 2 °C) [4]. The study in [13]
created afixed dome biogas plant for the creation of biogas
from food waste and conducted research on biogas generation
from food waste with a co-digester mixture. In many
countries, biogas production helps strengthen environmental
legislation and regulates the waste recycling process [14]. The
main reason behind the use of biogas is to reduce the
greenhouse effect by capturing methane as fuel and cutting
down on the use of fossil fuels [15]. Moreover, we can get a
bio-fertilizer at the end of the process. The objective of this
study isto analyze the production of biogas from a mixture of
cow dung, water hyacinth,and food waste and to check the
efficiency of the biogas. The present study was carried out at
three phases: experimental setup, laboratory setup, and
analysis of biogas substrates.

2. MATERIALS AND METHODS

2.1. Designing of digester and preparation of biogas
substrates

A thirty-five-liter Black Jerry Can was taken for making
bio-digester. The plastic tube was fitted with a can cap by
using a hose barb coupler and a hose clamp. The barb hose
fitting tee was used to connect the outlet of the plastic tube.
One outlet of a plastic tube was inserted into 20 L water to
measure gas volume. Another outlet was connected to Bunsen
burner for checking the flammability. The biogas substrates
were made using water hyacinth (Eichhornia crassipes), cow
dung, and food waste. The water hyacinth was collected from
Noyyal River, near Somanur and cow dung, and food waste
from the Kasilingampalayam village in Tiruppur district. The
sun-dried water hyacinth was chopped into tiny pieces and
dried in a hot air oven at 70 °C for 10 hours and pretreated
with 1 % NaOH alkali solution. Then, it was mixed with
finely ground food waste and cow dung. These mixtures were
dissolved using cow urine and made at 3:1 ratio by the volume
of cow dung and water hyacinth and food waste mixture. At
the end, the total volume was 24 L. The whole process is
illustrated in Figure 1.

The mixture was poured into the digester container and it
maintained the homogenized mixing. It was conducted
between February and March. The digester can was placed at
room temperature with adequate sunlight. The pH of the
substrates was determined at the initial stage. Moreover, the
temperature and volume of gas production were measured on
a daily basis. The volume of gas production was measured
using water displacement method and the Bunsen burner used
to check the flammability. This experimental setup is shown
in Figure 2.

Caollection of Waste
| | |
‘ Cow dung Water hyacinth Food waste |
1 | =
| Dissolved with Sun dried & Chopped Size reduction
| cow urine into small pieces by grinding

Dried in hot air oven at 70 o for l.l]lli
|

1l
Pretreatment with 1% NaOH |

T'\
| ! J
Homopgenized mixture was prepared in 3:1 ratio
|

| Fed into Bio-digester can ‘

l Anaerobic digestion |

\ Biogas production ‘

Figure 1. Process followed for preparation of biogas digester

Figure 2. The experimental setup containing a mixture of cow dung
and water hyacinth food waste

2.2. Preparation of biogas substrates and setup

The same substrates were taken for laboratory setup. Five
clean 750 ml glass bottles were taken and marked by L1 (CD),
L2 (CD: WH), L3 (CD: FW), L4 (CD: WH: FW), and LS5
(WH), as shown in Figure 3. First, in the case of L1, half of
the bottle was filled only with cow dung and cow urine
mixing. Second, L2 was filled with a mixture of 3:1 ratio
volume of cow dung and 1 % NaOH treated water hyacinth.
Third, L3 was filled with a mixture of 3:1 ratio volume of cow
dung and food waste. L4 was filled with a mixture of 3:1 ratio
of cow dung and 1 % NaOH treated water hyacinth and food
waste. Above all the four substrates were mixed with cow
urine instead of using water. Finally, L5 was only filled with
1 % NaOH alkali treated water hyacinth. The bottles were
placed at room temperature and exposed to direct sunlight.
The production of biogas was measured daily using water
displacement method and methane content was measured
using a saccharometer.
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2.3. Analysis of biogas substrates

2.3.1. Analysis of physicochemical properties of biogas
substrates

The pH of the biogas substrates was measured using a pH
meter and the temperature was measured using a room
thermometer. The Total organic carbon of the sample was
determined based on the Walkley-Black method [10, 11] in
Equation (1).

(Blank—Sample)*Nx0.003%100+C
Weight of Sample

Organic Carbon (%) = 1

C=1.334,1.724)

The Chemical Oxygen Demand (COD) of the substrates was
analyzed with the help of two hours of reflux condenser
digestion under acidic conditions. The chemical oxygen
demand of substrates was calculated by the following equation

(2) [16].

m Blank—Sample)*Normality of FAS*8+1000
cop (%) (%) = Eofomeor e

Volume of Sample

@

2.3.2. Analysis of total NPK of biogas substrates

The Kjeldahl method was followed to analyze the nitrogen
content present in the different biogas substrates (Johan
Kjeldahl, 1883). The phosphorus content of the biogas
substrates was extracted and measured using UV-
Spectrophotometer at 660 nm (EPA 3051 Method). The
potassium content of the sample was analyzed by preparing
sesquioxide using HCL extraction. Then, potassium was
measured under a flame photometer (EPA 3051 method).

2.3.3. Biogas estimation

The water displacement method was used to measure the total
biogas level. Moreover, the percentage of methane in the
biogas was estimated using a saccharometer filled with
saturated KOH. The volume of methane content was noted
and the percentage of methane was determined using the
following equation (3) [13].

Volume of Dissolved Biogas
Volume of Biogas Injected

* 100

Methane Content =

)

The energy generating potential of the biogas was
determined by calculating the calorific value of methane. The
following equation (4) was used [13].

Methane Content = % of Composition of Methane * Cethane (4)

D

o ==

21

D), L2 (CD: WH), L3 (CD: FW), L4 (CD:WH: FW), L5 (WH)
However, we have: C pgjogs - Calorific value of Biogas;
C Methane - Calorific value of methane (37 MJ/ m).

3. RESULTS AND DISCUSSION
3.1. Laboratory setup
3.1.1. Temperature variations

The experiment was carried out for 20 days at room
temperature ranging from 26 °C to 42 °C. During the study,
the relationship between the temperature and gas production
level was noted. When the ambient temperature increases, it
gradually increases the gas production level.

3.1.2. pH of biogas substrates

The pH value was taken before and after the anaerobic
digestion process. The pH value for the samplesranges from
7.0 to 8.5 (Table 1). The 1 % NaOH pretreatment of water
hyacinth helped adjust the pH level. At initial pH, the
substrate-LS (WH) has the highest level of pH 8.5 and the
substrate- L4 (CD: WH: FW) has the lowest value of pH 7.0.
Moreover, the final value for the same sample (L5- WH) has
the highest value of pH 8.5 and the substratesL.3 (CD: FW)
and L4 (CD: WH: FW) have the lowest value of pH 7.3.
Compared to the initial pH, the final pH was increased due to
ammonia and H>S gases which were formed during anaerobic
digestion. Sometimes,CO, formed into bicarbonate or reacted
with some minerals produces buffer conditions,which can
increase pH.

3.1.3. Chemical oxygen demand of biogas substrates

The results of the substrates are given in Table 1; their initial
level of COD was greatly reduced after the digestion process.
The substrate-L4 (CD: WH: FW) contains higher levels of
COD and the substrate-L5 (WH) contains low levels of
organic matter. After digestion, the substrate-L2 (CD: WH)
has a lower COD value,while the substrate-L4 (CD: WH: FW)
has a higher level of COD.

3.1.4. Total organic carbon of biogas substrate

The biogas substrate TOC test was conducted based on
Walkley and Black method, and the value was given in Table
1. As a result, the substrate-L4 (CD: WH: FW) has a higher
level of TOC,while substrate-L5 (WH) has a lower level of
TOC. After the digestion process, the final value was taken
and the substrate-L3 (CD: FW) had the highest level of TOC
while substrate-L5 (WH) contained the lowest level of TOC.
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Table 1. Physicochemical properties of biogas substrates

pH COD (mg/L) TOC (%)
Biogas substrates

Initial Final Initial Final Initial Final
L1 7.2 7.6 1,10,000 26,400 10.86 7.75
L2 7.3 7.5 70,000 11,000 10.62 6.20
L3 7.1 7.3 1,60,000 35,200 15.92 13.55
L4 7.0 7.3 1,80,000 42,400 19.03 11.37
L5 8.5 8.5 60,000 48,000 5.68 4.65

3.1.5. Estimation of total NPK

The substrate can be utilized as a fertilizer after it has been
digested anaerobically. The time (days) it takes to digest the
food is connected to the increase in NPK concentration. The
NPK result is shown in Table 2. The NPK content slightly
increased after the anaerobic process. The highest level of

NPK is present in the Biogas substrate L4 (CD: WH: FW),
while the lowest level is observed in biogas substrates L5
(WH). Here, the substrates L4 were prepared with cow dung,
alkali treated water hyacinth, and finely ground food waste.
The mixture was dissolved with cow urine to increase gas
production while mixing with cow dung [17].

Table 2. Total NPK of biogas substrates

Total Kjeldahl nitrogen (%) | Total phosphorus (%) Total potassium (%)
Biogas substrates

Initial Final Initial Final Initial Final
L1 4.90 5.14 1.52 1.78 4.76 4.93
L2 5.11 5.34 1.98 2.07 5.14 5.31
L3 5.63 5.81 2.12 2.24 5.51 5.83
L4 5.84 5.97 2.15 2.31 5.72 591
LS 1.93 1.99 0.91 1.08 4.66 4.67

3.1.6. Total gas production and methane estimation

The measurement of biogas production was taken at regular
intervals by the water displacement method. At the same time,

saccharometer, and the calorific value of biogas was
calculated wusing the percentage of methane. These
measurements were carried out for the following laboratory
setup samples (Table 3).

the percentage of methane was estimated using a
Table 3. Biogas production from different substrates
Days SUBSTRATES L1 SUBSTRATE L2 SUBSTRATE L3 SUBSTRATE L4
(CD) (CD: WH) (CD: FW) (CD: WH: FW)
Gas production Methane Gas production Methane Gas production Methane Gas production Methane

(ml) (%) (ml) (%) (ml) (%) (ml) (%)
2 92 50 98 48 89 65 85 66
4 108 54 115 56 101 70 103 70
6 123 60 125 62 105 70 110 72
8 128 65 140 70 110 72 120 80
10 130 70 145 75 114 75 133 80
12 129 68 143 80 121 76 140 85
14 111 60 131 80 124 76 141 82
16 95 46 119 75 98 70 138 80
18 41 34 98 50 67 66 97 76
20 33 28 52 50 35 55 52 65

a) Biogas production from substrate L1 (CD)

The sample L1 contains a mixture of cow dung and cow urine.
The total biogas production and the methane results are shown
in Figure 4. The production of gas was gradually increased
and the highest level of gas obtained on Days 8 to 12. The
maximum level of methane was 70 % and the gas production
was 130 ml. The maximum level of the calorific value of

substrate was 25 MJ/m?. The total yield of gas production was
obtained 990 ml.

b) Biogas production from substrate L2 (CD: WH)

The substrate L2 (CD: WH) contains a mixture of cow dung,
water hyacinth, and cow urine. The total biogas production
and the methane results are shown in Figure 5. The production
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of gas was gradually increased and the highest level of gas
was obtained on Days 8 to 12. The maximum level of methane
80 % was obtained onDays 12 to 14 and the gas production
was 145 ml. The maximum calorific value of L2 was 29
MJ/m3. The total yield of gas production was 1.2 litre.

140 - SUBSTRATE L1 (CD)
_ 120 4
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3 80 A
2 = Gas Production (ml)
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Figure 4. Biogas production from substrates L1 (CD)
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Figure 5. Biogas production from substrate L2 (CD: WH)

c) Biogas production from substrate L3 (CD: FW)

The substrate L3 contains a mixture of cow dung, food waste,
and cow urine. The total biogas production and the methane
results are shown in Figure 6. The production of gas was
gradually increased and it reached the highest level of gas on
Days 10 to 14. The maximum level of methane 76 % was
obtained on Days 12 to 14 and the gas production was 124 ml.
The maximum calorific value obtained in L3 was 28 MJ/m?.
The total yield of gas production was obtained at 964 ml.

SUBSTRATE L3 (CD: FW)

8 Gag Production (ml)
= Methane(®s)

Volume of Gas Produciion ml)

20 4

Time (Days)

Figure 6. Biogas production from substrates L3 (CD: FW)

d) Biogas production from substrate L4 (CD: WH: FW)

The sample L4 was prepared with cow dung, water hyacinth,
food waste, and cow urine. The results of total biogas
production and the methane are shown in Figure 7. The
production of gas was gradually increased and it reached the
highest level of gas on Days 10 to 14. The maximum level of
methane 85 % was obtained on Days 12 to 14 and the gas
production was 141 ml. The maximum calorific value
obtained in L4 was 31 MJ/m’. The total yield of gas
production was 1.1 liter.
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Figure 7. Biogas production from substrate L4 (CD: WH: FW)

e) Biogas production from substrate L5 (WH)

The biogas substrate L5 was only made of water hyacinth.
This substrate totally produces 167 ml of gas and there was no
methane present in the total gas. Because the pure water
hyacinth substrate produces only CO, and H,. Without any
co-digestion substrate, it could not show the methane content.
Until the presence of high water content (90.08 %) and lignin,
there is no chance of methane production [11, 18]. By
comparing all the samples, the biogas substrate L4 exhibits the
best results, while the L2 shows higher levels of total gas
(1166 ml), but the L4 has a higher level of methane (85 %),
which was due to high level COD, TOC, and NPK.Moreover,
it has an optimum pH. These factors enhance the methane
content.

3.2. Experimental setup
3.2.1. Temperature variation

The experimental setup of anaerobic digestion was being
conducted for 32 days at room temperature which varied
between 29 °C and 45 °C. Reduction in the temperature
affects the biogas production.

3.2.2. pH-experimental substrates

The pH of the sample was measured before and after the
digestion. The initial and final pH value respectively 7.0 and
7.9. The pH value was increased after digestion, may be due
to CO,, volatile fatty acids.

3.2.3. Total gas production of experimental setup

The total gas production was measured for 32 days using a
water displacement method. The volume of gas is shown in
Table 4. The gas production was rapidly increased up to Day
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16 and then, decreased on Days 18 and 20 due to low
temperatures (29 °C and 31 °C) and gradually increased after
20 days. The value remained constant from Days 24 to 30.
The total yield of gas production was 8.5 liter. The average
production of gas was 265 ml per day. The presence of cow
dung and cow urine accelerated the gas production and
methane content.

3.2.4. Flammability of biogas

The flammability of the biogas was produced due to the
presence of methane. When the methane content reaches the
higher level, it produces a stable blue flame used as energy
[19]. The experimental sample flammability was checked by
attaching the Bunsen burner with the digester shown in Table
4. The gas beganto burn on the 10" day and then, the flame
wasreduced suddenly on the 20" day. Later, it began to
produce blue flame after the 28" day. Due to temperature
variation, the gas production and methane value was changed.
On 25" and 30" days, the ambient temperature range
increased up to 40 °C. Therefore, the volume of gas was
rapidly increased.

Table 4. Total biogas production (experimental setup)

Days | Gas production (mL) | Days | Gas production (mL)

2 250 18 580
4 280 20 578
6 354 22 603
8 411 24 658
10 472 26 657
12 543 28 661
14 565 30 664
16 590

4. CONCLUSIONS

Water hyacinth is commonly used to produce biogas in
developing countries. There are two benefits to the
environment. Firstly, this study obtained renewable energy
from waste. Secondly, the water hyacinth was widely
distributed in aquatic areas and it caused several issues to the
environment. So, there was a need to remove waterweed from
the aquatic. The anaerobic digestion process was the best
method of disposing of water hyacinth. The biogas was
produced from water hyacinth with the help of co-substrates
like cow dung and food wastes. This experiment was
performed and a compared study was carried out with
different substrates. The pH and temperature determine the
gas production level. Compared to different substrates (L1-
CD, L2- CD: WH, L3- CD: FW, L4- CD: WH: FW, and L5-
WH), the substrate L4- CD: WH: FW contains high NPK,
higher level of COD. So, it promotes gas production and
enhances the methane level (85 %). It gives a calorific value
of about 31 MJ/m3. Overall, the water hyacinth with cow dung
and food wastes exhibits better results than other substrates. In
experimental setup,the flammability was checked and the blue
flame was obtained on the 28th day. To sum up, the project
was eco-friendly because the water hyacinth was removed
from aquatic areas and used as alternative energy, which
shows better results.
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Briquettes from agro-residues have been promoted as a better alternative to firewood and charcoals for heating
and cooking in the rural communities. In this light, a study was carried out to investigate the effect of
pretreatment methods on physical properties and heating values of briquettes produced from corncob. To
accomplish this work, an experiment was designed as a 2 X 3 x 3 x 3 completely randomized with three
replicates. The parameters are pretreatment methods (carbonized and uncarbonized), binder types (cassava,
corn, and gelatin), binder concentrations (10, 20, 30 %), and compacting pressures (50, 100, and 150 kPa). A
charcoal kiln was fabricated to obtain the pretreatment through pyrolysis and a punch and die was also
Carbonized Briquette, fabricated to facilitate briquette densification. The physical properties tested were limited to moisture content
Uncarbonized Briquette, (MCQ), density and compressive strength and were determined using a conventional method. The heating value
Density, of the briquettes produced was determined using bomb calorimeter. The results demonstrated that average
Compressive Strength, moisture content ranged between 5.29-6.58 % and 12.75-13.72 %, mean relaxed density varied from 813-925
Heating Value kgm™ and 963-1166 kgm>, compressive strength ranged between 2.27-5.07 MPa and 5.97-10.12 MPa, and
heating value ranged between 28.85-32.36 MJkg™' and 27.58-28.80 MJkg™' for carbonized and uncarbonized
briquettes, respectively. Briquettes produced from carbonized corncob had a better moisture content and
heating value, while briquettes produced from uncarbonized corncob had higher density and compressive
strength. The study shows that pretreatment methods under different binder types and concentrations and the
compacting pressure significantly affected the briquettes physical properties and heating values. Therefore,
this technology can be successfully applied in rural off-grid areas by the government and other stakeholders in
the energy sector as part of renewable energy technologies.

Keywords:
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1. INTRODUCTION

Corncobs can be described as by-products of corn plant
obtained either dry or green. Nigeria is endowed with a huge
amount of corn plants which could be roasted or boiled for
human consumption upon harvested green. It can also be
harvested dry; the grains threshed out of the cob can further be
dried and stored or used for human consumption. In whatever
forms, the grains are obtained and they allow an enormous
quantity of corncobs which add to environmental wastes.
Often, these corncobs are left on the farm, thereby polluting it
and posing health risks to both human and ecology. The
current management practice of corncob is usually that of
burning in the open or dumping on the farm to decompose;
any of these methods apart from resulting in a colossal waste

*Corresponding Author’s Email: oyewusi.toyese@adelekeuniversity.edu.ng
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URL: https://www.jree.ir/article 154837 .html

of resources contribute to environmental degradation and
pollution. This corncob can be directly utilized as fuel;
however, it is not suitable apparently because it is bulky,
uneven, and has low energy density [1]. However, some
literature pieces have shown that corncob is a good resource
for biofuel due to its lignocellulosic properties [1-3].
Therefore, it is necessary that the corncobs should be
subjected to the conversion process to be able to produce a
better fuel in such a way that it will alleviate the problem they
pose when used directly.

Briquette technology has been discovered for use as a
renewable fuel production from agricultural waste and
by-products to solid biofuel in a sustainable way in many
developing countries [2]. Briquetting is a densification process
for enhancing some physical properties of solid fuel materials
and the heating value of biomass [3]. A briquette, defined by
Grainger and Gibson [4], is a block of compressed biomass
that is used as fuel to start and maintain fire. Briquettes made
of biomass that cost nothing to obtain such agricultural wastes

(https://doi.org/10.30501/jree.2022.327453.1329).
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represent an alternative source for domestic use for rural
households or communities. Fuel wood remains a major
source of fuel for rural communities since other energy
sources (kerosene, gas, and electricity) are either unavailable
or grossly inadequate where available and beyond the reach of
the masses [1]. Hitherto, collection of fuel wood has grave
consequences on forest conservation and sustainable forest
resource management. However, briquette production reduces
deforestation and its positive effects, thereby turning waste
materials into fuel source. However, based on the type of raw
materials utilized for the briquette production, they may burn
cleaner at a greater heating value than fuel wood and charcoal.
Therefore, briquette making has been found to be a promising
renewable fuel that supplies additional energy demands for
rural, urban, and industrial sectors, thus contributing
significantly to expansion of the economy of developing
countries.

In recent times, varieties of biomass materials were selected
for research. However, a great number of these biomasses
were practically applied or utilized with no pretreatment and
were found not suitable for large-scale use, particularly in
energy production, due to their low energy density. This issue
leads to two methods of briquettes production: carbonized
(pyrolyzed) and uncarbonized (non-pyrolyzed) methods used
in this study. Carbonized method is basically pyrolyzing the
biomass to remove volatile matters without or in the limited
supply of oxygen. Explicitly, carbonized process entails
partial burning of the biomass in an enclosed surrounding to
produce char of high-quality carbon. On the other hand, the
uncarbonized process is the production of briquettes without
carbonizing the biomass without allowing it to pass through
any form of heat. The main purpose of biomass pretreatment
through pyrolysis is to produce smokeless briquettes that are
environmentally friendly with high heating value, which is not
feasible or reasonably not achievable for unpretreated
biomass. The resulting fine particles obtained at the end of
both methods are compacted into regular shape and size,
which would not be separated during transportation, storage,
or combustion. Fine particles are compressed without the
addition of adhesives (binderless briquettes) if the fibres in the
material are able to create a strong bond. However, often
times, adhesive material is added to facilitate holding the
particles of the material together, particularly if the raw
material does not have an ability to bond together when
compressed. Consequently, addition of adhesive material is to
produce a compact briquette, which will suffer less damage
during transportation and storage.

