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“Nobody ever figures out what life is all about,
and it doesn't matter. Explore the world.
Nearly everything is really interesting

if you go into it deeply enough.”

Richard P. Feynman (1918-1988)
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ABSTRACT

greenhouse gas (GHG) emissions. Concurrently, the annual energy consumption in the food

sector is expected to increase further due to the continuous global population growth. In this
light, the integration of Renewable Energy Sources (RES) and the adoption of energy efficiency
measures in every stage of product development can be recognized as of crucial importance. This
Diploma Thesis is focused on the investigation and development of a hybrid energy system (HES)
to meet the energy needs of a local bakery industry. Specifically, the proposed energy solution
enables the higher penetration of RES (e.g., solar irradiation potential) as well as the exploitation of
the residues from the rural activities (e.g., olive-trees pruning, tomato crops waste) taking place in
the study area. The developed HES consists of technologies such as an anaerobic digestion reactor,
PV system, wind turbines, gasification and CHP units. Moreover, this study aims to examine the
operational aspects of the proposed system to achieve an optimal balance between RES penetration,
energy cost and ecological footprint. In this context, a holistic approach was designed for a local
Bakery Industry, with total annual electricity and heat consumption of 1,058 MWh and 3,036 MWh,
respectively. To this end, a proper methodological framework was developed to formulate and
model alternative scenarios correlating the data collected for the production processes, climatic
conditions, biomass potential in the study area, as well as the data of energy consumption.
Following, the developed energy-based scenarios for the HES were simulated, analysed and
compared using commercially available software. The obtained results indicate that the evolved
energy solution could realise the green energy transition in the food industry taking advantage of
high-RES penetration to minimise the energy costs and ecological footprint.

E nergy consumption in the food industry is heavily dependent on fossil fuels resulting in high

Keywords: Renewable Energy Sources, Hybrid energy system, Waste-to-Energy, Energy Systems
Modelling
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ITEPIAHYH

EVEPYELOKT| KOTAVOA®oN otV Propnyovia tpopipmv Baciletar Kupimg oe 0puKTA KoL

Kol amoterel Paocikn autio ekmopumg TV aepimv Tov Beppoknmiov. EmmAéov, n cuvolkn

Katovdiwon evépyewag g Prounyaviag tpoeipmv mpoPAénetal va avénbel Adym Ttov
avéavopevoyu TAnfBuopov. Xvvendg N avaykoadnTa g aflonoinong tov Avovedoipov Inyov
Evépyelog (ATIE), kabmg eniong kot 1 epappoyn pétpov e£otkovounong evépyelog oe ke oTado
g TopayYIkng oladikociog avayvopiletor o¢ Wiitepa onuovitiki. H mopovca Sumhmpotikn
gpyooio eotidleTor OTN HEAET TOV OOQOPETIKOV TTUYDV EVOMUATNOONG &VOG LPPLOKo
gvepyelokov ocvotnuatog (YEZ) yio v kdAoyn Tov EVEPYEINKDV aVOYKOV oG Brounyoviog
mpoiévtav aptov. [T cvykekpuéva, 1 Tpotewvduevn evepyelakn Avorn tov YEX mpokpivel v
ypnon tov tomikoy duvapkod AlIE (1. nAtokn kot aloAkn evépyela), KaBdg Kot TV evepyelaK
aflonoinorn yewpywdV VIOAEWWHATOV (T.y. amOPAinta BepuoknmoKk®v KoAMEPYEDYV TOUATOG,
Khadépata grdg),  omoia cuvovalel Tig duvatdtnteg TG HeBOOOL TG avaepofiag ydveELONS, TOV
OOTOPOATOIKAOV KOl OOAIKOV GUOTNUATOV TOPAY®OYNS EVEPYELNS, TNG OEPLOTMOINGCNG Kol TNG
ocopmopoy®yns. Ewdwkd otdéyo g pekétng ouvvietd 1 Peitictomomuévn  Agitovpyio  TOV
TPoTEWOUEVOD cvotnuatog YEX pe avénuévn odeicdvon tov AIIE, peiopévo kdoTog ¥pnong
EVEPYELOG KOl UEI®ON TOV amOTLAMOUATOC GvOpaka. XTo TAAICIO TNg MEAETNG, avomTtuyOnke o
oAoKANpOUEVN ADOM Yo [ TOmKN Propmyovic. mpoidoviov ApTov, UE ETNHOL0 KOTOVOA®GN
NAekTpikng evépyelog kar Beppotnrag ion pe 1,058 MWh kar 3,036 MWh, avtictoya. T v
EMITEVEN TOV EPELVNTIKMV GTOYWV TNG TOPOVCOS IIMAOUATIKNG EPYACIOG, avamTuydnKe KatdAANAN
pebodoroyia, péow tng omoiog aflomomnkov to dedopéva TG TAPUYOYIKNG OladIKOcinG, TMV
KMpoTIK@V cuvinkdv, g dtbecipdmrag Propdlog otny meployn LeAENS, Kabdg Kot ta dedopéva
KATOVAA®GONG MAEKTPIKNG EVEPYELNG LE OKOTO T OLOUOPO®MCN KOl UOVTEAOTOINGT GEVAPI®V
Aappdavovtag voyn 1o dwbéopo duvaukd AIIE kot tov evepyslokmv avaykav. Ev cuveyeia, m
EVEPYELOKT] OVAAVOT] T®V EVOAOKTIKGOV cevapiov yio v cvovbeon tov YEZ, mpayuatomombnke
péom g mpocopoinong oe cvpPatd Aoywoukd H/Y. To amotedéopota to omoia e€fybnoav,
delyvouv 0Tl 10 Mpotevouevo YEZ umopel va KOAOWEL TIG EVEPYELOKES OVAYKEG TNG TEPIMTMOONG
HEAETNG, HE peoMoTIKO KOOTOG evépyelag kKot avénuévn dieicdvorn tov AllE, cvufdiiovtag
OVLGLOCTIKA Y10, TN UEIMOT) TOV TEAKOD 0IKOAOYIKOD OOTLMUOTOS TNG.