The physical properties of briquettes and heating values
vary from one method to another and since briquettes can be
made of a wide variety of methods, selection of the best
briquettes must be made based on the method that has better
fuel properties. Therefore, efficient briquette technologies
used to extract energy from the biomass and convert it into a
more useful form are required, being the essence of this study.
Thus, this work aims to investigate the effect of pretreatment
methods on the physical properties and heating values of
briquettes.

2. MATERIALS AND METHODS

The experiment was designed as 2 X 3 x 3 x 3 which is
completely randomized and replicated three times. These
parameters are pretreatment methods (carbonized and
uncarbonized), binder types (cassava, corn, and gelatin),

binder concentrations (10, 20, 30 %), and compacting pressure
(50, 100, and 150 kPa). The steps followed to achieve this
work are shown in Figure 1 and discussed below.

Collection and
preparation of the biomass

A\ 4
Pretreatment methods

A4 A4

Carbonized method Uncarbonized method

~,

Binder preparation and mixing

\ 4
Briquettes production and characterization

Figure 1. Steps for briquette production

2.1. Collection and preparation of the biomass

The biomass used in this work was the corncob derived from
matured Swan yellow maize variety harvested from the
teaching and research farm of the Obafemi Awolowo
University Ile-Ife, Nigeria. The maize was threshed to obtain
the corncobs which were later sun dried to 10.08 % (db)
moisture content as opined by Eriksson and Prior [5] and
ASAE [6]. The moisture content was achieved after drying for
five weeks during the dry season of 2020 in Nigeria.

2.2. Pretreatments methods
2.2.1. Carbonized corncob

After collection and drying of the corncobs, they were
subjected to pretreatment through pyrolysis facilitated by a
fabricated metal kiln of 1.5 m high and | m diameter made of
2 mm iron sheet, as presented in Figure 2. An opening was
made at the top to allow for the chimneypiece and the drum
base was closed with a metal sheet and provided with the
stand of 120 mm high. The collected corncobs were loosely
packed into the kiln and by using a small amount of biomass
to create an ignition in the kiln, the top of the kiln was closed
tightly to allow fire to spread with a limited supply of air [7].
The disappearance of smoke coming out of the chimney top
was evidence of completion of the carbonized process. The
carbonized corncobs were allowed to cool and then, crushed
using hammer mill and subsequently milled using bur mill to
achieve finely particle size that passed through a mesh number
of 18 for good binding in line with ASAE [8§].

2.2.2. Uncarbonized corncob

For the uncarbonized process, the corncobs were prepared
without allowing them to pass through any form of heat apart
from pulverizing using hammer mill and then, they were
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milled using a bur mill to achieve a finely particle size that
passed through a mesh number of 18 [8].

= I L —

Figure 2. Assembled view of fabricated metal k_iln for pyrolysis

2.3. Binder preparation and mixing

Three binders (cassava, corn, and gelatin) at three different
proportions of 10, 20, and 30 % (wt/wt) were employed for
the mixing. The distilled water of 150 ml was used to dissolve
the binders with no form of clog or lump in the binder
solution. Using a water bath at 100 °C, the solution was
heated for 10 minutes and stirred continuously until it formed
an entire binder paste. The wet granulation method, followed
by pharmaceutical company, was employed in preparing the
granular mass. By using this method, an appropriate number
of the corncob fine particles (both in carbonized and
uncarbonized forms) were weighed (separately) and carefully
stirred together by hand with the binder solution to achieve a
homogenous damp mass. After the mixing, the damp mass
was allowed to pass through a sieve number 12 and
subsequently, oven-dried at 60 °C for 30 minutes. The dried
granular mass was sieved using a mesh number 16 to derive
granules of uniform size used to produce the briquettes.

2.4. Briquettes production and characterization

A manual method of compaction was used for the production
of the briquette. To this end, a mold (punch and die) of 50 mm
cylindrical die height and 30 mm internal diameter by 5 mm
thickness was fabricated using hardened steel and 0.1 mm
allowance was observed for the escape of air. To achieve this

production, the granules were compacted using a hand-
powered hydraulic press (Hyspin AWS 22/32 Model) to
produce briquettes of uniform shape. For each production, 10
g of the granular mass was employed to fill the mold after that
compressed at a different applied pressure of 50, 100, and 150
kPa. The dwelling time for each press during the compaction
period was maintained within 120 seconds [9]. The physical
properties the briquette determined were limited to moisture
content, density, and compressive strength, which were
carried out in line with ASTM standards [10]. With ASTM
standards, oven dry method was used in determining the
moisture content and density was computed as the ratio of
mass to volume of the briquette. Instron Universal Testing
Machine (Model: 3369) was used in determining the
compressive strength. The Oxygen Bomb Calorimeter (Leco
AC-350) was used in determining the heating value in
accordance with ASTM standards [11]. This was achieved by
firing 2 grams each of the briquettes in the Oxygen Bomb
Calorimeter connected to a computer set through which the
heat values of the briquettes were automatically displayed and
recorded. Data collected were analyzed using Statistical
Analysis System (SAS) software. The data were analyzed for
analysis of variance (ANOVA) using Statistical Analysis
System software with input variables including pretreatment
methods, binder types, binder concentrations, and compacting
pressure. Treatment means and significant differences were
evaluated using the Duncan Multiple Range test (P < 0.05).
Correlations were run among parameters to establish their
relationships.

3. RESULTS AND DISCUSSION

Table 1 shows ANOVA results with observation that corncob
processing method, binder type, binder concentration,
compaction pressure, and some of their interactions
significantly affected all the briquette's physical properties and
heating values. Table 2 presents the treatment means and their
significant differences in the moisture content, density,
compressive strength, and heating values of the briquettes.

Table 1. The ANOVA results showing the effect of treatments on moisture content, density, compressive strength, and heating value of the

briquettes produced
Moisture content | Compressed density| Relaxed density] Compressive strength Heating value
Source (db) (kgm™) (kgm™) (MPa) (MJkg™")
PM <.0001* <.0001* <.0001* <.0001* <.0001*
PRES <.0001* <.0001* <.0001* <.0001* <.0001*
PM*PRES 0.7795 <.0001* <.0001* <.0001* 0.1356
CONC <.0001* <.0001* 0.0064* <.0001* <.0001*
PM*CONC 0.0019* <.0001* 0.0549 <.0001* <.0001*
PRES*CONC 0.4602 0.0871 0.9902 <.0001* <.0001*
PM*PRES*CONC 0.8879 0.1254 0.9957 <.0001* 0.0061*
TYPE <.0001* <.0001* 0.0105* <.0001* <.0001*
PM*TYPE <.0001* <.0001* <.0001* <.0001* <.0001*
PRES*TYPE 0.0021* <.0001* 0.8810 <.0001* 0.0923
PM*PRES*TYPE 0.2968 0.0004* 0.9609 <.0001* 0.2732
CONC*TYPE 0.0086* 0.1269 0.9998 <.0001* 0.0156*
PM*CONC*TYPE 0.0987 0.2335 0.9968 <.0001* 0.0010*
PRESS*CONC*TYPE 0.5710 0.9479 1.0000 <.0001* 0.2940
PM*PRES*CONC*TYPE 0.0171* 0.9934 1.0000 <.0001* 0.1587
PM: Pretreatment Method, TYPE: Binder Type, CONC: Binder Concentration, PRES: Compaction Pressure
* Factors that are significant at P <0.05
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Table 2. The effects of treatments on moisture content, density, compressive strength, and heating value of the briquettes produced

Variable Moisture content | Compressed density Relaxed density Compressive strength Mean heating value
% (db) (kgm) (kgm) (MPa) (MJkg™h)
Pretreatment
method
C 5.95° 1191.85° 863.73° 3.63° 31.132
uc 13.192 1543.292 1066.712 7.91* 28.24°
Binder type C ucC C ucC ucC C ucC C ucC
Cassava 5.29¢ 12.84° | 1307.08* | 1421.09° 925.28* | 1009.04° 4.65* 6.43¢ 32.07* 28.492
Corn 5.99° 13.20° | 1170.02° | 1659.432 852.55" | 1119.952 3.37° 9.432 30.87° 28.26°
Gelatin 6.582 13.53% | 1098.47¢ | 1549.35° 813.37¢ | 1071.14* 2.87¢ 7.86° 30.45¢ 27.99¢
Binder C uc C uc uc C uc C uc
concentration
10 6.58° 13.72* | 1269.03* | 1324.64° 903.17* | 1071.19* 4.68* 5.97¢ 30.68° 28.11¢
20 5.99° 13.09° | 1195.59" | 1560.45° 866.15* | 1069.19° 3.79° 7.65° 31.19° 28.25°
30 5.29¢ 12.75¢ | 1110.95° | 1744.79* 821.88¢ | 1059.76* 2.42¢ 10.122 31.522 28.37*
Compacting
C ucC C ucC ucC C ucC C ucC
pressure
50 5.59¢ 12.87¢ | 1259.14* | 1747.63* 898.49* | 1166.332 5.07* 10.10° 30.77¢ 28.01°¢
100 5.89° 13.11° | 1197.02° | 1547.16° 866.41° | 1070.80P 3.55b 7.73b 31.20° 28.27°
150 6.37* 13.57* | 1119.41° | 1335.08¢ 826.30° 963.01¢ 2.27° 5.90¢ 31412 28.45°
* C: carbonized corncob; * UC: uncarbonized corncob
Means with the same letters are not significantly different at a level of 5 %

3.1. Moisture content of the briquettes as affected by
processing parameters

The Moisture Content (MC) of the briquettes as affected by
processing parameters is shown in Figure 3. It was observed
that the average MC varied from 5.29-6.58 % and
12.75-13.72 % for carbonized and uncarbonized briquettes,
respectively. The lowest MC was observed for the briquettes
produced from carbonized corncob, while higher MC was
observed for the briquettes produced from uncarbonized
corncob, which is an indication that carbonized process
method had the highest effect on the MC of the briquettes
produced at a 5 % significant level (Table 2). This implies that
the carbonized briquette will ignite faster and produce more
heat, according to the conclusion of Akowuah et al. [12].
Cassava binder was observed to perform well at a 10 %
concentration for the carbonized and uncarbonized briquettes
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produced when 150 kPa pressure was applied. Although there
was an increase in MC as binder concentration increased, MC
decreased with increased compacting pressure for all
briquettes. This may be due to the fact that the feedstock is
hygroscopic in form as increasing the concentration also
increases the water available, as described by Aransiola et al.
[13]. The result of carbonized briquettes agreed with Pallavi et
al. [7], which suggested MC of 5-10 % for good quality
briquettes. In general, the ignition of briquette is easy when
MC is low and burnt without any slag; hence, a greater
amount of heating is achieved. Higher MC in briquette causes
a substantial amount of heat to be used in vaporizing the
excess water which results in occasional tears of briquette into
pieces followed by very low heating value, burning rate with
quite minor emission of smoke.

® Uncarbonized

%20 %30 50kPa  100kPa 150kPa

Binder types, Binder concentraion and Compaction pressure

Figure 3. Moisture content of the briquettes as affected by processing parameters

3.2. Compressed density of the briquettes as affected
by processing parameters

The compressed density of the briquettes as affected by
processing parameters is shown in Figure 4. The mean values
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of compressed density ranged between 1098-1307 kgm™ and
1324-1747 kgm™ for carbonized and uncarbonized corncobs,
respectively. The lowest compressed density was observed for
briquettes produced from carbonized corncob, while the
highest compressed density was observed for briquettes
produced from uncarbonized corncob, which is an indication
that uncarbonized pretreatment method had highest effect on
the briquettes produced (Table 2). However, the carbonized
briquette will store more and in a relatively smaller space and
good in transportation more than the uncarbonized briquettes.
Cassava starch at 30 % binder concentration acts well for
carbonized briquettes and corn starch at 10 % binder
concentration performs well for uncarbonized briquettes, both
under 150 kPa applied pressure. It was discovered that there

m Carbonized

~ 1800
@ 1600
Z. 1400
§ 1200
=~ 1000
3

£ 800
g 600
o

© 400

Cassava  Corn Gelatin %10

was an increase in compressed density as binder concentration
increased for briquette produced from carbonized corncob, but
compressed density increased with a decrease in the binder
concentration for the briquettes produced from uncarbonized
corncob.

This might be expected since it is possible that increasing
the quantity of binder concentration cause higher resistance in
the uncarbonized briquettes during densification causing more
pores per unit volume, hence decrease in compressed density.
Also, it is noted that at high levels of pressure, compressed
densities are high, while they are low at lower pressure; this
might be as a result of a significant amount of air being
expelled during compaction.

® Uncarbonized
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Figure 4. Compressed density of the briquettes as affected by processing parameters

3.3. Relaxed density of the briquettes as affected by
processing parameters

The effect of processing parameters on the relaxed density of
briquettes is shown in Figure 5. The average relaxed density
ranged between 813-925 kgm™ and 963-1166 kgm™ for the
carbonized and uncarbonized briquettes, respectively. The
values obtained were more than the uncompressed feedstock's
initial density, which are 363.64 and 331.33 kgm, for
carbonized and uncarbonized corncobs, respectively.
Therefore, both carbonized and uncarbonized corncobs were
able to improve the expected briquettes density as it is
required in briquette making from agricultural wastes and the
result corresponds to the findings of Eriksson and Prior [5].
Also, the obtained values were higher than the minimum value
of 600 kgm suggested by Mani et al. [14] and Gilbert et al.
[15] for efficient transportation and safe storage. These values
are lower than the compressed density of 1098-1307 kgm™
and 1324-1747 kgm™ for carbonized and uncarbonized
briquettes, respectively, in this study. The lowest relaxed
density was observed for the briquettes produced from
carbonized corncob, while the highest compressed density was
observed for the briquettes produced from uncarbonized
corncob. This indicates that the uncarbonized pretreatment
method had the highest effect on the briquettes produced, and
both pretreatment methods were significantly different from
each other at a significance level of 5 % (Table 2). However,
the carbonized briquettes store more in a relatively smaller
space and perform well in transportation than the
uncarbonized briquettes. Cassava starch at 30 % binder
concentration performed well for briquettes produced from
carbonized corncob, while corn starch at 10 % binder
concentration performed well for briquettes produced from
carbonized corncob under compaction pressure of 150 kPa.

Common development of increased relaxed density of
carbonized and uncarbonized briquettes was noticed when the
applied pressure increased. This is possible due to the strong
bond between the feedstock and the binder as a result of
increase in pressure and reduction in elastic recovery during
relaxation of the briquettes. Also, relaxed density increased as
the binder concentration increased for the briquette produced
from carbonized corncob, which conforms with works of
Sotannde et al. [16] and David et al. [17]; separate studies
discovered that density of briquettes was affected by binder
concentration. Conversely, relaxed density increased with
decreasing binder concentration for the briquettes produced
from uncarbonized corncob; this might be expected since a
higher binder concentration level can provide higher
resistance during compression [17], resulting in the presence
of more pore spaces per unit volume of the briquette, thus
lower density.

3.4. Compressive strength of the briquettes as affected
by processing parameters

The compressive strength of the briquettes as affected by
processing parameters is shown in Figure 6. For carbonized
and uncarbonized briquettes, the average compressive strength
varied from 2.27-5.07 MPa and 5.97-10.12 MPa, respectively.

The lowest compressive strength was observed for
briquettes produced from carbonized corncobs, while the
highest compressed density was observed for the briquettes
produced from uncarbonized corncobs. This depicts that
uncarbonized pretreatment method had the highest effect on
the compressive strength and both pretreatment methods were
significantly different from each other at 5 % level (Table 2).
However, the result indicates that briquettes from
uncarbonized corncobs suffer less damage during
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transportation and storage than briquettes from carbonized
corncobs. The compressive strength increased with increasing
binder concentration for carbonized briquettes and decreased
with increasing binder concentration for the uncarbonized
briquettes. Also, compressive strength was the highest with
cassava as a binder compared to briquettes made with the
other two binders for carbonized briquettes and was the
highest with corn as a binder in comparison to briquettes made
with the other two binders for uncarbonized briquettes. The
compressive strength of the briquettes increased as die

pressure increased for the briquettes produced from both
pretreatment methods. The three compacting pressures gave
different compressive strength levels; the highest compressive
strength was observed for 30 % cassava binder at 150 kPa for
carbonized briquettes and 30 % corn binder at 150 kPa for
uncarbonized briquettes. This was due to very good sticky
binding characteristics of cassava starch and its homogenous
mixing with carbonized corncobs and corn starch and its
homogenous mixing with uncarbonized corncobs with
increase in briquetting pressure.
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Figure 5. Relaxed density of the briquettes as affected by processing parameters
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Figure 6. Compressive strength of the briquettes as affected by processing parameters

3.5. Heating value of the briquettes as affected by
processing parameters

The effect of processing parameters on the heating value of
briquettes is shown in Figure 7. The average heating values
achieved in this work ranged between 28.85-32.36 MJkg™! and
27.58-28.80 MlJkg! for carbonized and uncarbonized
briquettes, respectively. It was observed that the heating
values of the uncarbonized briquettes in this study had high
values compared to the ones reported in existing literatures
which could be an indication of wet granulation method used.
The highest heating value was observed for briquettes
produced from carbonized corncob, while the lowest was
observed for briquettes produced from uncarbonized corncob.
This indicates that the carbonized pretreatment method had
the highest effect on the heating value of the briquettes
produced and both materials were significantly different from
each other at a 5 % significance level (Table 2). The highest

heating value of 32.36 MJkg' was observed for briquette
made from carbonized corncob for 30 % cassava binder at a
die pressure of 150 kPa, while briquettes from uncarbonized
corncob exhibited the lowest heating value of 28.80 MJkg™!
for the same binder at the same level of binder and pressure.
The results of heating values from this study were compared
well with the average heating value of 32.43 MJkg™!' from the
corncob briquette obtained by Zubairu and Sadiq [18] and
with 28.5 MJkg! from sawdust briquette by Wakchaure and
Mani [19]. All the briquette samples produced in this work
were found to have higher heating values, but the heating
value of the briquette produced from the carbonized process
of corncob competed well with the heating value of fuel wood
and charcoal at 31.8 MJkg"! according to FAO [20]. These
energy values can produce enough heat for household cooking
and small-scale industrial cottage applications.
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Figure 7. The heating value of the briquettes as affected by processing parameters

4. CONCLUSIONS

This comparative study investigated some physical properties
and heating values of briquettes produced from carbonized
and uncarbonized processing methods of corncobs using three
different types of the binder at three different concentrations
and compacting pressures. The results showed that average
moisture content ranged between 5.29-6.58 % and
12.75-13.72 %, mean relaxed density varied from 813-925
kgm™ and 963-1166 kgm=, compressive strength ranged
between 2.27-5.07 MPa and 5.97-10.12 MPa, and heating
value ranged between 28.85-32.36 MJkg' and 27.58-28.80
MlJkg! for carbonized and uncarbonized briquettes,
respectively. Based on the results obtained, all the processing
parameters studied had significant effects (P < 0.05) on the
briquette’s moisture content, density, compressive strength,
and heating value. The briquettes produced from carbonized
corncob had a better moisture content (5.29-6.58 %) and
heating value (28.85-32.36 MlJkg™!), while the briquettes
produced from uncarbonized corncob had higher density
(1324-1747 kgm™) and compressive strength (5.97-10.12
MPa). Therefore, this study shows that pretreatment methods
under different binder types and concentrations and the
compacting pressure significantly affected the physical
properties and heating values of briquettes. Furthermore,
carbonized and uncarbonized corncobs were suitable materials
for briquettes production suited for domestic and industrial
applications. However, this technology can be successfully
applied in rural off-grid areas by the government and other
stakeholders in the energy sector as part of renewable energy
technologies.
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This study aims to assess the potential of coupling solar PV power plants with Battery Energy Storage System
(BESS) to curtail load-shedding and provide a stable and reliable baseload power generation in Zimbabwe.
Data from geographical surveys, power plant proposals, and investment information from related sources were
reviewed and applied accordingly. Areas considered to be of good potential to employ the use of BESS were
identified considering such factors as feasibility of PV plants, proximity to transmission lines, the size of a
town or neighborhood, and energy demands for BESS Return On Investment (ROI) calculations. Previous
studies have proven that 10 % of the suitable land for PV systems has the capability to generate thirty times the
current power demand of the nation operating even with the least efficiency. In recent years, coupling
renewable energy sources with a suitable energy storage system yielded improved performances, giving
consumers a reliable, stable, and predictable grid. BESS technologies on the utility scale have improved in
recent years, giving more options with improved safety, and decreasing the purchase costs, too.

https://doi.org/10.30501/jree.2022.294957.1230

1. INTRODUCTION

Zimbabwe is currently experiencing power outages that have a
drastic impact on the nation’s development, economy,
education, and health systems. There have been no significant
investments in power generation besides the growth of the
country’s population and migration to urban centres
(urbanization) that have increased the power demands.
Electricity accessibility and rural electrification are below
standard due to the high demand of electricity in urban centers
which are prioritized first though load shedding continues.
Initially, hydropower and coal-fired power plants generating
respectively at a ratio of 38 % to 62 % were able to
sufficiently meet the energy demands in the country before the
major factors came into consideration [l]. Currently,
Zimbabwe’s power supply companies cannot generate enough
energy to meet the national demands or pay for adequate
power imports from South Africa or Mozambique due to the
growing number of energy consumers. The national electricity
demand as of May 2021 was estimated between 1800 MW
and 2200 MW depending on season, yet the generated power
from the Kariba hydropower and all the thermal power plants
in the country only amounts to 1200 MW [2]. After a hiatus,
the Zimbabwean government introduced new renewable
energy policies with the aim of eradicating power outages in
the country, and the Infrastructure Development Bank of

*Corresponding Authors’ Email: ywyshdl@shiep.edu.cn (W.Y. Yu) and
ysliu@shiep.edu.cn (Y.S. Liu)
URL: https://www jree.ir/article_155040.html

Zimbabwe issued proposals to seek partners develop small-
scale PV plants as alternatives to improve the country’s grid
and reduce the load-shedding crisis.