AéEag xkhewda: AIIE, YBpuwdikd evepyelakd cvotnua, Evepysiokn aflomoinon oamofintmv,
Movtelomoinon evepyelak®V GUGTNUATOV
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CHAPTER 1

INTRODUCTION

Subchapter 1.1 examines the status of renewable energy sources (RES) in the global
economy, including trends, growth attempts, and roadblocks to their continued development.
Additionally, it provides the primary motivation behind this diploma thesis. Subchapter 1.2 presents
the main objectives of the diploma thesis, and the thesis's main outline is presented in Subchapter
1.3.

1.1 INTRODUCTION/MOTIVATION

Energy is one of the essential elements for the sustainable development of a society and is
directly correlated to the quality of people’s lives and economic development, making energy
supplies a crucial issue in human existence. The energy supply sector has seen tremendous
transformations over the last century. Due to the exponential population growth in combination with
continually increasing industrialization, the energy demand is following a similar trend. This
transition improved the quality of life and living conditions for billions of people.

Energy resources can be classified into three main categories: fossil fuels, renewable sources, and
nuclear resources. Fossil fuels are limited, and their price varies greatly thanks to several factors
(i.e., transportation costs, availability, mining costs). Fossil fuels also generate massive amounts of
greenhouse gas (GHG) emissions, which in turn cause global warming and climate change. Nuclear
energy produces zero-carbon emissions while having high energy density characteristics; however,
it produces highly toxic radioactive waste that threatens human health concurrently being an
extremely water-intensive process. These are the key factors contributing to the rising popularity of
RES. According to (Hersh, 2006), RES can be defined as “energy flows which are continuously
replenished by natural processes”. Fossil and nuclear resources are described in terms of finite
guantities, whereas RES are described in terms of flows. Due to the finite nature of fossil and
nuclear fuels, they will eventually be exhausted.

Some RES are variable renewable energy (VRE) sources and are often characterized by a non-
dispatchable nature. VRE sources’ power output cannot be increased as desired and can only be
reduced (curtailment). This characteristic leads to losses of unexploited potential. On the contrary,
fossil fuel power plants can control the power output to a certain extent, which is one of the main
differentiating factors between RES and fossil fuels. Additionally, RES energy generation is also
stochastic (volatile); therefore, short-term fluctuations can lead to a relatively significant reduction
in power generation capabilities. Volatility is the main characteristic of solar and wind energy.
Biomass and hydropower, however, are not characterized by high volatility.