Due to the decent amount of unhindered solar radiation of
approximately 6.5 kWh/m? DNI daily available in Zimbabwe,
there are high possibilities of solar PV panels producing more
electrical energy than required during the day [3]. Like any
other country, high energy consumption periods (peak-loads)
are experienced during morning and evening hours when there
is little to no sunlight. The proposed small-scale PV plants are
capable of improving the grid but will not be able to meet the
energy demands of the country; therefore, the introduction of
Energy Storage Systems (ESSs) should be considered. Energy
storage is essential in PV systems to overcome the
intermittency of the energy generated by the system which
could be caused due to daily, monthly, or seasonal solar
irradiance fluctuations. Other countries can offer several ESS
alternatives for PV plants like Pumped Storage Hydropower
(PSH) or grid-storage, but for a country like Zimbabwe, grid
storage is impractical since the grid is already failing to meet
the demands. Also, PSH entails construction of large water
reservoirs and alteration of topographies, which result in high
capital expenditures (CAPEX) as well as a long duration of
time until the constructions are finished. Other ESSs are not
technically and economically favorable considering
Zimbabwe’s current economic situation. Considering these
factors and the advances in Battery Energy Storage System
(BESS) technology in the past years, BESS utility has the
capability to increase the stability and resiliency of the grid,
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thus meeting consumers’ energy demands and possibly
offering a Lower Levelized Cost of Electricity (LCOE).

This study addresses the following BESS application
objectives:

* How much electricity does Zimbabwe need?

« Identification of the functions of a BESS;

* Discussion and selection of the ideal BESS technology for
Zimbabwe’s situation;

* Selection of a suitable location and method of coupling
BESS with the PV system;

 Assessment of the economic and technical barriers hindering
the employment of BESS technology;

* BESS sizing and economic analysis including Capital
Expenditure (CAPEX) and Operation Expenditure (OPEX);

» Advising policy-makers and potential investors on the
potential for BESS in Zimbabwe.

2. ZIMBABWE
GENERATION

According to International Energy Agency (IEA) 2019 data,
18 % of the total power used in Zimbabwe was imported from
neighboring countries. Total annual imports depend on certain
aspects like climate and turbine breakdowns since
Zimbabwe’s electricity generation derives mainly from
hydropower and coal-fired thermal power plants. In 2017,
Southern Africa received less rainfall compared to the
previous years and experienced high temperatures under
which all the factors had a significant impact on hydropower
generation. Kariba Dam water levels decreased because of
low rainfall and high evaporation rate caused by intense heat.
In the year 2000, Zimbabwe had the highest import rate of
over 5000 GWh and the rate declined due to the extension of
the Kariba South Dam hydropower and high implementation
of individual off-grid system. The country has never been able
to export electricity as the grid cannot meet the nation’s
energy demands.
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Figure 1. Electricity imports vs. exports, Zimbabwe 1990-2019 [IEA]

The country’s population is estimated at 14.8 million and
national electricity access stands at 41 %, leaving most of the
population without access to electricity. Electricity
consumption per capita in 2020 was estimated at 1,320 kWh,
(830 kWh less than the required) and the total annual
generation at 8,200 GWh (1.3 GWh less). Most of
Zimbabwe’s electricity is generated through coal thermal
power and hydropower plants at a ratio of 58 % to 38 %,

respectively. Biofuels and oil currently have a total capacity of
less than 5 % combined, although the biofuels sector is
experiencing great investments. Zimbabwe receives 3000
hours of sun per year and the most radiated region receives up
to 6.5 kWh/m?; this proves the great potential of solar energy
generation through both solar photovoltaic (PV) and solar
thermal compared to other renewable sources given they are
casily affected by climate change.
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Figure 2. Electricity generation by source, Zimbabwe 1990-2019 [IEA]
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3. BESS FUNCTIONS

Energy storage systems have the ability of storing energy
using thermal, mechanical, chemical, and electrochemical
solutions. BESS typically utilizes an electrochemical solution
to store electrical energy in a chemical form, which enjoys
significant benefits since both electrical and chemical energies
share the same common carrier and electron. This makes
batteries a commonly used system to store excess electricity
from different sources. BESS is able to mitigate the sharp
fluctuations of variable renewable energy resources for on-
grid systems, provides ancillary services for the system,
complements, and extends the operating hours of the system
in a reliable and cost-effective manner. Before implementing
BESS, there is a need for identifying locations where it is
necessary to use storage (based on energy demand statistics)
for grid balancing and peak shaving instead of conventional
network reinforcement. The following represent a few critical
functions that an energy storage system is expected to
perform:

Integration into the grid: Just like other renewable sources,
solar energy is variable which makes it hard for electricity
providers to plug it directly into the electricity grid without a
storage medium, thus guaranteeing a constant and smooth
supply of electricity to consumers. In most cases, grids
balance the supply and demand of electricity and thus benefit
the most from dispatchable sources of energy (so far, fossil
fuels that could be burned on demand or diesel gensets
provide that sort of convenience) [4]. Energy storage makes
solar energy and other renewable energy sources more
dispatchable (available on-demand grid operators) at any time
of the day and hence, more cost-competitive with traditional
fuel options. In Zimbabwe, the ageing thermal power plants
have resulted in recurring power plant breakdowns leaving
consumers in unexpected blackouts. Unsteady diesel imports
also affect genset operators. All these prove the best potential
for BESS in Zimbabwe.

Peak demand: Responding to peak demands requires the
ability to generate power quickly, considering batteries they
have an extremely fast response time compared to other ESSs.
The energy stored in the batteries is immediately available and
can be discharged and used to meet peak demand depending
on the battery capacity and storage duration. This helps use
the stored renewable power for peak generation to meet
consumer demands and avoid grid disruptions or blackouts.

Load/Time shifting: PV modules generate power only during
the daytime with the peak at noon hours, which is when
electricity demand is also the lowest, while the peak energy
demand is often located during evening hours, when the solar
irradiation is low or not available. Solar power needs to be
“time-shifted” to be available during high demand, and this
can be achieved by means of utility-scale energy storage [5].
Thus, BESS allows shifting energy usage by charging
batteries with solar energy and discharging them during peak
load when electricity is also more expensive.

Figure 3 shows less power demand during the day hours
when there is enough sunshine for the PV arrays to generate
power; therefore, excess power generated will charge the
BESS. During the peak demand, PV arrays will not be
generating power; therefore, the BESS discharges and meets
the energy demands.

Energy autonomy and emergency backup: For communities
living in areas without access to electricity grid, combined

renewable energy plus storage systems may be the best option
to provide for constant supply of electricity and keep
operations running during power outages. This autonomous
approach can be realized on both distributed
(house/community) and utility (area/region) scales. In such
situations, a BESS would be required to have a high energy
capacity (amount of stored energy) and a long duration energy
storage capacity with a decent rate of charge or discharge
(power capacity) to provide a stable and constant power

supply.

Discharge

Charge ESS
Average
Demand

Peak Demand
Demand Curve

Time

Figure 3. BESS use for load/time shifting [5]

Peak shaving: In a commercial/community setting, the most
important application of energy storage is peak shaving. A
higher percentage of the utility bills are made up of demand
charges that are mostly experienced during early or later hours
of the day when there is no availability of sunlight for solar
energy generation. Solar arrays alone are not always a
sufficient solution to meet these demands as they are affected
by time of the day, weather, and season. BESS can guarantee
no power disruptions from the grid during peak times. Thus,
peak shaving helps the utility meet demand without having to
ramp up expensive peaking gensets. In this case, network
operators should be required to identify locations where it is
necessary to use storage for peak shaving based on energy
consumption data instead of conventional network
reinforcement.

In general, peak load problems could be reduced, electrical
stability improved, and power quality disturbances eliminated.
Energy storage offers a flexible and multifunctional role in the
grid of electric power supply by ensuring more efficient
management of available power for consumers. As supply
from PV components varies due to its intermittency, energy
must be provided to rapidly restore the frequency to the
desired limits [6]. This application is ideal for high-power
batteries because they can respond quickly and the energy
requirement is low. Energy storage can be applied at the
power plant where the RES is in support of the transmission
network at various points in the distribution areas.

4. BESS TECHNOLOGY

Electrochemical batteries come in many different forms of
technologies: some are more applicable to utility-scale energy
storage, while others are only applicable to certain devices or
equipment. Applicability to large systems depends on such
factors as life span, charge, and discharge (round trip)
efficiency, ability to scale up with no ill effects or
performance loss, design and operation mode, power
densities, and Depth of Discharge (DOD). Utility-scale BESS
requires energy storage ranging from a few megawatt-hours
(MWh) to hundreds of MWh and the technology must be able
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to discharge quickly to match the fluctuations of the variable
solar resource during the day or respond quickly to an
unexpected power cut at any time of the day providing an
Uninterruptible Power Supply (UPS) [7]. Considering the
factors and the requirements of a BESS, the two technologies
that have a greater potential in Zimbabwe are lithium-ion
batteries and flow batteries based on their performance,
energy density, safety, and applicability. However, flow
batteries are subject to significant technical and economic
setbacks in comparison to standard solid-state batteries which
make it difficult to implement them in Zimbabwe. In recent
years, lithium-ion (Li-ion) batteries are commonly used, and
they dominate most of the market growth and their costs are
decreasing as technology advances and manufacturing
efficiency increases which makes them affordable and an ideal
technology for Zimbabwe’s investment [8].

Li-ion batteries have a growing share in storage capacity
additions and are largely driven by the declining cost of Li-ion
technology in recent years, which, in turn, is expedited by the
ramp-up in production to meet the growing demand of
batteries for electric vehicles [9]. The introduction of the cell-

Cell

Y

Module Rack

to-pack technology in 2019 led to a further decline in costs of
Li-ion batteries although it is currently significant in the EV
industry. Compared to other batteries, lithium batteries offer
more advantages which are more favorable for a large-scale
BESS. Lithium batteries are available in different types with
different properties; however, for this assessment, lithium-iron
phosphate (LeFePO,.)/(LFP) batteries are selected amongst
lithium batteries. LFP batteries can withstand more charge-
discharge cycles of nearly over 5000 cycles at 80 % Depth of
Discharge (DOD) compared to batteries like lead-acid
batteries [10]. Although LFP batteries have a relatively lower
energy density (watt-hours per kilogram “Wh/kg”) than other
Li-ion batteries, they still offer a high round trip efficiency of
up to 95 % and a longer life span of 10-15 years depending on
the area of application [11]. LFP batteries are much safer than
other Li-ion batteries due to their thermal and chemical
stability, making them incombustible in the event of
mishandling, short circuiting, high temperatures, or
overcharging, which is probable due to high solar irradiance in
Zimbabwe although LFP batteries are equipped with a Battery
Management System (BMS).

Battery Bank

Figure 4. Modularity of LFP batteries [12]

Figure 4 shows the modularity of lithium-batteries including
the LFP batteries. The cells are enclosed in modules and
mounted on a rack. Each rack has its own BMS which ensures

DC

batteries y !

that each cell remains within the safe limits, and it is enclosed
together in a container to form a powerpack [12].
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Figure 5. BESS directly connected to the grid [19]
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A BESS is composed of different levels, namely Energy
Management System (EMS), battery system, and Power
Conversion System (PCS), which need to be considered for
both operation and investment [13]. The battery system is
composed of containers with several battery packs
inter-connected in series and parallel to reach the desired
value of current and voltage. The BMS controls the proper
operation of each cell to allow the system to work within a
desired voltage, current, and temperature so as not to pose any
danger for the system itself but ensure viable operation of the

batteries. The system also calibrates and equalizes the State of
Charge (SoC) of the cells. The BESS is connected to the
inverters to convert the power from DC to AC. In each BESS,
there is a specific power electronic level, called PCS (Power
Conversion System), that is usually grouped in a conversion
unit including all the auxiliary services needed for the proper
monitoring [14]. Depending on the size of the system, there is
a step-up transformer connection from low-voltage to high-
voltage to meet the required transmission voltage.
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Figure 6. LFP batteries cycles based on DOD [15]

The long service life of LFP batteries makes it possible to
use LiFePO4 in utility-scale energy storage applications.
Given that the BESS will operate at a constant temperature of
around 25 °C at 80 % DOD, 0.5C (charge or discharge rate),
this can result in 4500-5000 cycles, which is equivalent to
approximately 10-12 years [15]. As shown in Figure 6, LFP
battery’s lifespan depends on the DOD, operation
temperature, the C-rate.

5. BESS COUPLING AND LOCATION
5.1. BESS coupling

DC-Coupled Configuration

PV Array
{52+
[ RS charge
Controller /\
oe = AC = .
Battery-based Customer Load
- - Inverter and Grid Export
Battery
Bank

Mounting a BESS to a utility PV system requires different
methods of coupling, which can be split into two main
categories: AC coupling and DC coupling.

AC coupling with the BESS involves coupling using an AC
bus. The AC bus is located after the PV array where power is
converted to AC using an inverter. With this system method,
the power supplied to the grid is maximized by discharging
both the battery and PV at maximum power [16]. They offer
the ability to be dispatched independently or together. AC
coupling is more common when the BESS is deployed in the
same area of distribution, i.e., near load/consumers, which is
more advantageous for the BESS operator.

AC-Coupled Configuration

Grid-Connected
Inverter

!
RN
a

Customer Load
and Grid Export

Dc f— ar J

Battery Battery-based
Bank Inverter

Figure 7. BESS AC and DC coupling [16]
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An alternative approach involving coupling energy storage to
PV arrays with a DC-to-DC converter can help maximize
production and profits for existing and new utility-scale
installations. DC-Coupled utility-scale solar plus storage leads
to higher round-trip efficiencies and lower cost of integration
with existing PV arrays and at the same time, opens new
revenue streams not possible with traditional AC-coupled
storage [16]. DC coupled BESS, on the other hand, can be
co-located with the PV plant as it requires a direct connection
using a DC bus, which may have a few limitations.

5.2. BESS location

BESS coupling is dependent on the deployment location of
the BESS itself. There are three main ways a utility-scale
BESS can be deployed: within the area of distribution that is
near load centers; co-located with Renewable Energy Source
(RES) (in this case PV plant), or in the transmission network.
There are important implications in the siting of the BESS
based on the services the system can best provide, and the
most appropriate location for the BESS also depends on its
intended purpose. Technically, a BESS can provide a broad
range of services in any locations; therefore, an important
analysis of the costs, safety, and benefits of multiple locations
is required to determine the optimal siting to meet system
needs [17].

5.3. Area of distribution near load centers

After costs and dispatchability analysis for the ideal BESS
location, energy storage systems located within the
distribution area where the consumers/energy demand is or
co-located with the RES offer a stable grid depending on the
BESS operation parameters. BESSs that are in the distribution
network have the capability to provide all the services offered
by a transmission-network sited storage, in addition to several
services related to congestion and power quality issues [18]. It
may be difficult to site other energy storage system
technologies near load/consumers to provide peaking capacity
due to concerns about safety, emissions, or land use.
However, BESS and typically LFP batteries can be co-located
near load with fewer siting challenges than others due to their

high tolerance to different working conditions and the safety
they offer. Since the BESS is deployed near the load site,
electrical losses in transmission and distribution can be greatly
reduced while capacity and energy value are increased;
therefore, generated electricity can efficiently reach the
intended consumers with minor loss. Distribution-level BESS
systems can also provide local power quality services and
support improved resilience during extreme weather events
[19]. This siting can work effectively for both power providers
that operate the BESS and the RES and for private BESS
operators as it offers profitable arbitrage opportunities by
charging the battery storage during off-peak hours when
electricity is cheap and discharging during expensive peak
hours. Investments in transmission and distribution are also
deferred, leading to reduced CAPEX.

Taking Zimbabwe’s residential system into consideration,
suburbs are put into three main categories: low-density
suburbs, medium-density suburbs, and high-density suburbs.
In this case, the ideal suburbs to deploy a load site BESS will
be in high density suburbs as they are highly populated areas;
therefore, there are more consumers than other suburbs and
furthermore, these are the suburbs that experience the highest
power cuts during peak demands when the grid is unable to
meet all the demands. The siting challenges are very limited
and the BESS itself is scalable; as a result, a BESS deployed
in high-density suburbs has a greater chance of high Return
On Investment (ROI). Medium-density suburbs, on the other
hand, may be an ideal location for small-sized BESS as well
since the suburbs are less populated and have a great
percentage of the population invested in individual on-grid PV
systems with energy storage systems connected Behind-The-
Meter (BTM). Low-density suburbs are the least populated
suburbs that experience nearly no power interruptions and
have a great percentage of the population with individual off-
grid PV systems.

To summarize, the BESS located in high-density suburbs
can be charged during off-peak hours when there is excess
electricity generation. The BESS will be connected to the grid
which will be transmitting PV power from the PV plant.
Below is an example of a BESS located far from the RES, but
close to the load center.

Figure 8. BESS located near load center
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5.4. Co-located with Renewable Energy Source (RES)

In most cases, RES plants are located far from load centers as
their location depends on the availability of adequate supply
of natural resource like wind or solar. Solar PV plants require
vast open land that is not prone to any sunlight hindrance,
which is mostly available far from the urban centers where the
electricity demand is located. For the generated energy to
reach the demand/consumer area, significant transmission
capacity is required. Considering the variability of Variable
Renewable Energy (VRE) resources, the transmission
capacity used to deliver the power may be underutilized for
large periods of the year resulting in low ROI due to increased
transmission value. A BESS can reduce the transmission

capacity needed to integrate these resources and increase the
utilization of the remaining capacity by using storage to
charge excess generation during periods of high resource
availability and discharge during periods of low resource
availability [20]. In this case, it is cost effective to co-locate
RES plant and the BESS in an area where there is an existing
transmission capacity.

In this case, the BESS is deployed in the same location as
that of the PV system. The PV system will generate power and
transmit it to the BESS via DC-DC coupling. The BESS will
charge and transmit power to the grid. Figure 9 below shows a
BESS co-located with the PV plant.

Figure 9. BESS co-located with PV plant

6. BESS DEPLOYMENT BARRIERS

In the meantime, there are no commercial or pilot BESS that
has been designed and operated on a utility scale in
Zimbabwe. Generally, there 1is little development or
investments in storing excess energy produced in the country.
The main barriers of the deployment of energy storage can be
grouped into three different categories: technical barriers,
regulatory barriers, and economic barriers.

6.1. Technical barriers

Large-scale electrochemical energy storages are still emerging
technologies that are experiencing rapid changes and
advancements regularly and, in some cases, show more
investment risks for investors than conventional generator
investments. These risks include the technical aspects of
BESS, which can be less understood by stakeholders but
comprehensible for the engineering team as they are changing
faster than other technologies in recent years. Zimbabwe has
always been relying on biofuels, hydroelectricity, and thermal
power; therefore, investments in thermal energy storage and
mechanical energy storage such as pumped storage
hydro-electric for the newly opened PV plants are more
favorable since the storage systems operation and
maintenance procedures are just the same as the current
running power plants; however, their response times are
slower than the fast-ramping capabilities of BESS.
Furthermore, the import of key repairs like turbines and
generators may be impacted by the acute foreign currency
shortages that constantly recur. Although the battery
technology itself requires to be imported, the long lifespan

offered specifically by LFP batteries makes it possible for the
BESS operator to rely on importations and it also allows the
investors to catch up with the new battery technologies
available at given times. The gaps in data and analysis
capabilities and lack of adequate tools can deter investments
and possibly stop battery storage from being considered for
services that can be provided by better well-known
conventional generators [21-22]. Technical know-how of the
battery cells, chemical properties, reactions, and operation
parameters may be required before implementing them on a
large scale.

6.2. Regulatory barriers

Storage could also be technically able to provide essential grid
services, if no regulations or guidelines explicitly state that
storage must provide certain services or meet certain
requirements. Without a guarantee that services provided by a
BESS project can be compensated, storage operators and
financing institutions might be unwilling to make the
necessary capital investments as they will view it a risk.
Among other requirements, the rules must be flexible enough
to ensure access to the market for storage systems operators,
taking into consideration their unique operating and technical
characteristics. Restrictions or lack of clarity around the way
how storage can be used across generation, transmission, and
distribution roles can lead to investors investing in too big or
too small BESS and deploy them in wrong locations.
Zimbabwe Energy Regulation Authority (ZERA) has
encouraged small-scale Independent Power Providers (IPP) to
sell excess generated electricity to Zimbabwe Electricity
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Supply Authority (ZESA); however, there are terms on how
much power can one sell to ZESA. The amount of power an
IPP can sell to ZESA is unlimited; however, there is a set
minimum amount of power an IPP can negotiate to sell to
ZESA which has been the biggest limitation for IPPs as they
are incapable of investing in large-scale systems. Furthermore,
to guarantee ZESA with a stable power supply as an IPP, it
requires the implementation of BESS in which a lot of IPP
cannot afford to invest currently.

The range of various services ESS can often provide cuts
across multiple markets and compensation sources. In some
jurisdictions, providing services across different compensation
sources is restricted by certain regulations [23-24].

6.3. Economic barriers

Although BESS has the capability to provide the same
services as those of a conventional grid, it is impossible for an
IPP to implement a BESS independently as power distribution
requires to be regulated by the power distribution authorities;
thus, consumers may be required to apply for the shift from
local grid and connect them to BESS. Furthermore, the
presence of batteries in the market could distort the pricing
formation which could affect storage systems and
conventional generators. The one-tariff regime implemented
in Zimbabwe could work effectively with thermal or hydro
power; however, if a BESS is coupled with a PV system,
tariffs may be expected to vary for baseload and peak demand
as this will allow a decent ROI and give investors interests to
increase the storage capacity and replace batteries after their
lifespan. Battery systems can provide certain services much
faster and more accurately than conventional resources, which
may not be reflected in compensation for the service [25-26].
Similarly, BESS is uniquely suited to produce up or down
regulation, given their larger operating range over which to
supply regulating reserves (due to their lack of a minimum
stable level and capability to supply up and down regulation
that may be over their nameplate capacity based on whether
they are charging or discharging) [27-28].