The amount of fuel that can be extracted, and consequently the total available energy potential,
depends on the availability of technologies that can extract the fuel at an acceptable cost. The
environmental impact of the extraction process is significant and should be carefully assessed, but it
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is outside of the scope of this thesis. One of the main advantages of RES is that they are flows;
hence it is impossible to overconsume because the extracted energy for a particular period does not
impact the amount of energy flow in the subsequent periods. Technical and economic constraints
introduce an upper limit on the available energy for extraction. Another advantage is that due to the
nature of RES, it is possible to eliminate current inequalities in access to energy for developing
countries and rural areas that are inaccessible from the current electrical grid. Reduced life cycle
GHG emissions from power and heat generation is another advantage of RES.

Indeed, RES are distinguished by their wide range of energy supply alternatives that can help with
the decentralization of the energy mix. According to the Texas Renewable Energy Industries
Association, RES can be divided into three main categories: directly (solar thermal energy and solar
photovoltaics (PV)) or indirectly (hydropower, wind power and biofuels) derived from the sun as
well as natural movements and mechanisms of the environment (geothermal energy).

The necessity of the implementation of RES is evident from the Paris Agreement, signed in 2016,
where 195 United Nations Framework Convention on Climate Change (UNFCCC) participating
members agreed to reduce the emissions of GHGs to keep the increase of the mean global
temperature to well below 2°C above pre-industrial levels, setting a goal of net-zero emissions by
2050. Before the Paris Agreement, there had been a wide range of growth in renewables; however,
this agreement has rapidly altered the rate of change to a low carbon energy system transition. This
led to a remarkable transformation of the electricity system’s shape. Currently, power production
from RES is decentralized, small- to medium-scale, and located depending on climatic and
topographical parameters as well as the geographical position of the consumer, minimizing
transmission and distribution losses. The distance between source and consumer is mainly a
function of the RES type. For example, wind power generation tends to increase the distance
because of the very own nature of this technology. When introducing new renewable incentives,
energy system design is crucial yet sometimes underestimated. Poor system design can lead to
certain technical challenges, such as an increased rate of change of frequency (ROCOF), reduction
of renewables, and power quality issues (Mcllwaine et al., 2021).

Other essential factors that need to be considered for the integration of RES are the cost of energy,
public acceptance, integration of RES electricity production to the existing electrical grid,
government support, and increased use of public transportation and energy efficiency because of
behavioural changes (Mcllwaine et al., 2021).

Decentralized smart energy systems are vital in transitioning towards a net-zero carbon society. In
the current years, a transition of the centralized energy system to a more decentralized (onsite
generation) is apparent. This transition is beneficial for industrial and, more specifically, production
and manufacturing industrial sites, where massive amounts of energy (heat, electricity) are
consumed.

The area of study is located on the island of Crete in Greece. The island is characterized by high
wind and solar potential for energy production. As of 2022, the total number of inhabitants is
estimated to be around 600,000; however, the number doubles during the summer due to the
relatively high tourism activity. The vast variations in the island’s inhabitants result in considerable
variations in the island’s electrical load demand throughout the year. The island is grid-connected
with the mainland. The first connection with Peloponnesus was finished in May 2021, when an
interconnection of 150 kV AC with a total capacity of 2x200 MVA was installed (Independent
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Power Transmission Operator | IPTO, n.d.; Tial Kio et al., 2021). This interconnection offers
economic and environmental benefits. For example, the cost of energy production in off-grid
islands is significantly higher compared to the mainland and interconnection between them the
island and the mainland can dramatically reduce the energy-related costs. Moreover, the large-scale
deployment of local RES can bring economic growth and benefits regarding the decarbonization of
the energy system. Additionally, it can reduce GHG emissions because off-grid islands tend to rely
on fossil fuels. Moreover, this interconnection can increase the RES penetration and offer the
possibility to exploit the high-RES potential of the area. Moreover, another interconnection is
planned for 2023 offering an expansion of 1,000 MW capacity (Independent Power Transmission
Operator | IPTO, n.d.; Tial Kio et al., 2021). It is estimated that with the two interconnections,
Crete's total annual CO. emissions (CDE) will be reduced by 60 % compared to the current energy
system. Figure 1-1 presents the interconnections of Crete with Attica and Peloponnese.