To summarize all the barriers, the unavailability of practical
references to gain accurate data and knowledge of BESS
application benefits has an impact on the investment and
deployment of the system. There are currently no policy
measures and institutional structures that guide investments in
energy storage in Zimbabwe since these will be new and
experimental projects. Since utility-scale energy storage is still
considered a new technology, there is a possibility of lack of
technological know-how and skills based on large-scale BESS
in the country. While other barriers require government and
policy intervention, other issues such as lack of know-how can
be tackled by intensive trainings and with reference to other
operational projects around the world, some of which have
been operational for several years.

7. BESS TECHNO-ECONOMIC ANALYSIS

There are two major costs in the investment of a BESS: the
capital expenditure (CAPEX) and the operation expenditure
(OPEX). The CAPEX of a BESS is made of a onetime
investment that is required to bring the whole BESS into an
operating state and it can be separated into direct (Cdirect) and
indirect (Cindirect) costs. Here, the Cdirect costs of the BESS
are related to the total cost of battery modules or battery packs
(Cbatteries), the balance of plant (CBOP) including BMS, the

total cost of Power Conditioning System (PCS) (CPCS)
required when converting the generated DC power into AC
power and the installation costs (Cinstallation) of all the BESS
equipment. The BOP costs are the civil work costs only.
Given that the BESS is coupled on the DC side, the cost of the
PCS is not taken as it is integrated with the RES (PV) PCS.
The indirect costs are the engineering costs (Cengineering)
associated with the contractors, the tax costs (CTAX)
including municipal fees to be paid if the system is deployed
in a residential area near consumers, and the project
installation or process contingency costs (Ccontingency).
BESS CAPEX calculations are done through the equations
below:

CAPEX Bgss = Cdirect + Cindirect

Cdirect = Cbatteries + CPCS + CBOP + Cinstallation

C

Cindirect = engineering + CTAX + Ccontingency

Operation expenditure (OPEX) of a BESS has fixed costs
and variable costs that can be presented as labor and
engineering costs (Ciabor) associated with the system operation,
the O&M costs which mainly consist of operation and
maintenance of the PCS, and replacement (Cogm). Since
equipment wear with operation, there are decommissioning
and disposal costs (Cdisposal) to be incurred,

OPEXBESS = Clabor * CO&M +Cdisposal

After several years of use (4-12 years), the BESS will need
to be replaced due to the underperformance of the system or
the fact that the battery modules may have reached their
operational lifespan; this replacement can be equal to Cgirect OF
less since the cost of batteries is decreasing yearly.

8. CONCLUSIONS

Zimbabwe has a great potential for high solar PV production
and since the grid is failing to meet the nation’s energy
demands, BESS has a greater potential for stabilizing the grid.
However, considering Zimbabwe’s situation where electricity
tariffs and distribution are mostly governed by Zimbabwe
Energy Regulatory Authority (ZERA), arbitrage where in
other countries a private BESS operator charges the BESS
during off-peak hours when electricity is cheap and discharges
during expensive peak hours might be infeasible since ZERA
and Zimbabwe Electricity Supply Authority (ZESA) passed a
one-tariff regime whether it is off-peak hours or peak hours
and an additional 6 % that goes towards the Rural
Electrification Agency (REA). On the other hand, power
absorbed and delivered by a BESS may also require to be
regulated by ZERA with the aim of preventing irregular
tariffs. Given that a BESS operator or ZESA itself has coupled
the grid with a BESS, it is possible that the 6 % REA levy can
be removed with the guarantee of putting fault and
contingency into consideration to ensure safety and stability of
the grid in return. According to Zimbabwe National Statistics
Agency (ZimStat) data, Zimbabwe’s electrical energy imports
reached 192 %, which is equal to US$192.3 million in 2020;
however, due to the Covid-19 pandemic, energy demands
decreased, and the grid started to stabilize. The reduced
business hours in 2021 lowered the energy demand, which is
proof that the application of BESSs to serve both commercial
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and communal grids can help stabilize the grid.

Since Independent Power Providers (IPPs) in Zimbabwe
have been efficiently producing energy for their consumption,
there is a high potential for having efficient IPP managed
BESSs only if ZESA/ZERA gives incentives to private BESS
operators. Investors may be compensated in several ways and
may experience a decent return on investment (ROI) within a
short period of time depending on the location, targeted
consumers, and size of the energy storage system. Instead of a
flat tariff system, ZESA uses a stepped tariff system where
every individual is entitled to a certain amount of discounted
kWh with the aim of making electricity affordable for
everyone, especially the less fortunate, although these kWh
capacities are not enough to last long. After the discounted
power is used up, the more power used by a consumer, the
more expensive it becomes. In this case, if a BESS is privately
operated, ZESA can pay the predetermined price and recover
through retail electricity rates plus an additional REA levy
paid by consumers. BESSs have a high possibility for
curtailing energy problems in Zimbabwe and provide a better
stable and reliable grid for the consumers and might also
lower the LCOE in the future since battery costs continue to
decline and Zimbabwe is considered to have the largest
lithium deposits in Africa as of 2021 that are yet to be
exploited.
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performance of the microgrid.

https://doi.org/10.30501/jree.2022.321435.1305

1. INTRODUCTION

Power systems are generally centralized, consisting of large
power plants, and power is transmitted to consumption
through long-distance transmission lines [1-10]. The demand
for clean and free-of-contamination electric power is
increasing day by day with the ongoing developments and
advances [11-14]. A microgrid (MG) is a controllable local
electrical network that can work independently or
collaboratively with other small networks [15, 16]. It is a
complex non-linear system with inter-coupling of
thermodynamics, chemical energy, and electrodynamics [17-
22].

Many types of renewable energy resources are utilized as
power generators in MGs [23-27]. Thus, an MG is able to
reduce the loss of transmission to improve the efficiency of
grids and resolve energy crisis [28, 29]. It must, also, be
capable to power flow control and supervise energy storage
[30, 31]. The ability to export to or import energy from the
main network is a must [32-35].

An MG system consists of different power quality issues
[36-38]. Power quality problems can also be very costly for
both utility and the customer [39]. Frequency changes, voltage
fluctuations, voltage distortions, flicker, and voltage

*Corresponding Author’s Email: shahgholian@iaun.ac.ir (Gh. Shahgholian)
URL: https://www.jree.ir/article_155308.html

disturbances reduce the quality of energy supplied to
consumers in an MG [40-43]. Figure 1 shows the
classification of power quality problems and their impacts on
grid-connected MG systems [44, 45].
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Figure 1. Power quality of MG system
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1.1. Short summary of FACTS devices

FACTS devices are used in AC transmission networks to
increase power transmission capability, stability, and control
of networks [46, 47]. These devices are connected to the
transmission system in terms of connection to four categories,
according to Figure 2. The important advantages of FACTS
controllers include the following: the ability to increase power
transmission capability, restrict electricity to designated
routes, improve transient and dynamic stability, reduce
damping power system fluctuations, and adjust system voltage
and flexible system operation with simple controls [48-60].

1.2. Importance of DFACTS devices

DFACTS device is used in distribution system, while FACTS
device is used in transmission systems [61-67]. These devices
are designed and installed to improve power quality anywhere
in the power distribution system [68, 69]. DFACTS are used
to improve the system stability and power quality
improvement in MGs [70, 71].

Figure 3 shows a reduction in the MG power losses in the
islanding mode due to the use of the DFACTS. The
improvement in power factor values is shown in Figure 4. As
can be seen, the power factor in heavy load has increased to
0.8 and at light load, the power factor has increased to unity
[72].

1.3. Innovation and contributions

There are several papers results about DFACTS from various
aspects of application in MG. This paper provides a
comprehensive review of various DFACTS devices for
performance improvement of MG that have been reported in

the literature during recent years. The significance and the
novelty of the work is as follows:

- Use of this paper review as an initial platform for research
work on microgrids in industry.

- Review of DFACTS devices used by microgrids for
enhancing power quality.

- Comprehensive review of DFACTS types.

- Review of the available types for application of different
compensators.

1.4. Paper organization and structure

In Section 1, the whole subject of the study is mentioned. The
structure and operation of an MG are investigated in Section
2. A classification of the most relevant MGs can be also found
in this section. In Section 3, a brief overview of the
application of DFACTS in power system is made, where the
features and structure are stated. The effect of DFACTS on
behavior of the MG is discussed in Section 4. Finally, the
conclusion of the research is presented in Section 5.

2. CHARACTERISTICS OPERATING OF MICROGRID

MG is a controllable and independent power system, which is
a localized group of distributed energy resources, loads,
energy storage devices, inverters, and protection devices [73,
74]. Figure 5 depicts the typical structure of an MG. The MG
connects to the network in a PCC whose aim is to maintain the
same voltage as the main grid. It is characterized by a variety
of parameters such as mode of operation, distribution system,
source, scenario, and sizes, as shown in Figure 6 [75].
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Figure 2. Classification of facade devices based on the type of connection
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This classification has been performed based on the studies
found in the literature. MGs are classified based on location to
remote MGs and urban MGs. MGs are divided into different
types and classes in terms of their controlling topology [76].
With regard to power, the MG is classified as an ac power
system [77], a dc power system [78, 79], or a hybrid system
[80, 81] which reveal their advantages and disadvantages
upon its application.

The operating modes for MGs are recognized and defined as
follows: grid-connected mode, transition to island mode,
island mode, and reconnection mode [82, 83]. Therefore, in
the event of reduced power quality or network faults,
microgrid increases the reliability of energy sources [84]. In
the grid-connected mode, the power flow of MGs is
bidirectional. While in the islanded mode, the power supply of
MGs must meet the demand of load [85, 86]. Depending on
their topology, MG control can be divided into three classes:
simple (or virtual prime mover), master control (or physical
prime mover), and peer-to-peer control (or distributed
control).

3. OVERVIEW OF DFACTS DEVICES

The devices for improving the quality of power and reliability
of supply can be divided into three categories: (a) passive
mitigation devices such as transformers and rotating machine;
(b) DC system; and (c) power-based electronics. DFACTS

devices such as Unified Power Quality Compensator (UPQC)
[87, 88], Distributed Power Flow Controller (DPFC) [89],
Dynamic Voltage Restorer (DVR) [90-91], DSSC [92, 93],
and DSTATCOM [94-96] have many potential benefits in a
power system. They are applied to low-voltage distribution
systems.

3.1. Introduction of DFACTS devices

DFACTS devices are divided into four categories based on the
type of connection: series, shunt, series-shunt, and series-
series. This section briefly explains the DFATCS types.

3.1.1. Unified power quality conditioner

UPQC is a major custom power device. It is a multifunction
power conditioner [97, 98]. The UPQC power circuit consists
of a common dc-link capacitor and two filters including a
shunt active power filter and a series active power filter. One
of the methods to compensate for various disturbances in the
power system such as voltage disturbances in the power
supply, correcting voltage fluctuations, and preventing the
harmonic flow of load is the use of UPQC [99]. Schematic
structure of the UPQC is shown in Figure 7. Several
applications of UPQC in the power systems are listed in Table
L.

Table 1. Various applications of UPQC in the power system

Ref. Subject Suggested method Contributions (Cause of use in power system)
The application of UPQC to improve power quality
[100] Improvement of Adaptive frequency in the manufacturing industry indicates that the
power quality passiveness control adaptive frequency passiveness control method is
used.
A UPQC-Q control structure is provided so as to
[101] Effect mitigating of Power injection achieve the minimum active power injection. Also,
supply voltage sags method this method takes into consideration the limitations
of the phase difference during voltage sag events.
An online tuning method is adopted for PI control
[102] Power quality Adaptive JAYA gains in PV-UPQC shunt and serial converter
enhancement algorithm controllers. The JAY A adaptive algorithm has two
independent objective functions.




Gh. Shahgholian / JREE: Vol. 10, No. 1, (Winter 2023) 43-58

LI
oA M T
ish +
UBQC 3 Lgy
Ly
- zhunt J
CF%L

Figure 7. UPQC system configuration

3.1.2. Dynamic voltage restorer

The two main parts of DVR are the power circuit and control
circuit. It is a series compensation device composed of an
energy storage system with a dc link, a filter circuit, an
inverter, and a series voltage injection transformer [103, 104].
A schematic diagram of the DVR is shown in Figure 8.

The coupling transformer is connected in series to the grid
to correct the voltage disturbances during faulty grid
conditions [105]. Several DVR applications in power systems
are listed in Table 2.
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Figure 8. Schematic structure of the DVR compensator

Table 2. Various applications of DVR in the power system

automatic power recovery

Ref. Subject Suggested method Contributions (Cause of use in power system)
Voltage droop Jods o gt voltage ity sing IR doin e
[106] compensation and Adaptive control P g¢ quality g g

voltage compensation stage and maximum active power
absorption during the energy self-recovery stage.

Enhanced voltage sag

Compensation of phase

An increased compensation method is proposed that

algorithm optimized

[107] ) jump with minimum reduces the load voltage phase jump while improving
compensation . T . . .
active power injection the overall bending compensation time.
[108] Balanced voltage sag Discrete-time domain The proposed control strategy is implemented with two
compensation control nested regulators in the synchronous reference frame.
[109] Fault ride improve Hybrid genetic Custom DVR enhances the regulation of network

voltage in unusual conditions.

3.1.3. Distributed static series compensator

DSSC is a low power device that can act as a variable
impedance [110]. It is connected in series providing active
power flow control through transmission line [111]. DSSC
structure is similar to Static Synchronous Series Compensator
(SSSC) differentiating in power rating, but has the same
capability as the SSSC. The distributed concept of the DSSC
provides much lower cost and higher reliability than the SSSC
[112, 113]. DSSC basic structure is shown in Figure 9.
Several applications of DSSC in power systems are listed in
Table 3.
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Figure 9. Schematic structure of the DSSC

Table 3. Various applications of DSSC in the power system

system

Ref. Subject Suggested method Contributions (Cause of use in power system)
Loadability and The load flow model is used to find the optimal location for
e Flow model of DC . . . .
[114] | reliability in power load the DSSC and linear integer linear programming is used to

solve the optimization problem.

Active power flow Line reactance

To achieve the desired flow controlled performance, the

flow in grid impedance of the line

[115] . distribution of DSSC modules is used to operate by
control changing . . . .
effectively changing the interface reaction.
[116] Control of power Change the DFACTS is proposed as an alternative approach to realize

cost-effective energy flow control.
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3.1.4. Distributed power flow controller

DPFC can be installed directly on the conductor. Using the
control center located in the control post, the DPFC installed
on the lines can be controlled. A DPFC controlled for
operation is reactive voltage injection mode and series reactor
mode. DPFC is derived from UPFC, which includes
adjustment of line impedance, transmission angle, and bus

voltage [117]. The converter inside the DPFC is independent
and the required DC voltage is supplied by its own DC
capacitor.

Figure 10 shows the schematic diagram of the DPFC. The
DPFC consists of one shunt converter and several series
converters [118]. Several applications of DPFC in power
systems are listed in Table 4.
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Figure 10. Schematic structure of the DPFC

Table 4. Various applications of DPFC in the power system

Ref. Subject Suggested method Contributions (Cause of use in power system)
Y An oscillation damping controller is designed for DPFC to damp
[119] Improve power Optlmlz_a tion LFOs, in which the optimal design problem is considered as an
system stability | problem using PSO ?

optimization problem.

Multi-objective

[120] Energy balance coordinated control

A multi-objective coordinated control equation is proposed in which
the equation minimizes the variance between the actual value of the
control target and its given value to ensure that the DC capacitor
voltage, both in the series and shunt side, is stable at target value.

Linear
programming of
complex integers

Increase system
[121] loading
capability

An optimal DPFC configuration method is proposed to increase
system load according to economic performance, in which DPFC
investment and system loading behavior are analyzed and optimal

solutions are used.

3.1.5. Distribution static synchronous compensator

DSTATCOM is a voltage source converter and is used as a
shunt connection. This compensator is used to compensate for
the bus voltage in distribution networks and it improves power
factor and reactive power control [122, 123].

It works through exchanging the reactive power between the
DSTATCOM and the power system [124]. DSTATCOM
basic structure is shown in Figure 11. Several applications of
DSTATCOM in power systems are listed in Table 5.

I DETATCOM I

Figure 11. Schematic structure of the DSTATCOM

3.1.6. Solid-state circuit breaker

SSCB is a semiconductor-based protection device with no
moving parts to cut off the fault current [129, 130]. Solid state
circuit breakers are divided into two groups: hybrid circuit
breaker and all SSCBs [131, 132]. The SSCBs solve the
problem of slow reactive devices [133]. It is suitable for
voltage systems at both high and low levels. A typical of the
solid-state DC circuit breaker is shown in Figure 12 [134,
135]. Several applications of SSCB in power systems are
listed in Table 6.

Rroe

Figure 12. Schematic structure of the SSCB
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Table 5. Various applications of DSTATCOM in the power system

Ref. Subject Suggested method

Contributions (Cause of use in power system)

L ti
[125] oss reduction and Direct load flow
voltage profile

A DG is placed optimally for reduction of losses in the
network and under voltage at several buses is solved by
the optimal placement of DSTATCOM.

Improve dynamic

The PI controller set to PSO works better than the

[126] response and power PSO-tuned PI controller traditional PI controller set to the Ziegler-Nichols
quality technique.

Power quality Composite observer This method is used to reduce reactive power, balance
[127] . o .

enhancement based control technique the load, and reduce harmonic distortion.

Th is of nonli li ial fi k
DSTATCOM nonlinear . o . e.bas.ls o nqn 1Qear control is partial feedbac

[128] controller Hybrid optimization linearization, which is used to better regulate the DC

capacitor voltage in DSTATCOM.

Table 6. Various applications of SSCB in the power system

Ref. Subject Suggested method

Contributions (Cause of use in power system)

Protection against short

[136] circuit

Switches design

Implemention of a simplified prototype of SSCB as a fault

current limiter with DG is studied.

DC fault protection for Advanced planning

The concept of protection for SSC and DC high voltage

[137] . systems based on the overhead transmission is proposed and
modular multi-level stage
analysed.
. . . Due to the simplicity of the control circuit and the switchin
Systematic evaluation of Hybrid circuit . prerty . &
[138] . . resistance due to dv/dt, voltage controlled devices are
solid-state devices breakers

selected.

3.2. Summary of the review study of DFACTS

Some of the available review studies on application of the
DFACTS in power system are mentioned in Table 7.

Table 7. A review run on studies on different aspects of DFACTS

Ref. Specifications (Summary of the review studies)

The impact of installing DFACTS devices by studying
[139] the linear sensitivities of power system quantities has
been investigated.

Various conventional and adaptive algorithms used to
control DFACTS devices for improvement of power

[140] quality in utility grids with renewable energy
penetration are reviewed and discussed.
A survey on the optimal allocation of DSTATCOM in
distribution networks is presented. Reducing power loss,
[141] reducing voltage deviation, improving reliability

standards, and increasing voltage stability are some of
the goals of using DFACTS.

For DVR with flywheel energy storage, input—output

[142] linearization ac voltage controller theory and

performance are presented.

Various challenges related to SSCB design from the
[143] perspective of general applications and comparison of

several SSB technologies based on key criteria are
discussed.

4. LITERATURE REVIEW

Several researchers have studied the effect of DFACTS
devices on the improvement the performance of MGs [144,
145]. In this section, upon reviewing the research, the
application of each device in improving the performance of
the MG is examined.

4.1. Improved MG performance

In this section, various indicators assocaited with MG
performance improvement by DFACTS devices are
mentioned.

4.1.1. Grid voltage disturbances

Grid voltage disturbances are the most common power quality
problems in industrial distribution systems. The voltage
disturbances of the network include voltage sags, swells,
flicker, and harmonics.

At the moment of voltage droop, the rms value of the line
voltage decreases, which lasts for a period of one half cycle of
voltage up to 500 ms.

The objective of [146] is to investigate reactive power
compensation in MG for voltage sag/swell mitigation using
UPQC such that the MG is developed with two DGs units, a
PV-cell and a wind generator, to give the output voltage equal
to a typical 3-phase 4-wire distribution system.

To manage power quality in an MG, a DVR compensation
strategy based on three basic strategies was presented in [147]
and its method protects against sensitive voltage droops
against main voltage droop with phase jump.

A DC microgrid-integrated DVR system to mitigate the grid
voltage sag and swell was presented in [148]; compared to the
conventional DVR designated by pure energy storage, the DC
microgrid extends the DVR performance.

The utilization of the custom power device specifically
DVR in mitigating the problem of voltage sags and swells
occurring in MG was proposed in [149], in which the MG was
modeled and simulated under different loading conditions
causing power quality problems. Moreover, for the
performance of DVR in overcoming the problems, reactive
power compensation was analyzed.
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The voltage profiles of the IEEE 69-buses without
DSTACOM and the multiple DSTATCOM effect under

various load conditions are shown in Figures 13 and 14 [150].
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Figure 13. Voltage profile in system without DSTATCOM for
different load variations
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Figure 14. Voltage profile in system equipped with DSTATCOM for
different load variations

The x-axis and the y-axis show voltage in perunit and bus
number, respectively. As can be seen, the specifications of the
distribution system have been improved using DSTATCOM.
Figure 15 shows the reactive current variations through the
distribution transformers of MG system with three DGs due to
a fault at one of the busbars. Accordingly, the operation of
DFACTS in MG1 and MG2 reduced the reactive current
flowing out of MG3, which does not have a DFACTS
connected mode.
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Figure 15. Reactive current variations with and without
DSTATCOM

4.1.2. Improvement of Low-Voltage Ride-Through
Capability

In a high-penetration MG under some minor or temporary
faults, improved LVRT capability can help strengthen force
support and reduce system instability [151]. The LVRT
characteristics of MGs in different operating conditions were
investigated in [152], in which the DSTATCOM at different
locations of the MG was used to compensate for voltage droop
to provide additional reactive power.

Various methods can be used to increase the LVRT
capability of fixed-speed induction generator-based wind
turbines, some of which were presented in [153], where DVR
series connection and STATCOM shunt connection in
simulation results had very efficient approaches to increasing
LVRT capability.

DVR was used in between the source voltage and critical or
sensitive load in the MG system to improve the LVRT
capability in [154], where in case of using DVR, it usually
requires the series transformer, energy storage system, and
converter.

In order to increase the power quality and modify the ability
of LVRT in a three-phase medium voltage network, the use of
DVR was proposed in [155], where the network is connected
to a hybrid distributed generation system and there are WTG,
PV plants and sensitive load at the same PCC. A comparison
between SFCL and DVR for LVRT improvement of an MG
was presented in [156]; according to the demonstrated results,
in power stabilization, SFCL exhibited better control effects.
Figure 16 shows the frequency characteristics of the MG
under the fault. As is seen, two devices can both mitigate the
fault current from the microgrid to the PCC. Figure 17 shows
the load power variation curves of the microgrid before and
after the fault.
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Figure 16. Frequency fluctuation in microgrids under the short-circuit fault




Gh. Shahgholian / JREE: Vol. 10, No. 1, (Winter 2023) 43-58

load power (KW

150

" with DVR

. L —

with SFCL1
;4 J1:5;it‘r.1u:n.lt a1|.11-:iliarl,'

0.8

1.1
time (=)

1.4

Figure 17. Load power in microgrids under the short-circuit fault

4.1.3. Power quality profile enhancement

When the microgrid is connected to the main grid, the impact
of power quality issues is concerning and that can be a major
issue for research. The major power quality problems are low
power factor, high harmonic in distribution system, voltage
flicker, active power and reactive power, increased reactive
power required, and system voltage fluctuations [157].

In order to compensate for the power quality problems
created in the system connected to the microgrid, the use of
UPQC device was investigated in [158], where an ANFIS was
used to increase the UPQC compensation capacity based on
the voltage estimate of link DC and its voltage regulation.

For non-conventional sources based MGs, adaptive
management of the voltage and reactive power required for
them was presented in [159], where UPFC was used to
investigate the hybrid MG and analysis of the test system and
the tuned parameters of the PI controller of UPFC were with
fuzzy.

An online method to adjust tracking of DSTATCOM set
point in MGs by monitoring the PCC voltage and distributed
resources currents was presented in [160], where online
control of DSTATCOM was obtained through reinforcement
learning algorithm. Based on the most modern power
conditioning equipment such as UPQC in the microgrid
energy system, the use of fuzzy logic method was proposed in
[161] where the MG working in conjunction with this method
was employed to track disruption in smart grids and improve
system quality with high flexibility.

In order to improve the power quality and reduce
fluctuations when changing the microgrid connection modes,
UPQC was used in [162], where UPQC integration and
control was done using the control method in distribution
generation-based MG systems.

The performance of stand-alone hybrid renewable energy
system was enhanced in [163] using an optimal PI controller
of DVR. There are three energy sources in this hybrid system
including wind turbines, fuel cells, and solar PV cells. In all
the three sources, the voltage, current, and power waveforms
were enhanced. Also, WTG dynamics improvement and
continuous performance of three sources in fault conditions
were achieved. This indicates an increase in system
performance. Figures 18 and 19 show the current and rms
voltage of the fuel cell, respectively, and illustrate the effect of
DVR when a three-phase fault with a fault clearing time of
0.05 seconds is applied to the system. Fault clearing time
ranges between 0.5 and 0.55 seconds.

4.1.4. Reliability enhancement

There are two types of objective functions used to solve the
optimization problem: reliability indicators and system cost.
Reliability enhancement is one of the benefits of MG system
because it can work in grid-connected and islanding modes
[164].

current (A)

2%10%,

o~ without DVE. |
"

e

with DVE

0 05 Y
time (s)

Figure 18. Influence of DVR on fuel cell output current at the three-
phase fault
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Figure 19. Influence of DVR on fuel cell output voltage at the three-
phase fault

To improve the reliability and limit the fault current, a
compensator was proposed as an interface between the main
grid and the MG in [165]. To inject voltage when in the fault
in the main network resurfaces in two different places, i.e., the
main network and MG, the DVR is used to ensure normal
operation.

A bidirectional dc SSCB to realize the bidirectional flow of
energy was proposed in [166], which guaranteed higher dc
MG operating efficiency.

4.1.5. Optimal scheduling
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The goal of optimal scheduling is to optimize specific
objective functions by planning the deployment of DGs,
responsive loads, and power exchanges between the MG and
the main network [167, 168].

Optimal scheduling of MG was presented in [169], where
uncertain parameters for modeling based on a stochastic
method include solar radiation, wind speed, and loads, and to
transfer more power to the upstream grid, the compensator
(DVR) is placed in line between the main grid and the
microgrid.

To help the PV penetrate higher, a multi-objective method
for programming microgrids was studied in [170]. In order to
control the volt/var process, the existing control devices such
as under-load tap changer and DSTATCOM were
coordinated.

4.1.6. Dynamic stability

A number of approaches to enhancing microgrid stability
exist: using different control methods, supplying the required
reactive power, cutting off the load, and reducing its amount
and distributed energy storage systems [171, 172]. Due to the
weak inertia of the equivalent system, autonomous MG
control and management is more difficult and requires public
network support [173, 174].

An MG test system with DFACTS is considered to study the
dynamic stability in [175] under various fault and load change
conditions, in which the proposed method was given for
control based on browser optimization and fuzzy logic.

The effect of an STATCOM on the frequency of islanded
MGs based on frequency control using fuzzy cooperative
control was investigated in [176], in which to achieve fast
frequency control, instantaneous power balance between

generation and consumption could be supplied through energy
storage systems such as battery with a proper frequency
control method.

An impact method to stabilize reactive power changes in
islanded MGs was applied using advanced FACTS device and
the UPFC connected to the MG was proposed in [177],
leading to voltage instability control.

An SDTATCOM was presented in [178] to reduce the
changes in the positive and negative sequence components of
the main voltage and fundamental frequency. In this respect,
the installation location of DSTATCOM in a low-voltage MG
was discussed.

4.1.7. Short-circuit protection

Due to the development of commercially viable equipment
with fast performance and the need for coordination and
reliability, proper short-circuit protection in MGs is important.

A short-circuit protection methodology based on SSCBs that
provides FCL in low-voltage dc MGs was evaluated in [179],
where SSCB solutions based on IGCT were possible for low-
voltage microgrids according to the simulation results in a
simple dc MG system, but it is necessary to connect several
devices in parallel to open fast-rising fault currents.

An improved topology of the SSCB in dc MG was proposed
in [180]. To determine the position of the fault, it is able to
inject the signal into the faulty line.

4.2. Review study of DFACTS in microgrid

Some of the available review studies on the application of the
DFACTS for improving the performance in MGs are
mentioned in Table 8.

Table 8. A review of studies on DFACTS in microgrids

Ref. Research topic Specifications (Summary of the review studies)
[181] Protection dc The benefits and shortfalls of the wide bandgap SSCBs and its application with
microgrid PV generators were investigated.
Power quality The techniques commqnly used for power quality enhancement of MGs were
[182] improvement presented. Methodologies such as PSO, filters, controllers, compensators, and
DFACTS devices were analyzed.
Tmprove stability A.number of DEACTS deyicgs were reviewed in terms of fynctign. DE ACTS
[183] . devices can contribute to building independent and high-quality microgrids along
and power quality . - .
with stability and quality improvement.
Reactive power Challenges and issues related to power quality in the microgrid were investigated.
[184] compensation Compensation methods were expressed using various control techniques,
methods algorithms, and devices.

5. CONCLUSIONS

Microgrids have many advantages over conventional power
grid networks. An MG reduces power losses in the
distribution system and improves network power capacity and
reliability. Also, it provides local support for voltage and
frequency regulation. In this paper, several researches that are
related to MG and DFACTS were studied and reviewed. To
use the DFACTS devices, they were mounted on transmission
towers or connected to conductors. They have been widely
used in distribution systems to improve the system
performance. They offer many potential benefits for MG
operations. Further, this paper also throws light on the major
role of DFACTS in microgrid performance, some of its
limitations, and future prospects.
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NOMENCLATURE
ANFIS Adaptive Neuro Fuzzy Inference System
DFACTS Distributed Flexible AC Transmission System
DG Distributed Generator
DPFC Distributed Power Flow Controller
DSSC Distributed Static Series Compensator
DSTATCOM  Distribution Static Synchronous Compensator
DVR Dynamic Voltage Restorer
FACTS Flexible AC Transmission System
FCL Fault-Current Limiting
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HVDC High-Voltage DC

IGCT Integrated Gate-Commutated Thyristor
IGCT Integrated Gate-Commutated Thyristor
LFO Low Frequency Oscillation

LVRT Low-Voltage Ride-Through

MG Microgrid

PCC Point of Common Coupling

PI controller Proportional-Integral Controller

PSO Particle Swarm Optimization

PV Photovoltaic

SFCL Superconducting Fault Current Limiter

SSCB Solid-State Circuit Breaker

SSSC Static Synchronous Series Compensator

UPQC Unified Power Quality Compensator

WBG Wide Bandgap

WTG Wind Turbine Generator
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Energy harvesting from ambient vibrations using piezoelectric cantilevers is one of the most popular
mechanisms for producing electrical energy. Recently, efforts have been made to improve the performance of
energy harvesters. The output voltage dramatically depends on the geometrical and physical parameters of
these devices. In addition, improved performance is often achieved by operating at or near the resonance point.
So, this paper aims to reduce the natural frequency to match the environmental excitation frequency and
increase the harvested energy. For this purpose, different geometrical and physical parameters are studied to
determine the impact of each parameter. These parameters include the length, thickness, density, and Young’s
modulus of each layer. The beam is considered a unimorph cantilever with rectangular configuration and the
study is performed using COMSOL Multiphysics software. The results are compared with those obtained by
an analytical approach. The results show that changing the parameters made the natural frequency of the

Keywords:
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Energy Harvesting,

Voltage, system vary in the range of 20 Hz to 200 Hz and increased the output voltage up to 20 V.

Unimorph

https://doi.org/10.30501/jree.2022.320113.1300

1. INTRODUCTION

Rapid advances in electronic devices and sensors have
intensified the efforts for portable energy sources [1]. The
high costs of constant battery replacement and the limited
final weights of devices have increased the attempts at
supplying energy from ambient vibrations such as vibration of
the wing of a UAV during flight, traffic and wind induced
vibrations in tall bridges, vibration coming from rotating tires
of a vehicle, heart beats and blood pressure fluctuations in the
human body, and vibration due to walking or physical
exercise [2]. In general, mechanical energy can be converted
into electrical energy through three mechanisms, namely
electromagnetic [3], electrostatic, and piezoelectric [4]. At the
same time, piezoelectric materials have been considered for
use to boost the output voltage because they need no electrical
sources [5].

The capability to harvest energy from the environment is
significant, especially in high-tech industries like aerospace.
For instance, Eugeni et al. [6] modeled a piezoelectric energy
harvester on a fluid stream and developed it for use in wireless
sensors. In another study, Liu et al. [7] developed energy
harvesting arrays consisting of several piezoelectric elements
to monitor traffic and energy harvesting. These arrays were
examined to simulate the effects of loads and speeds of
different vehicle axles. The impacts of piezoelectric

*Corresponding Author’s Email: m.rahimzadeh@gu.ac.ir (M. Rahimzadeh)
URL: https://www.jree.ir/article 155304.html

configurations on the harvested amount of energy were then
studied. The impacts of temperature on the output signals of
the arrays were also analyzed. The experimental results
indicated that the output voltage increased gradually as the
load and frequency increased. With rapid developments in
artificial intelligence technologies and the Internet of Things,
wearable electronic devices have attracted a great deal of
attention. Piezoelectric-based nanogenerators have great
potential for use as human health monitoring sensors and
biomechanical energy harvesters in wearable electronics due
to their high flexibility, low weight, high reliability, and high
accuracy [8, 9]. Piezoelectric materials are used as actuators,
sensors, and energy harvesters in various medical devices.
Natural piezoelectric materials have different properties from
mineral piezoelectric materials. The high mechanical
properties and flexibility of natural piezoelectric materials are
very important and practical in various applications of medical
equipment. Natural piezoelectric materials are used in medical
sensors, which are located close to internal organs such as the
heart due to the need for proper flexibility [10]. As discussed
earlier, the exceptional capabilities and properties of
piezoelectric materials have made them easy to use in
different fields [11]. However, it is necessary to know
everything about the field of use, limitations, and conditions
of the system for the application of piezoelectric materials
[12]. Hence, the parameters of energy harvesting systems
must be appropriately designed [13].

Please cite this article as: Rahimzadeh, M., Samadi, H. and Shams Mohammadi, N., "Improving the efficiency of a cantilever energy scavenger", Journal of
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In the conventional design of energy scavengers based on
piezoelectric materials, a cantilever beam configuration is
used with a piezoelectric layer [14]. Creating high strain
energy and reducing natural frequencies in this configuration
are the main reasons for employing such a beam to harvest
energy [15]. Nevertheless, the natural frequencies in these
mechanisms range from several hundred Hz to several kHz.
Of note, the excitation frequencies of environmental resources
are usually not very high. A way of solving this problem is to
use proof mass at the free end of the beam. This method helps
reduce the resonant frequency of the energy harvesting system
[16]. Moreover, the geometry of the beam structure and
properties of the materials used have substantial impacts on an
energy harvesting performance [17]. In recent studies, beams
have been used in various geometrical shapes such as
rectangular and triangular shapes. Moreover, it is possible to
increase the harvested energy by applying optimization
methods to the geometrical parameters of the beams [18]. The
output power depends significantly on the properties of
materials and the geometrical parameters of the beam [19].
Stress and strain increase as the geometrical properties of the
beam change; therefore, higher levels of voltage and power
can be harvested from a specific piezoelectric material [20].
According to the research results, the natural frequency of a
triangular beam is lower than that of a rectangular or
trapezoidal beam under the same conditions. Furthermore, the
thickness of the beam layer affects the performance of an
energy harvester performance. The beam structure is usually
in the form of an elastic layer with a piezoelectric patch
(unimorph) or an elastic layer with two piezoelectric patches
on either side of the elastic layer (bimorph) [21, 22].

An energy harvesting system must be appropriately
designed in an environment exposed to ambient vibrations due
to the adaption of that system to environmental conditions.
Efficiency improvement is important in the design and
analysis of energy harvesters. Efficiency is defined as the ratio
of the output electrical energy to the input mechanical energy.
Despite several studies on the efficiency analysis of energy
harvesters, the effects of geometric and physical parameters
on the performance of energy harvesters have not been
explored simultaneously through analytical and numerical
(FEM) approaches. In this study, different multiplication
factors were applied to geometrical and physical parameters
such as beam length, thickness, density, and Young’s modulus
to measure the effect of each on the energy harvesting
process. The resulting information of these simulations can
lead to a more appropriate design of an energy scavenger.
Based on the separate analysis of the effect of each parameter
on the energy harvesting process, it is possible to select the
appropriate material and geometry of the energy harvester to
meet the needs and conditions of each environment. The
energy harvester beam was considered rectangular and
unimorph.

2. ELECTROMECHANICAL MODEL OF THE ENERGY
HARVESTER

One of the most common models of energy harvesting is a
cantilever beam with a piezoelectric layer, which is shown in
Figure 1. The beam has the width of b and length of L. It also
consists of an elastic layer with the thickness of hg and a
piezoelectric layer with the thickness of hy. The electrodes
cover the entire surface of the piezoelectric layer, which does
not slip with respect to the beam.

PZT laver

Substrate layer

Figure 1. The schematic view of an energy scavenger under base
vibrations

The general motion of the beam under forced vibrations
including the base motion and its transverse displacements can
be expressed as in Equation 1 [23]:

w(x,t) = wp(x,t) + wi(x,t) @)

where wy(x,t) is the motion of the base of the beam and
w(x,t) is the transverse displacement of the beam related to
the clamped end. Moreover, the motion of the beam base is
defined as in the following equation:

W (x,1) = g(t) + xh(t) @

where g(t) is the translational motion of the beam along the
Y-axis and h(t) is the rotation of the beam around the Z-axis.
The equation of motion assuming the Euler-Bernoulli beam
theory can be expressed as follows [23]:

9*M(x,t) + 05 Wre1 (%, 1) OWrel (%, 1) (3)
0x2 ST ox*ot a ot
aZWrel(X: t)
ot?
*wy (x,1) Owy (x,1)
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The bending moment M(x, t) is calculated as follows:

hp
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where Tf and T} denote stress in the elastic and piezoelectric
layers, respectively.

TS = Y,S§ (%)

TY = Y, (S} — ds1Es3) (6)

where d3; refers to the piezoelectric constant and E; denotes
the electric field, whereas S indicates the strain in the elastic
layer. Furthermore, S? shows the strain in the piezoelectric
layer. Replacing the values obtained in Equation 4 yields the
following equations:
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where Y; denotes Young’s modulus of the substrate layer, Y,
Young’s modulus of the piezoelectric material, I the moments
of inertia of the beam cross-section, and m the linear mass
density of the beam. The bending stiffness of the composite
beam and electromechanical coupling can be obtained from
the following equations:

v1 = p | Yo (B8 = hS) ' ¥ (h¢ — hj) ©
o= _tpdaib (h2 — h2) (10)
2h p
2
M 1) = Y12 Sv(O)[H() — H(x — L)] (b

0x2

Figure 2 demonstrates the beam cross-section.
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Figure 2. The cross-section of an energy scavenger and it’s
equivalent cross-section

The following equations can be employed to find the
position of the neutral axis [23]:

Y (12)

. h,? + 2nh,hg + nhg? (13)
pa 2(hy, + nhy)

_hy? 4 2hphg + nhg? (14)
8 2(hp +nhy)
_ nhy(h, +hy) (15)

P¢™ 2(hy + nhy)

To maintain the relationship between electrical and
mechanical parameters of the system, it is necessary to define
the piezoelectric constitutive relations [24]:

D3 =d3 Ty +elE; (16)
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In the above equations, D3 refers to the electric
displacement, whereas €1, represents the permittivity, and E5
denotes the electric field. Moreover, current i(t) and voltage
v(t) can be calculated in accordance with the amount of
electric charge q(t).

L 92 ,t (20)
q(t)=f D.ndA=—f <d31thW(;;lz(x)
A x=0 X
(t))
+e3;b—
33 hp
. dq(t) 03w (%, 1) 1)
i(t) =—— f ds.Y, hpcbwdx
3 833bL dv(t)
h dt

p

s
€35bL dv(t) v(t) f 3 Wre1(%,1) (22)
h, dt R ST
. L 03Wipei (%, 1) (23)
V(t) = Rll(t) = _Rl [L:0d31thpcb—ax2 at dx
£3;bL dv(t)
h dt

p

In the above equations, hy,. refers to the distance between
neutral axis and the piezoelectric layer center, whereas R;
indicates the electrical resistance of the circuit. To solve the
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governing equations, the transverse motion of the beam can be
written as a convergent series of eigenfunctions:

- 4)
Wra (60 = ) 0.0 1 (O
r=1

1 A Ar (25)
0,x) = - [cosh rx - cosrx

A A
— 0oy (smhrx - smrx)]

[mw? ('Y + v£8p) — XrVolel®* (26)
w? — w? +j20ww

nr(t) =

where @.(x) represents the mass normalized eigenfunction,
and n.(t) indicates the modal coordinate of the cantilever
beam. Herein, A.’s can be specified by solving the
characteristic equation:

14 cosAcoshA=0 27)

o = sinh A, — sin A, (28)
"7 coshA. + cos A,

where:
e (29)
Wy = Ay W
L (30)
v = [ 0,60 x
0
L (€2))
v = [ %8, x
0
Assuming:
h(t) = 8,e/°* (32)
g(t) = Ypelot (33)
v(t) = Vet (34)
v(t) can be defined as follows:
o MO QL (Y Yo+yP8o) (35)
_ =1 2 w2+j2lw 0
VO - [ joXr @r 1+jwTe
=1 )2 — w2 4j20. 00 T¢

o MO Qr (V¥ Yot+yP0p)elet (36)
V(1) = o OEetihe
200 JOXr@r 1+jwte
r=1 2 - w2 4j20,00 Tc
o0 —imo@ryyY (37)
V(t) _ Zr:l 02— w2+j2{ 0w
—(QZYOeth T vy jOXrPr 1+jwt,
=12 w2420 w0 T¢
where:
0, = d31thpchp fL dzq)r(x) < (38)
r— — S 2
€33l x=0  dX
__ d31thpchp do.(x)
e5;L dx Ix=L

3. PROBLEM STATEMENT

Table 1 presents the geometrical and mechanical
characteristics of the unimorph beam. To study the effects of
scavenger parameters such as length, thickness, Young
modulus, and density on lowest resonant frequency and
harvester performance, a comparative study has been carried
out by considering some multiplication factors. Better insight
can be achieved by multiplying each parameter by factors 0.5,
1, and 1.5, whereas others are deemed to be constant. This
approach, for the design of an energy scavenger, leads to a
more appropriate selection of materials and geometrical
properties. Hence, it is possible to obtain a greater amount of
energy. The numerical simulations were performed in
COMSOL Multiphysics software (Figure 3). Additionally, the
load resistance was considered Ry = 10° Q in this study.