Diden /%

uuuuuu

uuuuu

Figure 1-1 Map of future and current interconnection projects in south Greece. (Source: Independent Power
Transmission Operator | IPTO, n.d.)

As it can be seen from Figure 1-2 the world’s current energy relies mainly on fossil fuels. More
than 80 % of the total energy production is based on fossil fuels. The lowest contribution is nuclear
energy, and renewables produce 6 % of the total energy. These values vary depending on the
continent, with more technologically advanced continents such as Europe and North America
relying less on coal than Pacific Asia and Africa (Looney, 2021). Oil dependence is present on
every continent.
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Others (Renewables) World primary energy consumption by energy source, 2020
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Figure 1-2 World energy mix, 2020. (Source: Looney, 2021)

Figure 1-3 A) depicts a new policy scenario in which existing energy policy is incorporated and
proclaimed policy intentions are implemented. Figure 1-3 B) presents a sustainable development
scenario based on an integrated strategy to meet international targets for climate change, air quality,
and energy access. In the sustainable development scenario, oil usage will be dramatically reduced,
and the share of nuclear and RES such as wind, solar PV and hydro is projected to increase in the
upcoming years. These projections were made in 2017 by the International Energy Agency.

.
[=}

.
<

(%]
wn

(A)

[¥S]
wn

(B)

5]
=]

%]

<

o]

W
S
W

—
wn

—_

wh

—
<

—_

<

Electricity production [PWh]
»n =

Electricity production [PWh]
b2
f=1

=

$ &
»

P

) Q \e] QD 5 Q
> YD

BCoal @Gas OOil ONuclear EHydro BWind MBSolar PV B Other RES

Figure 1-3 World electricity production sources projection for A) new policy scenario B) Sustainable development
scenario. (Source: Curto et al., 2019)
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1.2 AIM AND OBJECTIVES

This thesis aims to model and optimize an energy system that utilizes locally available resources to
meet the needs of one local bakery industry and develop a proper methodological framework to
model hybrid energy systems that can utilize biomass resources. Furthermore, this study aims to
investigate the operational aspects of the proposed system to determine the best balance between
RES penetration, energy cost, and ecological impact. The objectives of the study are to:

o Describe the energy consumption/demand and the current supply system of the industry;

e Assess the available energy resources (RES potential) and the annual waste streams. The
main waste streams that were investigated in this study are olive tree pruning (OTP),
organic fraction of municipal solid waste (MSW) and tomatoes unfit for the market;

e Design an energy system with multiple scenarios to develop a robust and future-proof
energy system;

e Select the most suitable waste-to-energy technologies and model the hybrid renewable
energy system (HRES) in HOMER Pro software, and

e Simulate all the developed scenarios and, through a sensitivity analysis, describe the
optimal energy system.

Lastly, a vital aim of this study is to promote the economic and environmental sustainability
recognized by the Sustainable Development Goals (SDGs). More specifically, SDGs regarding
energy generation goals (SDG-7) and the environment (SDG-13) are supported by this study to
achieve a sustainable society in the following decades.

13 heon

Figure 1-4 Sustainable development goals regarding energy and climate change.

1.3 OUTLINE OF THE THESIS

The methodological steps followed for this diploma thesis are presented in Figure 1-5. The
methodology used is broken down into several stages to achieve the aim of the study. Firstly, an
initial literature review helped define the study’s aim.

During the initial literature review, it was observed that there is a significant lack of research papers
addressing both the thermal and electrical needs of an industrial site. Additionally, it was found that
HOMER Pro software has not been used with the intent to use a combination of gasification and
anaerobic digestion (AD); thus, this diploma thesis aims to fill the gap in this research area.

The development of the objective followed the initial literature review.
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The next step was an extensive literature review on gasification of OTP, AD of tomato and MSW,
as well as the energy flexibility of hybrid energy systems. This step required a literature review
regarding the biomass and energy conversion technologies used to model the proposed hybrid
energy system.