Table 1. The mechanical and geometrical characteristics of the
piezoelectric and substrate layers

Parameter Substrate layer PZT layer
Young modulus (GPa) 100 66
Density (Kg/m3) 7165 7800
Length (mm) 100 100
Width (mm) 20 20
Thickness (mm) 0.5 0.4

Figure 3. The geometrical and meshed model of the rectangular
beam

4. RESULTS AND DISCUSSION

Table 2 shows the analytical and numerical (COMSOL)
natural frequencies of the harvester. As can be seen, the
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results are in good agreement. The numerical first natural
frequency was found to be 47.82 Hz in COMSOL, whereas it
was analytically calculated to be 47.81 Hz. Figure 4 depicts
the numerical mode shapes 1-3 of the energy scavenger.
Figure 5 plots the analytical output voltage at 0-400 Hz for
resistive loads of 500 Q, 5 kQ, and 50 kQ logarithmically. As
can be seen, the output voltage was maximized at the natural
frequencies. In addition, a rise in the resistive load raised the
output voltage. This is evident throughout the frequency
range, including the second natural frequency. Figure 6
depicts the numerical output voltage of the harvester at 0-400
Hz for the same resistive loads in COMSOL. The logarithmic
voltage was obtained to be -0.938, -0.012, and 0.576 V at
resistive loads of 500 Q, 5 kQ, and 50 kQ, respectively, at the
first natural frequency. At the second natural frequency,
however, the logarithmic voltage was found to be -1.501,
-0.650, and -0.325 V at resistive loads of 500 Q, 5 kQ, and 50
kQ, respectively. Figure 7 compares the numerical and
analytical output voltages at 0-400 Hz for a resistive load of
50 kQ. As can be seen, the numerical and analytical results
were in good agreement. The slight difference between the
output voltage results at the second natural frequency arose
from the use of a constant damping ratio throughout the
frequency range in the numerical model in COMSOL.

Table 2. Comparing the values of natural frequencies obtained from
COMSOL Multiphysics and MATLAB

COMSOL Multiphysics | Matlab
1% natural frequency (Hz) 47.82 47.81
2" natural frequency (Hz) 299.65 299.61
3t natural frequency (Hz) 838.81 838.92

* % *

Figure 4. The first three mode shapes of the unimorph cantilever
scavenger
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Figure 5. The voltage output versus the frequency for the unimorph
cantilever beam within the range of 0 to 400 Hz through the
analytical method
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Figure 6. The voltage output versus the frequency for the unimorph
cantilever beam within the range of 0 to 400 Hz from COMSOL
Multiphysics
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Figure 7. The voltage output versus the frequency for the unimorph
cantilever beam within the range of 0 to 400 Hz for R; = 50 kQ
through the analytical method and simulation from COMSOL
Multiphysics

Figure 8 plots the analytical output voltage for 10-210 Hz at a
resistive load of 1 MQ and different lengths. As can be seen, a
50 % reduction (increase) in the initial harvester length (i.e.,
100 mm) reduced (increased) the output voltage and increased
(reduced) the natural frequency. Since ambient vibration
typically occurs at low frequencies, an increase in the beam
length would enhance harvester performance. Figure 9 depicts
the numerical output voltage for 10-210 Hz at a resistive load
of 1 MQ and different lengths. According to Figure 9, the
numerical output voltage was calculated to be 2.921, 10.679,
and 22.423 V at length factors of 0.5, 1.0, and 1.5,
respectively; a rise in the energy scavenger length from 100 to
150 mm led to a 110 % increase in the output voltage. The
numerical results show good agreement with the analytical
calculations.
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Figure 8. The voltage versus the frequency for variations in the beam
length through the analytical method



64 M. Rahimzadeh et al. / JREE: Vol. 10, No. 1, (Winter 2023) 59-67

Voltage (V)

~¥— Ratio = 0.5
Ratio = 1

201 4
=0= Ratio = 1.5

I ey e e o s e

o ¢
-
4N ;
,\ ":O- AN_A
B e et
40 120 160 200

BﬂFrequency (Hz)
Figure 9. The voltage versus the frequency for variations in the beam
length through the finite elements

Figure 10 plots the analytical output voltage at 30-70 Hz for
substrate layer thicknesses of 0.25, 0.50, and 0.75 mm (ratios
0.5, 1.0, and 1.5). As shown in Figure 10, a reduction in the
substrate thickness diminished the natural frequency and
elevated the output voltage of the energy scavenger. Although
the decreased substrate thickness led to only a slight rise in the
output voltage, it could be considered for performance
improvement as the natural frequency of the energy scavenger
would substantially decline. The output voltage was
maximized (8.8 V) at a substrate thickness of 0.75 mm. Figure
11 plots the analytical output voltage at 35-65 Hz for
piezoelectric layer thicknesses of 0.2, 0.4, and 0.6 mm (factors
0.5, 1.0, and 1.5). As can be seen, a decrease (rise) in the
thickness of the piezoelectric layer decreased (raised) the
output voltage and reduced (increased) the natural frequency
of the harvester. This is not efficient in the performance
improvement of the harvester as the output voltage undergoes
a small rise, while the natural frequency substantially
increases.
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Figure 10. The voltage versus the frequency for variations in the
substrate thickness through the analytical method
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Figure 11. The voltage versus the frequency for variations of the
piezoelectric layer thickness through the analytical method

Figure 12 shows the numerical output voltage at 35-65 Hz for
piezoelectric layer thicknesses of 0.2, 0.4, and 0.6 mm (ratios
0.5, 1.0, and 1.5). The numerical results were in good
agreement with the analytical calculations. The maximum
numerical output voltage was found to be 9.338 V at a
piezoelectric layer thickness of 0.2 mm.

Voltage (V)
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L
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Frequency (Hz)

Figure 12. The generated voltage versus the frequency for variations
of the piezoelectric layer thickness from COMSOL Multiphysics

Figure 13 represents the analytical output voltage at 40-55
Hz for substrate elasticity moduli of 50, 100, and 150 GPa
(ratios 0.5, 1.0, and 1.5). A reduction in the elasticity modulus
not only diminished the natural frequency of the harvester but
also resulted in a slight rise in the output voltage. This can be
assumed as a performance improvement criterion of such
harvesters. The reduced elasticity modulus of the substrate
layer at a ratio of 0.5 increased the maximum voltage to
10.609 V and reduced the natural frequency to 41.1 Hz.
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Figure 13. The voltage versus the frequency for variations in
substrate Young’s modulus through the analytical approach

Figure 14 shows the numerical results at 40-55 Hz in
COMSOL. The numerical and analytical results show good
agreement. Figure 15 plots the analytical voltage output at
37-60 Hz for piezoelectric layer elasticity moduli of 33, 66,
and 99 GPa (ratios 0.5, 1.0, and 1.5). It was found that a
reduction in the elasticity modulus of the piezoelectric layer
reduced not only the maximum output voltage but also the
natural frequency. This can be considered for reducing the
natural frequency to the ambient excitation frequency range to
improve harvester performance. A 50 % decrease in the
elasticity modulus of the piezoelectric layer diminished the
voltage t0 9.2 V.
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Figure 14. The voltage versus the frequency for variations in
substrate Young’s modulus from COMSOL Multiphysics
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Figure 15. The voltage versus the frequency for variations in
piezoelectric Young’s modulus through the analytical approach

Figures 16 and 17 compare the analytical and numerical
output voltages at 40-60 Hz for substrate layer densities of
3582.5, 7165, and 10747.5 kg/m? (ratios 0.5, 1.0, and 1.5). As
can be seen, the analytical and numerical (COMSOL) results
well agree. A rise in the substrate density was found to raise
the output voltage and diminish the natural frequency. Thus,
increased substrate density could be assumed as an effective
measure to improve harvester performance. A 50 % rise in the
substrate density increased the analytical output voltage to
12.4 V. Furthermore, factors of 0.5, 1.0, and 1.5 in the
substrate density led to numerical output voltages of 7.928,
10.679, and 13.327 V and numerical natural frequencies of
57.1, 48.9, and 43.4 Hz, respectively.
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Figure 16. The voltage versus the frequency for variations in the
density of the substrate layer through the analytical approach
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Figure 17. The voltage versus the frequency for variations in the
density of the substrate layer from COMSOL Multiphysics

Figures 18 and 19 compare the analytical and numerical
output voltages at 42-58 Hz for piezoelectric layer densities of
3900, 7800, and 11700 (ratios 0.5, 1.0, and 1.5). Likewise, an
increase in the density of the piezoelectric layer not only
increased the output voltage but also substantially reduced the
natural frequency. Piezoelectric layer density ratios 0.5, 1.0,
and 1.5 resulted in numerical output voltages of 8.283, 10.679,
and 12.977 V and numerical natural frequencies of 55.8, 48.9,
and 44.0, respectively. Table 3 shows variations in the output
voltage and resonant frequency of the energy harvester for the
two approaches of changing physical and geometric
parameters.
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Figure 18. The voltage versus the frequency for variations in the
density of the piezoelectric layer through the analytical approach

Voltage (V)

12 I\

=% Ratio = 0.5
O Ratio=1
~0— Ratio = 1.5

e
|\
I
I
|

48
Frequency (Hz)

Figure 19. The voltage versus the frequency for variations in the
density of the piezoelectric layer from COMSOL Multiphysics
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Table 3. Percentage variations in the output voltage and resonant frequency of the cantilever energy scavenger due to changes in physical and
geometric parameters

Quantity change | Natural frequency | Output voltage
Parameter Symbol/Unit | Quantity 1 | Quantity 2
(%) change (%) change (%)
Length 1 (mm) 50 100 +50 -152.57 +265.65
Piezoelectric thickness hp (mm) 0.2 0.4 +50 +25.71 +14.35
Substrate thickness hg (mm) 0.25 0.5 +50 +40.52 -4.44
Piezoelectric density pp (kg/ m3) 3900 7800 +50 -12.37 +28.98
Substrate density ps (kg/m?) 3582.5 7165 +50 -12.36 +34.68
Piezoelectric Young modulus Y, (Gpa) 33 66 +50 +22.29 +8.92
Substrate Young modulus Ys (Gpa) 50 100 +50 +18.98 +0.66
5. CONCLUSIONS e, Permittivity (nF/m)
. . Density (kg/m?
The performance of an energy scavenger was analyzed in this P . yi( gur)
. . . A Dimensionless frequency number
study by changing the geometrical and mechanical parameters )
. . . Nr Modal coordinate of the clamped-free beam
of a unimorph cantilevered beam. The analysis of the energy
harvester was done using COMSOL Multiphysics finite
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In this study, various configuration designs of a Heat Recovery Steam Generator (HRSG) are examined to
enhance the energy efficiency of a Combined Cycle Power Plant (CCPP). A novel approach to investigating
ten applicable configurations of a dual pressure HRSG is used thoroughly to explore the best practice models
from the energy-conserving perspective. Further, a fuel consumption assessment has been conducted to
identify the best performance of the cycle and investigate the minimum pollutants released by each Heat
Recovery Steam Generator (HRSG). The results revealed that four out of ten scenarios expressed considerably
better performance in terms of fuel consumption, steam production, energy efficiency, and environmental

Keywords: . 2 ! . !
HRSG, considerations. Further, it was found that compared to conventional configurations, not only the selected
CHP, scenarios managed to improve the low-pressure steam generation, but also 30 % fuel consumption saving in

supplementary firing was achieved as both economic and environmental benefits. Moreover, the carbon
dioxide saving potential for the best scenario is 51.37 kgCO, MWh'!; consequently, the environmental benefit

Configuration Analysis,
Energy Efficiency,

Environment Analysis

of it is calculated to be about 133,418 $ MWh''.

https://doi.org/10.30501/jree.2022.326260.1317

1. INTRODUCTION

The upsurging consumption of fossil fuel has sparked some
serious environmental problems on the global scale.
Enhancing efficiency and mitigating pollutants are considered
as the main concerns in any design of power generation
plants. Therefore, improvement of thermal efficiency and
reduction of fuel consumption of conventional cycles have
gained much attention in tackle climate crises. There is no
doubt that a Heat Recovery System (HRS), at any stage, plays
a key role in conserving energy, not to mention the pivotal
role of a Heat Recovery Steam Generator (HRSG) that is
widely used as a critical component in various types of
Combined Cycles (CC) [1]. Research on minimizing energy
consumption and developing combined power generation
systems in order to achieve better performance has deep roots
in the literature [2, 3]. Some studies have highlighted the
significance of recovering waste heat [4] and energy [5] into
the cycle to improve energy efficiency, while many efforts
have been made in the case of industrial sectors [6, 7].
Moreover, employing renewable energy sources in thermal
cycles as well as using modern technologies such as gasifiers
[8], fuel cells [9], and storage systems [10, 11] have attracted

*Corresponding Author’s Email: a.ozgoli@irost.org (H.A. Ozgoli)
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the attention of many researchers. In previous literature, it is
widely considered as a good way to supply the required fuel
of thermal and power systems using renewable resources such
as biomass and biogas to mitigate the environmental
consequences [12]. Ultimately, the application of integrated
cycles such as Combined Heat and Power (CHP) and
poly-generation systems has been considered as a significant
purpose of optimizing energy consumption and reducing
environmental issues associated with the Combined Cycle
Power Plants (CCPPs) [13], given that these systems are still
broadly adopted as a key player in supplying electricity
demand in every corner of the world. The main reason behind
this broad application is ample resources of the Nature Gas
(NG) which is available in huge amount and it gives higher
overall thermal efficiency [14]. Given that the Heat Recovery
Steam Generatior (HRSG) is an indispensable part of these
cycles and its function is to recover the waste heat present in
the exhaust gases of the gas turbine and to generate the steam
to run a steam power cycle, it is broadly highlighted in
previous studies. Table 1 lists a review of the literature
regarding the optimum performance analysis of CCPPs. It
offers the design parameters, objectives, examination method,
and the outstanding results and observations.

Moreover, effective parameters in the best feasible layout
will be selected by considering the environmental aspects as

68-82. (https://doi.org/10.30501/jree.2022.326260.1317).
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the main algorithm. Various heat exchanger layouts of the
HRSG in a CCPP have been investigated to examine the
maximum amount of generated steam at different pressure
levels. In this regard, assessing the fuel consumption to

identify the best performance of the cycle and investigating
the minimum pollutants released of each HRSG configuration
are accomplished.

Table 1. Literature review of optimum performance analysis of CCPPs

Design parameters Considerations Examination approach Key Findings Ref.
. Increasing the inlet gas to the HRSG until 650
Mass flow rate, HRSG . Thermodynamic and R g & . .
. Cycle efficiency . C is favorable. Increase in this temperature [15]
inlet gas temperature parametric analyses _
reduces the efficiency.
By increasing the pinch point, the power to
heat ratio also increases; however, the first-law
. . . and second-law efficiency decreases while the
Temperature, steam Energetic and exegetic Thermodynamic . o
ressure and pinch point efficienc methodolo pinch point increascs. [16]
P P p Y &y Also, reheat process has received considerable
improvement in output power and thermal
power production.
ressure ratio, cycle The efficiency and power output reach
P . 4 Power-output, thermal . . . y P . P .
temperature ratio, number . Thermodynamic analysis maximum at an intermediate pressure ratio.
efficiency, and exergy . . [17]
of reheats and cycle . using second law 50 % of the overall cycle exergy destruction
destruction . .
pressure drop occurs in the combustion chamber.
Operating conditions and .
Thermo-economic . . . .
cost related to fuel . . Various methods are investigated to establish
L Cost, and mass flowrate optimization using . . [18]
consumption, investment, . . how to reduce the objective function.
. genetic algorithm
and maintenance
. . Optimization of HRSG is sufficient to obtain
Mass flow rate, HRSG Increasing efficiency over . . P . .
. . Thermodynamic analysis | the efficiency of a CCPPs in the order of 60 %.
inlet gas temperature and than 60 % without . . [19]
. and parametric study Gas to gas recuperation enhances the overall
pressure resorting new GT .
efficiency to 65 %.
. Optimization of the
Turbine Inlet Temperature .p . . .
. . triple-pressure reheat . . Optimal triple-pressure reheat CC is 1.7 %
(TIT), and pinch points . Thermodynamic analysis . . .
.. combined cycle, . higher in efficiency than the reduced [20]
the steam turbine inlet . o . and parametric study . e
ressure irreversibility reduction irreversibility triple-pressure reheat CC.
P of a HRSG
HRSG pressure levels on Exergy destruction rate in HRSG is affected by
Inlet temperature to . . . .
exergy efficiency of Thermo-economic an increase in the number of pressure levels
HRSG, pressure level, ) L. . . [21]
cost combined cycle power optimization and causes sensible improvement in exergy
plants efficiency of the whole cycle.
Compression ratio, stack Overall thermal
temperature and cooling efficiency and power Thermodynamics The combined cycle gas turbine plants [22]
steam ratio, temperature output of the GT cycle optimization indicates better power output at 400 MW.
values of turbine inlet were optimized
Electricity power . .
.y P . In comparison to the annual production in ISO
. .. generation and Thermodynamic and .. . .. ..
Ambient conditions . . . conditions, the loss in electricity generation is | [23]
consumption of the fuel parametric analysis
. about 2.87-0.71 %.
of the gas turbine cycle
Multi-Objective .
. L y The steam turbine inlet temperature and
Steam quality at steam Overall output power and | Optimization (MOO) for . .
. . . pressure increase when the steam quality at the | [24]
turbine outlet efficiency the comprehensive . .
. . steam turbine outlet increases.
thermodynamic analysis

A challenging problem that arises in this domain is the
optimization of HRSG which not only is significantly
important for the design of CCPPs but also plays a particular
role in maximizing the power delivered to the Steam Turbine
(ST) and improves the overall performance of the power
cycle. As discussed earlier, achieving higher electric and
thermal efficiency of the CCPPs requires optimizing the entire
plant, and the three key components comprising the Gas
Turbine (GT), HRSG, and Steam Turbine (ST). However,
among the three mentioned component plants, the

performance of the GT is of priority as the predominant
influencer in the performance; most of the previous research
studies in this field aim to solve this problem. However, the
HRSG has rarely been studied directly. Furthermore, few
studies have focused on different configurations of it as the
HRSG component of the CCPPs can be made on order
particularly for each GT unit, while the GT and ST can be
selected from the set of commercially available range plants
[24].
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Based on the aforementioned explanations, no comprehensive
study has been performed on the optimal configuration of heat
exchangers in the HRSG system, so far. In the proposed new
approach, the arrangement of HRSG heat exchangers in terms
of thermal efficiency has been evaluated simultaneously with
the electrical efficiency of the whole CCPP. The mathematical
model described in this study makes it possible to determine
the optimal configuration of the HRSG heat exchanger. In this
way, heat exchangers of each pressure level can be placed in.

2. MATERIAL AND METHOD
2.1. System description

Figure 1 shows a chemotic flow diagram of a dual-pressure
CCGT Power Plant. A CCGT Power Plant, generally, can be
divided into three major subsystems: upstream cycle (Brayton
cycle), downstream cycle (Rankin cycle), and HRSG. The
system also includes other auxiliary equipment such as a

pump, condenser, and cooling tower. In the upstream cycle,
fresh air enters the compressor where compressed and leaves
with higher temperature and pressure than the inlet point. In
the combustion chamber, the compressed air and fuel,
typically Natural Gas (NG) or diesel fuels, contribute to the
combustion reaction. Then, combustion products will be
expanded in the gas turbine for both generating electrical
power employing generator and producing mechanical work
for running the compressor. Further, the hot exhaust gas flow
of GT, which is still capable of doing work, enters into the
HRSG. In this study, there are several heat exchangers in dual
pressure HRSG to use the thermal energy of this stream by
passing through steps in the economizer, evaporator, and
super heater. Eventually, superheat steam is produced to run
High-Pressure (HP) and Low-Pressure (LP) steam turbines.
The steam turbine sends its energy to the generator drive
shaft, where it is converted into additional electricity.
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Figure 1. Schematic flow diagram of a dual-pressure CCGT power plant

2.2. Model assumptions

Several principal assumptions are considered to solve the
model of the CCGT Power Plant. These assumptions which
simplify the developed model and accelerate the calculation
process are listed as follows:

e All processes have been done in a steady flow and
steady-state conditions.
e Natural gas is considered as supplied fuel to the system.

e The ISO ambient condition (Temperature of 288 K and
pressure of 101.3 kPa) is assumed.

e Siemens GT-V94.2 is used in Bryton Cycle.

e 5 % pressure drop is presumed in the both combustion
chamber and HRSG.

e The HRSG unit is considered as a two-pressured unit.
e The blowdown of HP and LP drums is assumed 2 %.

e AP is considered to be characterized by 15 degrees.

e 0.86 and 0.90 are assumed as isentropic efficiency of
compressor and isentropic efficiency of gas turbine,
respectively.

These assumptions are employed throughout the analysis to
derive the corresponding equations of each system component
[18, 25, 26].

2.3. System modeling

The model was developed in Engineering Equation Solver
(EES), which provided thermodynamic properties required to
model and evaluate the performance of the CCGT Power
Plant. For simplification, the calculation process model is
divided into three major subsystems. Then, these sections are
connected to provide an appropriate basis for both
thermodynamic and environmental analyses of the system.
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Further, first, the system subsections including compression
and combustion, Gas Turbinr, dual-pressure HRSG, and
Steam Turbine are explained by considering such design
parameters as Compressor Pressure Ratio (CPR), Turbine
Inlet Temperature (TIT), electricity power demand, blowing
down amounts of high- and low-pressure drums, HP, and LP
steam temperature and superheat approach temperature
difference. Next, the environmental model is discussed. This
study developed a mathematical model of an industrial gas
turbine, validated the results through comparison of the actual
performance of the Fars CCGT power plant located in Iran,

and employed the same Siemens V94.2 turbines to produce
electricity. Of note, the mentioned GT model is vastly used in
the majority of power plants in Iran.

2.3.1. Combined cycle gas turbine power plant

In order to perform energetic analysis on the CCGT Power
Plants, it is required to consider equations that are dominant at
each component of the cycle. The equations regarding
Compressor, Gas Turbine (GT), and Combustion Chamber
(CC) are briefly presented in Table 2 [25].

Table 1. Governing equations on CCGT power plant [25]

CCGT power plant relations Equations No.
1 Yair—1
Tac.. = Tac: {1+—[Rpmair _1} (1)
ACout ACin Nac
Wac = MairCp; (Tacoue ~ Tacin) @
T T\
N Y 3
Cp aer1oo+c<100) ©
noc
a= Z a; X mf; C))
i=1
noc
b= Z b; X mf; )
i=1
noc
c= Z ¢; X mf; 6)
i=1
l:)out
RPC = 7
P @)
e 3412 Btu] .
eat Rate = - Wh ®)
. _ PWgr X Heat Rate ©)
Mpye] = LHV
Ounog = [2CH, + 3.5C,Hg + 5C3Hg + 6.5C,Hyo + 8C5H 5] X Mipyey (10)
) 0,
Mairiheo — #hleo X MW, (1)
. ] Excess Air %
Mairpct = Mairgheo X (T-l' 1) (12)
1-YFG
Teroue = ToTin {1 —Ner [1 — RPT ¥ro ]} (13)
wor = gCpp (Torin — ToTour) (14)
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Tac; b Tac; 1 Tac; Pac;
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cin =0 ) 700 > Tacn X 0\ )+ OO\ g g JIn )~ Rl (g ) F St o
T b T 1 T P,
S'acoy = aln <ﬂ> +—— X T'pcyy X In <M> + ¢(100)2 - 1n< AC"‘”) — Ryiln <M> + Sacy, (19)
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Here, the RPC. term in Equation (7) is the ratio .of outlet air Wsr = tigp (hyp,, — hupy )+ mep(hepy, — hipg o) (29)
pressure to inlet air pressure that, according to the
specifications of Siemens GT-V94.2, is equal to 11.31 [26]. Nt = Wst — Weump (30)
To calculate the consumed fuel in a combustion chamber with Qingr
regard to the heat rate, Equations (8) and (9) are used as WGT — Wac + Wst — Wpymp
follows [26]; then, the combustion equations can be written Nceep = Qincepr (3D
and solved as demonstrated in Equations (10-12) [26]. After
solving Equations (8-12), required oxygen for combustion NElectrical — Wer — Wac + Wst 32)

reaction will be obtained. Finally, by considering excess
oxygen which is used to ensure complete combustion and
increase mass flow rate, the actual amount of oxygen and air
suction in the compressor will be obtained [26]. Since our
work is always extracted from the expanding high pressure
gas in the gas turbine system, outlet temperature and
generated work are determined using Equations (13) to (15)
[26, 27]. Further, the mass and energy balance equations for
each component can be obtained from Equations (16) [26].
The calculation of enthalpy of flow in the inlet and outlet of
each component is required for each correspondent equation
of mass and energy balance as well as other cycle’s
components [26]. The enthalpy and entropy of the hot stream
entering the gas turbine are obtained from Equations (22-25)
[26].

Based on Equation (26) and isentropic efficiency of the gas
turbine, the actual enthalpy of exhausted flow from the gas
turbine can be obtained. The actual temperature of the outlet
flow in the gas turbine as well as the entropy of the outlet
stream from the gas turbine are in operating condition. Then,
by considering the enthalpy of flow at the inlet and outlet of
the gas turbine, the produced work by the turbine can be
calculated using Equation (14) and in relation to the cycle.
Finally, the net power generated by Gas Cycle (GC) as well as
thermal efficiency of the gas cycle can be obtained by means
of Equations (27) and (28), respectively [26].

Whetge = Wor — Wac (27
Whet
Nthge = Q—GC (28)

In the steam cycle, the generated work by turbines can be
obtained based on energy equation. With having pre-defined
temperature and pressure of steam in LP and HP superheated
conditions, the enthalpy of steams can be calculated. Then, by
employing Equation (29), the work of steam turbine can be
obtained. Further, according to the description given above,
the net efficiency of the combined cycle power plant is
calculated from integration of gas turbine cycle and steam
cycle as described in Equations (30) to (32) [19, 26].

Qinccpp

2.3.2. Dual pressure HRSG

Two paths for exchanging heat in HRSG should be
considered. The first path is where the hot exhausted gas flow
from the gas turbine enters the HRSG unit and it moves
towards the stack and eventually vents into the environment
after passing through the exchanger tubes inside it. The
second path is where the entering water to the HRSG unit
passes through the inside of heat exchanger tubes until it is
turned to superheated steam which will drive the steam
turbine. In the base scenario of (A), for modeling superheated
part and high-pressure evaporator, the following equations are
employed [25]:

Mg X C X (T, —T.)

PFG
= thyp(hyp — hyq) + thgp(hyy — ho) (33)

+ rhyp(1 4+ BLDyp %) (hg — hg)

In addition, for high-pressure economizer, low-pressure
super heater, and the evaporator, we have Equation (34) as
follows [25]:

Mg X Cp - X (T = Tp)
= thyp(1 + BLDyp %) (hg — h,)
+ mpp(hg — hs) + myp(hs — hs)
+ 1 p(1 + % BLDyp)(h; — hy)

(34)

Through Equations (33) and (34), the production values of
high-pressure and low-pressure superheated steam will be
obtained [24].

tipg X Cpp X (Tepew = T6)
= m'yp(1 + BLDyp %) (hg — hy) )
+ n.l’LP(hé —hg) + I'fllILP(hs —h3)

+m'p(1 + BLDyp %) (h; — hy)
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After calculating the corrected temperature at point C, the
HRSG input temperature is modified through Equation (36)
[25]:

Mmpp X CPFG x (Tanew - TCnew)

= m'yp(hyz — hyy) + m'yp(hy; — o) (36)
+m'gp(1 + BLDyp %) (hg — hg)

In the end, the temperature of the inlet flow into the HRSG
that should produce the amount of required steam at different
pressure levels will be determined. Also, by solving the mass
and energy balance equations for the duct burner, the amount
of auxiliary fuel that provides the supplementary firing system
will be calculated. Then, the amount of air for delivering
complete combustion can be calculated.

g X hgr, . + Mpa X hpa

+ Hilgypy e X (LHV + (Cppye X TFuel)) 37)

=thB><C X T,

PrG anew
. rhAXFuel
=———%10.96 x MW,; 38
Mmgp MWFuel air ( )
Mpp = Mg + Mpa + Magpe (39)

2.4. Environmental modeling

The less a system generates CO, emissions, the more
environmentally-friendly the plant is [12]. In order to analyze
the combustion products, the combustion equation must first
be written and solved for each compartment of fuel to obtain
the quantities of combustion products. In this equation, the
amount of carbon dioxide and argon in the combustion air has
been monitored. According to the general combustion
equation for fuel, the following equation is given [28].

Excess air %
CXHy+nX<1+(7100 ))

X (05 +3.72 x N, + 0.04 x AR

+0.0014 x CO,)

=n; X CO; +n; X H,0 +n3 XN,

+n, X AR+ ng X 0,

(40)

To evaluate the environmental expenses associated with
CO, emissions in conventional systems, Equation (41) is
simply employed [27]. Herein, Zco, is the environmental
damage cost , m¢q, potential emission of CO,, and Co, is the
unit damage cost which is equal to 0.024 $/kg [29]. Therefore,
the carbon emission saving potential of the present study can
be calculated for each configuration design through Equation
(42), where Qco,rer is the CO, emission from a base scenario
which is scenario (A) in this study. The environmental benefit
(BEN.ny) of the best scenario designed can be calculated using
Equation (43) [8, 27].

Zco, = Mco, X Cco, 41)
Q'COzpotential = QCOZref - QCOZSys (42)
BENgny = ZCOz X QCOZpotential (43)

3. METHODOLOGY
3.1. Solution methodology

In this work, a solution methodology is illustrated and
indicated in Figure 2. The key intention of the proposed

methodology is to offer the operation solutions based on
technical model for engineers. The technical proposed model
will be solved in three consecutive steps by employing all the
required equations in a structured manner, as illustrated in
Figure 2. Later, power and efficiency of each component as
well as the pollutant emission for the winner scenario as
dependent variables will be determin.

3.2. Input parameters and validation

The model developed in the preceding sections is used to
simulate and evaluate the performance of the CCGT power
plant. The model input parameters of the Bryton cycle of the
studied plant are listed in Table 3. More details may be found
in [18, 26]. Initial values for the CCGT power plant are
presented in Table 4 and more details can be found in [25, 26].

In order to ensure the model validation and accuracy, some
modeling results of the CCGT power plant are compared to
those of the installed CCGT power plant in south of Iran, and
the results are shown in Table 5. It is observed that the
presented results reasonably agree with the actual outcomes of
the installed plants.

Besides, in Table 6, the values of the specific heat capacity
have been calculated with minor difference from the measured
values. As a result, the enthalpy of the flow can be accurately
estimated. Thus, another major parameter of HRSG modeling,
which is the enthalpy of hot gas flow entering it, was obtained
with high accuracy.

3.3. Scenario description

Regarding the layout of heat exchangers in HRSG, 10
designed scenarios are presented and discussed in Table 7
labelled from (A) to (J). It is worth noting that among them,
two scenarios of (G) and (H) have been presented and
evaluated from different aspects in previous studies, whereas
others are examined in the present study to explore the best
configuration in terms of energy improvement. First of all, in
scenario (A), a low-pressure economizer, evaporator, and
super heater as well as a high-pressure economizer,
evaporator, and super heater are arranged along the length of
HRSG and from the end to the first part close to the outlet of
the gas turbine, while in scenario (B), it is shown that they are
in the same order, except that the high-pressure economizer is
fed from the output of low-pressure economizer, as depicted
schematically below. Next, in scenario (D), the same layout of
scenario (C) is considered; however, as is shown earlier, the
high-pressure economizer inlet will be supplied from the
low-pressure economizer as previously discussed. For a better
understanding of the scenarios, Figure 3 presents the base
scenario and Table 7 shows the all scenarios and their
associated changes.

Further, in scenario (E), low-pressure super heater is
deliverd to the beginning part of HRSG ahead of HP
superheater, while in scenario (F), the economizers are
connected. Furthermore, in scenario (G), the high-pressure
economizer is moved ahead of the low-pressure superheater
and after the low-pressure evaporator. In scenario (H), the
outlet of the low-pressure economizer is connected to the inlet
of the high-pressure economizer with the same arrangement;
in scenario (I), the low-pressure super heater is moved
forward, but the other heat exchangers have the same
arrangement of first scenario (A). Finally, in scenario (J), the
inlet and outlet of economizers are connected.
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Input Data: all design condition
parameters of GT Cycle

.

Calculate: GT Heat rate B Fuel flow rate, Air intake
mass flow rate, Flue gas temperature & mass flow rate
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steam
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Calculation of mechanical
power of feed pump
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Duct burner
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.

Energy Efficiency calculation of

Table 3. Model input parameters for the Brayton cycle [18, 26]

ccep

Figure 2. Solution procedure of the CCGT power plant model

Table 5. Thermo-physical property of medium fluid in the BC

Parameters Value Unit Fars power Relative
- - - Model results
Compressor isentropic efficiency 87 % Items plant error(%)
Compressor flow rate 500 [kg/s] Inlet | Outlet | Inlet | Outle Outlet
Combustion chamber efficiency 99 % Compressor
Excess air 210 % Temperature [K] | 304.95 | 626.9 | 304.9 | 629.95 0.48
Fuel flow rate 9.56 [kg/s] Pressure [KPa] 101.30 | 1145 - - -
Pressure ratio of cycle 11.30 - Mass flow rate
498.81 | 498.8 | 504.4 | 504.40 1.11
Pressure loss 5 % [kg/s]
Turbine isentropic efficiency 90 % Enthalpy [kJ/kg] | 303.01 | 647.5 | 305.3 | 640.51 -1.08
Turbine inlet temperature 1333 [K] Combustion chamber
Temperature [K] 594.3 1333 640 1333 0
Table 4. Initial values for modeling of the presented CCPP Pressure [kPa] 1145 1087 - . -
Mass flow rate
Parameter Value Unit [k/s] 498.8 | 508.3 504 513.5 1.01
Electricity power demand 159,000 [kW] Enthalpy [kJ/kg] | 612.00 | 1522 B _ B
Ambient air temperature 288.15 [K] Gas Turbine
Ambient air pressure 101.30 [kPa] Temperature [K] | 1333 | 796.7 | 1333 | 809.95 | 1.63
Reference temperature 273.15 [K] Pressure [KkPa] 1087 101.3 _ - _
Reference pressure 101.30 [kPa] Mass flow rate
Approach temperature G K] [ke/s] 508.3 | 508.3 | 513.5 | 513.50 1.01
Fuel temperature 293.15 [K] Enthalpy [kJ/kg] 1522 | 907.1 - 873.24 -3.87
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Table 6. The specific heat capacity comparison with Fars power plant

Specific heat Calculated [J/kg. K] Measured [J/kg. K] Relative error (%)
N2 1.037 1.039 0.19
Oz 0.910 0.916 0.65
Ar 0.521 0.520 -0.19
CO2 0.827 0.835 0.95
Dry air 1.001 1.005 0.39

Figure 3. Base scenario of (A)

Table 7. Scenario comparison and highlighting the changes in each scenario with the previous one

Scenario
comparison

Previous layout

New layout

Scn. B

Scn. A

Scn. D
Vs.
Scn. C

Application of low-pressure economizer preheated water for high-pressure economizer input
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®
oE
h
Scn.E Eco Sup
Vs. F T y
Scn.A > %x > %x! id
High-pressure economizer placement before low-pressure evaporator and low-pressure superheater after high-pressure
evaporator
(&)
Scn. F Eco Eco Eco Eco
Vs HP LP HP LP
. = f = = e (e = | (2 )
Scn. E HX HX HX HX
@
Using low-pressure economizer preheated water for high-pressure economizer input
i
Sen. G
Vs.
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Placement of high-pressure economizer before the superheater
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SCIl H Ecl) Eco
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Sen G HX HX| HX
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Using low-pressure economizer preheated water for high-pressure economizer input
Scn. 1
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Using low-pressure economizer preheated water for the high-pressure economizer input
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4. RESULTS AND DISCUSSION

In this section, the effect of different heat exchanger
arrangements based on various scenarios on the system
performance is determined and thoroughly discussed. The
temperatures of hot exhausted gas flow passing through the

HRSG for all scenarios are presented in Table 8. Also, the
thermodynamic properties of flue gas for the base scenario
(A) are presented in Table 9 (A) and water and steam flows
are presented in Table 9 (B).

Table 8. Flue gas temperature in each section of the proposed HRSG scenarios

Flue gas Sen. A Scn. B Sen. C Sen. D Scn. E Sen. F Sen. G Sen. H Sen. I Sen. J
stream line | T [K] T [K] T [K] T [K] T [K] T [K] T [K] T [K] T [K] T [K]
a 796.7 796.7 796.7 796.7 796.7 796.7 796.7 796.7 796.7 796.7

b 735.7 735.7 735.7 735.7 737.1 737.1 735.7 735.7 736.1 736.4

c 552.1 552.1 552.1 552.1 731.4 731.4 552.1 552.1 734.6 733.5

d 503.1 519.2 546.8 546.8 552.1 552.1 550.8 549.5 552.1 552.1

e 501.7 516.5 486.5 486.5 486.5 486.5 501.7 516.5 503.4 519.6

f 486.5 486.5 437.4 453.5 438.6 4543 486.5 486.5 486.5 486.5

g 485.3 468.2 432.9 433.0 433.7 433.8 485.3 468.2 485.2 468.2

Table 9 (A). Gas thermodynamic properties of dual-pressure HRSG
scenario (A)

Heat exchanger | Tgi [K] | Tgo [K] Mg, [kg/s] Q [kJ]
LP Economizer 485.3 486.5 508.3 683
LP Evaporator 486.5 501.7 508.3 9116
LP Super heater 501.7 503.1 508.3 810
HP Economizer 503.1 552.1 508.3 29541
HP Evaporator 552.1 735.7 508.3 109077

HP Super heater 735.7 796.7 508.3 36743

Table 9 (B). Water & steam thermodynamic properties of dual-

pressure HRSG
HP Temperature Pressure | Enthalpy ﬂ(l)\v/lva::te
Stream [°C] [kPa] [kJ/kg] [kg/s]
12 470.0 5000 3364 64.48
11 264.0 5000 2794 64.48
10 264.0 5000 2794 64.48
9 264.0 5000 1154 64.48
8 249.0 2112 1080 65.77
7 149.5 2112 631.2 65.77
LP Temperature Pressure | Enthalpy ﬂ(l)\:lva::te
Stream [°C] [kPa] [kJ/kg] (kg/s]
6 270.0 1500 2969 4.56
5 198.3 1500 2792 4.56
4 198.3 1500 2792 4.56
3 198.3 1500 844.9 4.56
2 183.3 2112 778.0 4.65
1 149.5 2112 631.2 4.65

4.1. Steam generation evaluations at high pressure
and low pressure in HRSG

A comparison of steam generation at high and low pressures
in HRSG in each designed scenario is illustrated in Figure 4.

As it can be clearly observed from the results, the scenarios
(E) and (F) generate considerably more steam in the default
state which is equal to approximately 20 kg/s at LP steam
generation rate, while in worse scenarios which are (G) and
(H), the LP steam generation rates correspond to 4.56 kg/s.
The main reason behind this is the suitable arrangement of
heat exchangers within the HRSG. It is worth noting that the
steam produced in scenarios (E) and (F) is substantially
greater than that in scenario (A) which is a presented
conventional layout of heat exchangers in the HRSG.
Moreover, LP steam production of scenarios (G) and (H)
which are studied and suggested in the previous literature is
considerably lower than that in the proposed scenarios in this
study. Superior results conspicuously result from the proposed
scenarios of (E) and (F) as they demonstrate the highest levels
of LP steam production.
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Sc.A Sc.B Sc.C Sc.D Sc.E Sc.F Sc.G Sc.H Sc.I Sc.J
HP Steam  64.48 64.48 64.48 6448 6295 62.95 6448 06448 64.08 63.71
OLP Steam  4.56 898 18.04 18.04 19.63 19.63 4.56 898 505 9.88

Figure 4. LP & HP steam generation in different scenarios without
duct burner

4.2. Fuel consumption of duct burner for steam
generation

There is no doubt that fuel consumption in the thermal
systems is of particular interest of examination to not only
achieve higher efficiency but also lessen the operation cost as
well as environmental side effects associated with it.
Considering that all HRSG scenarios are designed to produce
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a specific amount of steam at specific pressures as illustrated
in Table 1, the supplemental firing unit enables the system to
track demand (i.e., producing more steam when the load
swings upward than the unfired unit can produce). The duct
burner must compensate for providing needed heat
(temperature and mass flow rate) to the stream passing
through the HRSG. If the heat rate at HRSG is not sufficient
to generate a specific amount of steam, it operates to provide
the required energy using auxiliary fuel.

In Table 10, fuel consumption of different configurations of
HRSG with and without supplemental firing unit is illustrated.
As can be observed, maximum fuel consumption belongs to
scenarios (A), (G), and (I) in which duct burner used 1.055

kg/s while superior results regarding fuel consumption
belonged to scenarios (C), (D), (E), and (F) where duct burner
consumed 0.317 kg/s and total amount of fuel consumption
was equal to 9.884 kg/s to produce a specific and stable
amount of steam at HP and LP pressures. This delivers
significantly better results due to low fuel consumption
corresponding to about 7 % saving in fuel. The main reason
behind this fuel saving can be more efficient heat exchanger
arrangement in related scenarios. This achievement can be
more tangible when it comes to annual scale which immensely
improves operation costs and mitigates the environmental side
effects, finally resulting in huge annual cost saving.

Table 10. Fuel consumption of CCGTs power plant in different configurations of dual-pressure HRSG

Scenarios Fuel consumption (kg/s) Gas turbine (kg/s) Duct curner (kg/s)
A 10.622 9.567 1.055
B 10.38 9.567 0.813
C 9.884 9.567 0.317
D 9.884 9.567 0.317
E 9.884 9.567 0.317
F 9.884 9.567 0.317
G 10.622 9.567 1.055
H 10.38 9.567 0.813
I 10.622 9.567 1.055
J 10.38 9.567 0.813

Also, scenarios (B), (C), and (I) exhibit better results than
the base scenario (A). The total fuel consumption in the
mentioned scenarios is 10.38 kg/s, which corresponds to
approximately 3 % saving.

4.3. Electrical power and efficiency

The power generation capacity of the steam cycle in both
high-pressure and low-pressure steam turbines regarding
different scenarios is illustrated in Figure 5. As can be seen,
scenarios (C) and (D) produced maximum power in the steam
cycle equal to 68.54 MW that causes approximately 12 %
improvement in comparison with scenario (A) where it
generates 61.17 MW. This enhancement is mainly due to
better performance in low-pressure steam turbine power
production which increased from 2.5 MW to 9.87 MW.
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Figure 5. Power production of steam cycle considering different
scenarios

Further, scenarios (A), (G), and (I) exhibited approximately
similar performance, while slight improvements can be seen
in scenarios (B) and (H). An improvement in total steam
production from 61.17 MW to 63.58 MW can be observed.
This delivers significantly better results due to a more
efficient heat exchanger arrangement in the HRSG.

Figure 6 shows the total net power production in both GC
and SC for different proposed scenarios. As discussed earlier,
from obtained results, it can be clearly understood that
scenarios (C) and (D) had a greater level of power production
equal to 218.33 MW. Also, it should be noted that the scenario
(I), the most unfavorable one, can produce the net electrical
power of 210.89 MW.
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GC Power  MW]  ®SC Power [MW]

Total net power production (MW)

Figure 6. Total net power production of gas gycle and steam cycle
for different scenarios

Total net power and efficiency of CCPP, GC, and ST for
different designed scenarios are illustrated in Figure 7. As can
be seen, the designed heat exchanger arrangement of scenario
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(C) has not only the best thermal and electrical efficiency of
the system, but also produces the maximum power of 218.3
MW, while the scenario (A) produces 210.98 MW electricity.
Based on a comparison of different scenarios, it was found
that the best performance in both power and efficiency
belonged to scenarios (C) and (D).
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Figure 7. Total net power and efficiency of CCPP, GC, and ST for
different scenarios

Further, Figure 8 shows a comparison between produced
and consumed power in two scenarios (A) as base
configuration and scenario (C) as the best designed heat
exchanger arrangement. As is illustrated in two pie charts, the
most striking difference in power production is related to the
low-pressure steam turbine power production in scenario (C),
which is remarkably enhanced due to new configuration
design.