Numerous scientific papers were studied to formulate a proper methodological framework to
develop, model and simulate a complex hybrid energy system using HOMER Pro. Data for the
energy consumption of the case study and data regarding the RES potential of the area of study
were collected and later assessed.

Finally, the results were assessed and interpreted to find the optimal hybrid energy system to meet

the industrial sites’ electrical and thermal demands.
o T Objectives of Literature Methodology Simulation
1l CEHRIHon the study review formulation using HOMER

Figure 1-5 Outline of the thesis procedure.

Data collection,
analysis, and
interpretation
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CHAPTER 2

REVIEW OF RELATED LITERATURE

This chapter’s literature review was conducted to investigate all related technologies and is
divided into four main subchapters. Subchapter 2.1 presents a comprehensive assessment of the
literature on biomass collection and other technologies such as PV, wind turbines (WT), and
combined heat and power (CHP) systems. In subchapter 2.2, a detailed presentation of technologies
such as AD and gasification for the valorisation of local agricultural waste and biomass residues for
bioenergy production is provided. Based on the most recent studies, a comprehensive introduction
of the current situation for the coverage of the energy demand of the food industry sector may be
found in subchapter 2.3. The food industry’s energy flexibility and strategies to increase it are
discussed in subchapter 2.4. In Subchapter 2.5, an example of RES utilization for an industrial
facility on the island of Crete is presented. Lastly, in Subchapter 2.6, a synopsis of comparable
research in the literature is offered.

2.1 UTILIZATION OF LOCAL RENEWABLE ENERGY SOURCES

Biomass is available in one form or another almost everywhere on Earth. According to the
scientific community, it is recognized that using biomass for energy production can increase the
flexibility of renewable energy systems. Increased energy flexibility can be achieved because
bioenergy can be utilized on demand.

Valorisation of biomass can be utilized in numerous ways, for example, biomass to heat and power,
biomass to chemicals, and biomass as a transport fuel. This thesis examines the utilization of
biomass for heat and power generation.

As an industrialized island with substantial agricultural activity, Crete's high biomass and waste
generation capabilities enable the use of alternative RESs with less volatility compared to more
conventional approaches (e.g., solar PV, WT). Biomass in Crete is mainly based on extensive olive
and olive oil production. Given the abundance of agricultural waste, these materials appear to be
viable options for use as AD and gasification fuels.

Several by-products and residues arise from the harvesting and milling process, and in more
particular:

e Olive husk
e Trimmed leaves and twigs
e OTP

Furthermore, a variety of additional biomass of similar nature is produced in Crete, including:

e Vineyard pruning
e Grape pomace
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e Greenhouse residues

This thesis focuses on utilizing OTP along with greenhouse residues and tomatoes unfit for market
exploitation (e.g., misshapen, rotten) for the production of biofuels. A considerable amount of
tomato residues produced in greenhouse systems is reportedly discarded because it is unfit for
selling. Additionally, the biodegradable fraction of MSW is utilized to produce biofuels. According
to research conducted by (Almeida, Rodrigues, Gaspar, et al., 2021; Tial Kio et al., 2021), the
estimated yearly residue production for tomatoes is presented in Table 2-1.

Table 2-1 Estimated production of tomato wastes from greenhouse systems.

Estimated average tomato residue

production Reference
(tons-ha™!-year™?)
Almeida, Rodrigues, Gaspar, et al., 2021; Pane et al.,
15
2015
10 — 50 Tial Kio et al., 2021

Table 2-2 presents the estimated production of olive pruning-derived waste, according to the
literature. OTP is a waste produced from maintenance and reshaping work conducted on olive trees.

Table 2-2 Estimated production of olive pruning derived biomass. Note: (ar: as received, db: dry basis)

Estimated average

olive pruning
production Dry or wet Comments Reference
(tons- ha™!
-year™1)
1.5 N/A Contreras et al., 2020
Velazquez-Marti et al.,
1.31 Dry 2011
OTP was collected after fruit-
3 Wet harvesting, air-dried at room Ca(a et al., 2006; Martinez-
temperature to 10% moisture  Patino et al., 2017
content.
Moisture content was .
3 Wet determined after drying. Mamani et al., 2021
15-20% of the total ar mass is
2.5-3.0 Wet moisture. After solar drying ~ Veraetal., 2014
10% moisture is detected.
1.5 N/A Najafi et al., 2021
3.23 Dry Kougioumtzis et al., 2019