The low-pressure steam turbine power generation is
improved from 2.5 MW in base scenario (A) to 9.87 MW in
the best scenario (C) where the power production in low-
pressure steam cycle has been approximately quadrupled. In
addition, overall power production of CCPP has been
significantly improved from 210.98 MW to 218.3 MW, while
consumed fuel has proved to be almost 7 % saving potential.
The energy consumption in compressor is maintained
constant, as expected.

2.5
% see7 5%
58.67 /
312.36

312.36

Sc. (A) Sc.(C)
HP-ST Power production m LP-ST Power production

GT Power production = Compressor Power consumption

Figure 8. A comparison between produced and consumed power in
scenarios (A) and (C)

In addition, the two T-Q diagrams with regard to scenarios
of (A) as base configuration and scenario (C) as the best
performed scenario are shown in Figures 9 and 10,
respectively.

According to Figure 9, the GT hot flue gas at point (a) is
incorporated into the HRSG at a temperature of 796.7 K and
after passing LP as well as HP units leave the HRSG unit at
point (g) with a temperature of 485.4 K. At the same time,
feed water enters the HRSG unit at points (g) and (d).

Moreover, after heat exchange, the superheat steam will leave
the unit at the point (d) with a temperature of 543.2 K for
LP-steam and at the point of (a) with a temperature of 743.2 K
for HP-steam.
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Figure 9. T-Q profile of scenario (A)

This diagram clearly shows the amount of heat exchanged in
each heat exchanger. It is observed that the highest amount of
heat exchange belongs to the HP section of the HRSG and the
highest value is in the HP evaporator heat exchanger. By
comparing the temperature profile of hot flue gas passing
through the HRSG from point (a) to (g) and temperature
profiles of produced steam, it can be observed that there is still
a great energy potential to be recovered and saved from the
outlet gases. The higher the energy recovery is, the closer the
temperature profile of the steam produced is to the
temperature profile of the hot gas.

Figure 10 shows the temperature profile of scenario (C). It
can be seen that in this scenario, compared to the base
scenario (A), the steam temperature profile is much closer to
the outlet gas temperature profile, which means higher and
more efficient heat exchange and, consequently, more heat
recovery from the hot outlet-gas flow. In scenario (C), the
outlet gas temperature declines to 432.9 K, where its
temperature is reduced by almost 53 K in comparison to the
base scenario. Besides, in the LP unit, more heat is observed
rather than the base scenario which leads to more steam
production at 295.6 %. Ultimately, more power will be
produced in the LP-steam turbine of the CCGT power plant.

By comparing these two diagrams, it is concluded that by
changing the configuration of heat exchangers in HRSG, the
amount of heat exchanged between the hot stream (flue gas
from the gas turbine) and the cold streams (high-pressure and
low-pressure steam flows) increases. This value will be at the
highest possible value due to the minimization of the pinch
point temperature difference.
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Figure 10. T-Q profile of scenario (C)
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5. ENVIROMENTAL ASSESSMENT

It is necessary to assess the environmental effects on thermal
and power generation systems that generally provide their
required energy using fossil fuels. In this study, the amount of
fuel combustion products at the combined cycle power plant
for a scenario with the lowest fuel consumption is studied and
the results are presented in Table 11.

In terms of environmental analysis, the benefits of the
proposed configurations are investigated and compared with
the environmental damage triggered by a base scenario of (A)
as reference. The CO; emission cost rate of the scenario (C) is
about 461.521 kgCO,/MWh which is considerably lower than

the base scenario which is equal to 512.89 kgCO,/MWh.
Moreover, Q¢o,potential Of the system is 51.37 kgCO,/MWh;
consequently, BENg,,of the system is equal to 133,418
$/MWh. Accordingly, for fuel consumption of 10.61 kg/s in
base configuration of gas turbine cycle with HRSG, scenario
(A), the amount of 30.06 kgCO,/s is generated, equal to 2597
ton/day. Since the designed configurations in scenarios (C),
(D), (E), and (F) have the lowest fuel consumption, lower CO,
production of about 2418 ton is the result. This value shows

178.8 ton/day reduction in comparison with the base scenario
of (A).

Table 11. Calculated flue gas components of gas turbine for all the proposed scenarios

Value Value Value Value Value Value Value Value Value Value
Component Sc. A Sc. B Sc.C Sc.D Sc. E Se. F Sc. G Sc. H Sc. 1 Sc.J
[kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [kg/s]
CO2 30.06 29.38 27.99 27.99 27.99 27.99 30.06 29.38 30.06 29.38
H0 22.31 21.80 20.76 20.76 20.76 20.76 22.31 21.80 22.31 21.80
()] 78.38 78.38 78.38 78.38 78.38 78.38 78.38 78.38 78.38 78.38
N2 390.4 387.3 381.0 381.0 381.0 381.0 390.4 387.3 390.4 387.3
Ar 5.986 5.939 5.843 5.843 5.843 5.843 5.968 5.939 5.986 5.939
5. CONCLUSIONS NOMENCLATURE
Scenario base modeling was undertaken for different dual- Symbols _
pressure HRSG configurations considering operational flue abe Specific heat constants of steam
gas temperature and related initial values that represent the a,be Specific heatoc"“s‘ams of flue gas
new evaluation approach of combined cycles. The expressed BLD Blow down (%)
scenarios were selected due to the steam demand of the Cp Specific heat capacity at constant pressure (ki/kg K)
considered power plant and the technical possibility of the ﬁT "Sfez?;rcagti;ms(lg/k )
heat exchanger arrangement. Therefore, the primary purpose H Elr)nhalpy at actﬁzl]l stateg(kJ)
of this. s@dy was to present a method to increase the 0 Enthalpy at ideal state (kJ)
productivity of the HRSG systems. Results demonstrated that LHV Lower heating value (kJ/kg)
four of the ten considered HRSG models had a better mf Mass fraction
operation in fuel consumption, steam production, power, and mn Mass flow rate (kg/s)
electrical efficiency than the conventional configuration. m’ Demand mass flow rate (kg/s)
Besides, the environmental benefit of the best scenario proved mole Mole flow rate (kmole/s)
to be a remarkable improvement. Eventually, concerning the MW Molecular weight (kg/kmole)
HRSG model development, low-pressure steam generation of n Mole of air in combustion reaction (kmole)
the scenarios of (C), (D), (E), and (F) was about four times Ny, ..., Ng Mole of products in combustion reaction (kmole)
higher than that in the base scenario of (A). It was shown that P Pressure (bar)
more energy could be absorbed in the HRSG by relocating PW Power (kW)
super heaters and evaporators of the LP section. So, the Q Heat transgerred (k) ik
following outputs were obtained: Q Heat transferred rate (kI/kg)
R Gas constant (kJ/kg K)
e Fuel consumption of duct burner of the selected g? (T?z;rblfrfzs;:;sfijzsirtforatlo
3 o
conﬁgur'atlons was almost 30 % less than the S Entropy at actual state (kJ/kg K)
conventional type. S’ Entropy at ideal state (kJ/kg K)

e HRSQG efficiency using four selected configurations was
approximately 9 % higher than the base model.

e Reduction of CO, emission in the best scenario of (C)
was about 6.88 % in comparison with the base model.

e The environmental benefit of the best scenario was equal
to 133,418 $/MWh.

6. ACKNOWLEDGEMENT

The authors appreciatively acknowledge the Iranian Research
Organization for Science and Technology (IROST) for
providing the input data of Fars power plant.

T Temperature at actual state (K)
T Temperature at ideal state (K)
w output work (kJ)

\ Specific output work (kJ/kg)
AP Pressure difference (%)

Greek Letter

n Efficiency

Y Specific heat ratio
Subscripts and superscripts

air Air

AC Air compressor

Act Actual

CcC Combustion chamber
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CCPP Combined cycle power plant

DB Duct burner

Demand Demand

Electrical Electrical

Fuel Fuel

FA Fresh air

FG Flue gas

Fw Feed water

GC Gas cycle

GT Gas Turbine

HP High pressure

Eco Economizer

Sup Super heater

Sp Splitter

HX Heat Exchanger

in Inlet

isen Isentropic state

LP Low pressure

net Net

new New state

out Outlet

p Pump

Ref Reference

ST Steam turbine

th Thermal

theo Theoretical

0 Initial state

Acronyms and abbreviation

AP Approach point temperature

CCPP Combined cycle power plant

CHP Combined heat and power

EES Engineering equation solver

LP Feed water

PP Gas turbine

HP High pressure

HRSG Heat recovery steam generator

LP Low pressure

PP Pinch point

TIT Turbine inlet temperature

TOT Turbine outlet temperature
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PAPER INFO ABSTRACT

Paper history: Reducing the demand for fossil fuels and the derived products can be achieved through the
Received: 11 January 2022 development of alternative energy sources. This work presents a countrywide study of the
Revised in revised form: 31 March 2022 energy potential of lignocellulosic biomass sourced from agro-industrial by-products in the
Scientific Accepted: 07 April 2022 £ p Ranki £ th h d h foll db
Published: 27 July 2022 country o em, an 1ng of the crops that produce .t € most waste was . ollowe y an

energy potential evaluation of carbohydrate conversion and thermochemical conversion.

The crops with high calorific values were sugar cane bagasse, wood waste, and coffee husk.

Keywords: The energy potential of the principal lignocellulosic by-products, in terms of tons of oil
Energy from Agriculture, equivalents per year, resulted from rice straw at 1.45 M, followed by corn residue at 1.13 M
Renewable Biofuels, and sugar cane residue at 1.10 M. The northern region of Peru generated the highest

Circular Economy,

quantities of rice (straw and husk), banana (husk and rachis), and sugar cane (bagasse and
Calorific Value

straw) by-products and the southern regions generated the greatest quantities of quinoa
residue, all of which could be used as raw materials for biofuels and aggregates for
materials. These results indicate that theoretically, this readily available biomass could meet
the country's energy demands while promoting sustainability and national energy security.
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PAPER INFO ABSTRACT

Paper history: In the power system, frequency stability is critical. The wind turbine oscillates (depending
Received: 17 January 2022 on the wind speed) and is of low inertia. Thus, wind turbines face the issue of power system
Revised in revised form: 08 March 2022 frequency stability. Since the power system's resources are interconnected via
Scientific Accepted: 20 March 2022 T . .
Published: 06 August 2022 communication networks, the presence of time delay also affects the frequency stability of

the power system. When a disturbance occurs in the power system due to load or distributed
generation sources (wind turbine), it leads to frequency deviations in the power system,

Keywords: exhibiting low damping speed. Although large conventional generators in the power system
Wind Turbine, provide sufficient inertia and reduce frequency deviation, the damping speed of frequency
Time Delay, fluctuations is slow, which may be due to time delays between power system resources. In
Load-Frequency Control, this paper, virtual damping (a proposed method) is used to accelerate the damping of

Virtual Damping,

frequency deviations caused by load disturbances, distributed generation source
Power System

disturbances, and the time delay between power system resources. The results of the
proposed method are compared to those obtained using the conventional method in this
field, demonstrating the superiority of the proposed method. The proposed method reduced
frequency deviations in the power system caused by disturbances and time delays by 67 %
(a 67 % improvement over existing methods in this field) and increased the damping speed
of the frequency deviations by 62 % (a 62 % improvement over the methods used in this
field).
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PAPER INFO ABSTRACT

p aper history: Increased global energy consumption demands the use of more energy resources,
Received: 14 February 2022 aggravating environmental issues. This study focused on analyzing biogas production from
Revised in revised form: 07 April 2022 a mixture of cow dung, water hyacinth, and food waste and checking the efficiency of the

Scientific Accepted: 13 April 2022

Published: 06 August 2022 biogas. The efficiency of biogas production was tested using two alternative settings in the

study. The first setup employs Eichhornia crassipes that have been NaOH-treated and mixed
with co-digestion substrates such as cow manure and food waste which have been stored at

Keywords: room temperature for 32 days. The second setup contains five different types of substrates
Anaerobic Digestion, such as L1-cow dung, L2- cow dung: water hyacinth, L3-cow dung: food waste, L4-cow
Bioenergy, dung: water hyacinth: food waste, and L5-water hyacinth. The properties of the Eichhornia
Biogas, crassipes were studied on several biogas substrates, such as pH, temperature, COD, TOC,
Cow Dung, and NPK tests, as well as total biogas output and methane percentage. The results of the
Eichhornia Crassipes comparison analysis show that the substrate L4 has a high level of NPK (4.7 %) and a

higher amount of COD (137600 mg/l). These characteristics enhance the gas yield and
methane percentage (85 %). Overall, the water hyacinth mixed with cow dung and food
waste exceeded the other four substrates. The total yield of biogas from the first setup was
8.5 litres, the flammability was tested on the 28th day, and the blue flame was obtained.
Water hyacinth was removed from aquatic areas and used as an alternative energy source,
hence being environmentally friendly.
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PAPER INFO ABSTRACT

Paper history: Briquettes from agro-residues have been promoted as a better alternative to firewood and
Received: 17 February 2022 charcoals for heating and cooking in the rural communities. In this light, a study was carried out
Revised in revised form: 12 April 2022 to investigate the effect of pretreatment methods on physical properties and heating values of
Scientific Accepted: 24 April 2022 briquettes produced from corncob. To accomplish this work, an experiment was designed as a 2 x
Published: 15 August 2022 3 x 3 x 3 completely randomized with three replicates. The parameters are pretreatment methods

(carbonized and uncarbonized), binder types (cassava, corn, and gelatin), binder concentrations
(10, 20, 30 %), and compacting pressures (50, 100, and 150 kPa). A charcoal kiln was fabricated
to obtain the pretreatment through pyrolysis and a punch and die was also fabricated to facilitate
briquette densification. The physical properties tested were limited to moisture content (MC),
density and compressive strength and were determined using a conventional method. The heating

Keywords:
Carbonized Briquette,
Uncarbonized Briquette,

gsglsltr}gssive Strensth value of the briquettes produced was determined using bomb calorimeter. The results
Heatri)ng Value gt demonstrated that average moisture content ranged between 5.29-6.58 % and 12.75-13.72 %,

mean relaxed density varied from 813-925 kgm™ and 963-1166 kgm=, compressive strength
ranged between 2.27-5.07 MPa and 5.97-10.12 MPa, and heating value ranged between 28.85-
32.36 MJkg™! and 27.58-28.80 MJkg™! for carbonized and uncarbonized briquettes, respectively.
Briquettes produced from carbonized corncob had a better moisture content and heating value,
while briquettes produced from uncarbonized corncob had higher density and compressive
strength. The study shows that pretreatment methods under different binder types and
concentrations and the compacting pressure significantly affected the briquettes physical
properties and heating values. Therefore, this technology can be successfully applied in rural off-
grid areas by the government and other stakeholders in the energy sector as part of renewable
energy technologies.

https://doi.org/10.30501/jree.2022.327453.1329

2423-7469/© 2023 The Author(s). Published by MERC. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

ouS>

el aBly oy bimg ez )3 5y 9 SSu 9 505 5 sl 2o U 5 pied lr e (Rl Glye 4 (65)9laS laslons 5l ot 4 Sl B
S ol Lol (sl 0t plasl 255 5l a0t a5 SleedB )l 23l 5 (Saind ols 2 ekl iy slabs; Sl o) site 4 (slaslllas i, ol
Pt €yl oS 5 3 5222 ) S ey sloutay 5 A5l Lol i L Y x ¥ T ¥ B 50 1,55 e b ok SIS 50 4 sl
0s] i 4 gl gz JIE 065 5 (JSasly 68 10+ 5 Ve e B0 (g3le 00,8 (gla)lid g (doyd To o o) 0) o ile (Y5 5 5y sluls)
Canslin 5 S (MO) e cslyima & o aloj] (2528 olss i €55 B 0515 ot (sl 3 B 5 il 5y 3 el s 51 ot i
OSile 45 slo L zolis ol s ey ey JI 5l eolainl b oads 0l lendB ol S polie .l ol (Jgexe (g, 5l colainl b g 04 sgume (g Lid
ot 6y id e aglie 5 APY-11 58 k@M 5 AVY-av0 kgm oy Lt JLSa oSl oy VYVOVYIVY 5 aioys BIVA-FIOA oy Sl
sk g 0peis,S 6L gl YVIOA-YAA MIKE o YAAD-YYIFS MIKE! 1y 5> L) el o 0/AY-) -\ Y MPa 4 Y/¥V-0/-Y MPa
3loads adg sledB a5 Jb> 1o g (g5 2be,S polie g Casb, slhls oS3 sleads ader sledB Lciils S8 Slej ol jo a5 A ead oS
b g il slaclile g junl glgl cou Jles iy slaghy) 45 des oo (i adlllas (pl gy (6 5VL (6,La3 Cunglie 9 (JB (sl ()5 g &5
St 5 ) oy, Bblie y Cudbsn b Al o (6595 cnl el )38 oo 3B LB o 5551 5 (Sord ol 2 sz BB ek (silues p2d
Sgh a8 S 5 4 pdhsaas 6550 e 659k 5l (cadu plee 4 6551 e 5o il ple g S Lawgs


https://doi.org/10.30501/jree.2022.327453.1329
https://doi.org/10.30501/jree.2022.327453.1329
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/

A.G. Njovana et al. / JREE: Vol. 10, No. 1, (Winter 2023)
Potential for Battery Energy Storage System in Zimbabwe

Allen G. Njovana, Wenying Yu ", Qiying Shen, Jiarui Li, Yanyan Zhu, Yongsheng Liu*

Institute of Solar Energy, Shanghai University of Electric Power, P. 0. Box: 200090, Shanghai, China.

PAPER INFO ABSTRACT

P aper history: This study aims to assess the potential of coupling solar PV power plants with Battery
Received: 24 August 2021 Energy Storage System (BESS) to curtail load-shedding and provide a stable and reliable
Revised in revised form: 28 December 2021 baseload . in Zimbab D f hical |
Scientific Accepted: 08 January 2022 aseload power generation in Zimbabwe. Data from geographical surveys, power plant
Published: 20 August 2022 proposals, and investment information from related sources were reviewed and applied

accordingly. Areas considered to be of good potential to employ the use of BESS were
identified considering such factors as feasibility of PV plants, proximity to transmission
Keywords: lines, the size of a town or neighborhood, and energy demands for BESS Return On
Battery Energy Storage System, Investment (ROI) calculations. Previous studies have proven that 10 % of the suitable land
Solar Photovoltaic, for PV systems has the capability to generate thirty times the current power demand of the

BESS Investments, nation operating even with the least efficiency. In recent years, coupling renewable energy
Levelized Cost of Energy Storage, sources with a suitable energy storage system yielded improved performances, giving
Lithium-Iron Phosphate, consumers a reliable, stable, and predictable grid. BESS technologies on the utility scale
Zimbabwe have improved in recent years, giving more options with improved safety, and decreasing

the purchase costs, too.
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ABSTRACT

Distributed flexible ac transmission system (D-FACTS) is a light-weight version of FACTS,
which it is easily allocated and costs less than flexible ac transmission system (FACTS)
devices. They have potential benefits to improve the system stability and improvement in
power quality in microgrid (MG). The integration of distributed energy sources, loads,
electrical energy storage devices, and electronic power devices, as well as the operation of
microgrids in connected or island-connected modes has expanded their use. It is a small
main grid that can generate electricity when disconnected from the main network. In
addition, microgrids reduce the high investment costs required to upgrade the network. The
application of DFACTS devices for improving the microgrid operation has been
investigated by some researches. This paper provides a review of impact and role of various
DFACTS devices in the function of microgrids, which has been reported in recent years in

various pieces of the literature. DFACTS devices with their properties are described.
Finally, a useful reference and framework for the study is provided for future expansion of
DFACTS devices so as to improve the performance of the microgrid.
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improve the performance of energy harvesters. The output voltage dramatically depends on
the geometrical and physical parameters of these devices. In addition, improved
performance is often achieved by operating at or near the resonance point. So, this paper
aims to reduce the natural frequency to match the environmental excitation frequency and

Keywords: increase the harvested energy. For this purpose, different geometrical and physical

Piezoelectric, parameters are studied to determine the impact of each parameter. These parameters include

Cantilever Beam, the length, thickness, density, and Young’s modulus of each layer. The beam is considered a

Energy Harvesting, unimorph cantilever with rectangular configuration and the study is performed using

Voltage, COMSOL Multiphysics software. The results are compared with those obtained by an

Unimorph analytical approach. The results show that changing the parameters made the natural
frequency of the system vary in the range of 20 Hz to 200 Hz and increased the output
voltage up to 20 V.
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Paper history: In this study, various configuration designs of a Heat Recovery Steam Generator (HRSG)
Received: 24 January 2022 are examined to enhance the energy efficiency of a Combined Cycle Power Plant (CCPP). A
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novel approach to investigating ten applicable configurations of a dual pressure HRSG is
used thoroughly to explore the best practice models from the energy-conserving perspective.
Further, a fuel consumption assessment has been conducted to identify the best performance
of the cycle and investigate the minimum pollutants released by each Heat Recovery Steam

Keywords: Generator (HRSG). The results revealed that four out of ten scenarios expressed
HRSG, considerably better performance in terms of fuel consumption, steam production, energy
CHP, efficiency, and environmental considerations. Further, it was found that compared to
Configuration Analysis, conventional configurations, not only the selected scenarios managed to improve the
Energy Efficiency, low-pressure steam generation, but also 30 % fuel consumption saving in supplementary
Environment Analysis firing was achieved as both economic and environmental benefits. Moreover, the carbon

dioxide saving potential for the best scenario is 51.37 kgCO2 MWh'!; consequently, the
environmental benefit of it is calculated to be about 133,418 $ MWh'!.
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