As reported by (Contreras et al., 2020), existing usage possibilities for olive-derived biomass are
minimal while also introducing new environmental challenges for their sustainable disposal.
Currently, OTP are mainly used for producing pellets (Vera et al., 2014) or for direct combustion
(Garcia Martin et al., 2020). Nevertheless, because of their potential to increase energy flexibility,
extensive research is being conducted into alternate uses of biomass to take advantage of their
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chemical composition and the prospects of producing renewable energy, biofuels, and compounds
through these low-cost residues.
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I | i ] |
1 ! | I ! I
. I ! i . i
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__________________________________
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Figure 2-1 Value creation chain of olive pruning. (Adapted from: Kougioumtzis et al., 2019)

Storage is one of the most critical processes in the waste valorisation process, especially when
changes in the waste's physicochemical parameters can significantly impact the conversion process'
performance. Excess aggregation of moisture and non-combustible (e.g., pebbles, glass) material is
critical in ligneous woody biomass. The quality of the resulting biofuel is substantially influenced
by pre-treatment (e.g., drying) of the biomass.

MSW, which primarily consists of household, business, commercial, institutional, and industrial
waste streams, is another local waste with a substantial organic percentage. MSW has a high
biomass content of (~50%) and can thus be used for energy production using waste valorisation
methods alone or in combination with other wastes (R. A. Meyers & Kaltschmitt, 2019).
Particularly in the literature, some studies have been conducted to investigate the co-digestion of
MSW with other substrates (Mata-Alvarez et al., 2014).

In Europe, MSW generation varies greatly. These variations reflect differences in consumption
patterns and economic prosperity. Another factor that significantly affects MSW generation is the
way MSW is collected and treated. Table 2-3 presents the average European MSW production per
capita.

Table 2-3 Average MSW production per capita in Europe in 2020.

Average MSW production per capita

(kg - year!) Reference

505 Wiaste Statistics - Statistics Explained, 2021

2.1.1 SOLAR PV

Solar energy is the product of the nuclear fusion of hydrogen nuclei to helium and is the most
abundant and inexhaustible form of all RES. Currently, the incident solar energy exceeds the total
energy demand worldwide (Strezov & Anawar, 2019).

PV technology enables the conversion of solar energy to electricity via a PV cell, utilizing the
photovoltaic phenomenon. PV technology is a relatively mature technology and is currently
supplying a considerable amount of electricity worldwide. The main reason behind the vast
adoption of this technology is zero-carbon emissions (CE) during energy generation. Additionally,
they produce no noise when in use while also being able to be deployed in densely populated areas.
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They also require little to no maintenance because they do not have moving parts, resulting in a
superb lifetime (~20-30 years). Furthermore, solar energy provides energy during peak energy
demand. Solar PV can also be used as a standalone system and in grid-connected systems. This
technology is also highly modular, thus enabling the deployment of small-scale PV systems (mW)
and large-scale systems (MW). Lastly, PV has high compatibility and can be operated with other
RES technologies such as WT, thus creating HRESs (Strezov & Anawar, 2019; Toovtcoc &
Kavaxng, 2013). For all the above reasons, solar PV is one of the most appealing renewable
technologies that will enable the transition towards a green and sustainable future. In Figure 2-2,
the operating principles of a solar PV cell are illustrated.

1=
2
]=
=
(7}
lNegative electrode |
: . P | External
n type semiconductor .. oad

prtype semiconductor  (H~ |
PV device Positive electorde

Electricity flow

Figure 2-2 Operational principles of solar PV. (Source: Francesco & Umberto, 2019)

2.1.2 WIND TURBINES

The energy derived from wind is exploited to generate power by harnessing the kinetic energy of air
by a wide range of machines and technologies with a vast range of economic performances (wind
energy conversion devices). Wind, and therefore wind energy, is a product of the uneven heating of
the Earth’s atmosphere from the sun. The passage of air between the blades of WT exerts a force
that causes the blades to spin. This rotational move leads to electricity generation via the rotation of
a generator.

Today, nearly all WT manufactured and used are of the horizontal axis type, and most of them have
a three-bladed rotor. Due to the continuous advancements in manufacturing and material science,
two-bladed WTs are now being used, which reduces the total cost of instalment and development
while also prolonging the life expectancy of these machines (Lynn, 2012). The wind turbine tower
contains a housing, or nacelle, which contains a gearbox, generator, and anemometer. The rotor
governs the generator with a gearbox. The blades' rotation converts the wind's kinetic energy to
electrical energy through the components shown in Figure 2-3.
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Figure 2-3 Main components of a typical modern wind turbine. (Source: Lynn, 2012)

2.1.3 COMBINED HEAT AND POWER

Combine heat and power (CHP) plants can deliver both electricity and heat simultaneously while
also using a common fuel or energy source as an energy source. This characteristic leads to an
overall increase in efficiency, reducing CDE. Its main use for industries is meeting the industry’s
thermal needs because the cost of transportation of surplus electricity is substantially lower than
transporting surplus heat. Therefore, CHP plants can be viewed as a heat source, with electricity
being a by-product.

Most modern CHP units can reach efficiencies more than 90% according to (Intergovernmental
Panel on Climate Change (IPCC), 2007) while also minimizing the losses related to network thanks
to the on-site generation characteristics of CHP’s.

The 4 main components of every CHP plant are:

Prime mover (engine);
Electricity generator;
Heat recovery system;
Control system
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Every CHP plant can be described based on the characteristics of the four main components and the
type of fuel used for energy production. According to (Kerr, 2008), natural gas is the primary fuel
used for CHP plants; however, the recent EU Horizon 2020 project ROBINSON aims the develop a
renewable fuel-based CHP plant using syngas as the primary fuel, mixed with biomethane and
hydrogen (Tial Kio et al., 2021).

Electricity

Process
Steam and heat

Fuel

Boiler
Exhaust

heat

Air
Blower

Figure 2-4 A typical configuration of a CHP unit. (Source: Tial Kio et al., 2021)

Air

HRESs consisting of PVs, WT and CHP units are a reliable and tested method of energy generation.
Many studies have been conducted on the economic feasibility of these technologies.

2.2 BIOENERGY PRODUCTION THROUGH LOCAL BIOMASS RESIDUES /
WASTE MANAGEMENT

Another challenge that modern societies face is the generation of waste (WG), and the organic
fractions of waste have the highest production rates on a global scale. If organic waste is not
adequately managed, it might lead to potential environmental issues. As previously stated,
Mediterranean areas such as Crete have a large agricultural sector that contributes significantly to
the economy and waste reduction.

Bioenergy is classified in the category of RES because the energy stored in biomass is solar-
derived. Energy is stored in chemical bonds after the natural process of photosynthesis (Mizanur et
al., 2021). Bioenergy is generated by biomass combustion, either alone or as a mixture with other
fuels (e.g., coal, hydrogen, natural gas).

The constant rise in energy demand and the necessity of increasing the RES penetration into the
existing grid make AD and gasification increasingly popular technologies for waste valorisation-
based renewable energy generation. Food and industrial wastes and sewage sludges represent an
underutilized renewable source for producing heat and power, chemicals, and transport fuels. The
proper use of biomass will result in a reduction in the use of fossil fuels. AD and gasification are the
two key bioenergy production technologies discussed in greater depth in this diploma thesis.
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Although AD has long been acknowledged as a viable waste management solution, the value of
using AD technology for energy production has only recently been apparent. This is mainly an
aftereffect of the relatively high energy potential of its main product, biogas. The use of AD serves
a dual purpose. It provides a sustainable waste management and energy generation approach, which
is critical given the need to reduce fossil fuel usage and GHG emissions.

Similarly, gasification is a waste-to-energy process that produces green biofuels, aiding in the green
energy transition. This method is especially appealing in places where substantial amounts of
ligneous biomass may be harvested. Crete, the research location, has a lot of agricultural activity,
notably in the field of olive production, and therefore it is a viable solution for utilizing olive-
derived biomass.

Figure 2-5 a) demonstrates the reference/current tomato collection process, where most of the waste
is discarded, and a small portion of it is composed. Figure 2-5 b) presents the proposed tomato
collection process. In the proposed system, the continuous greenhouse waste from tomatoes is
utilized from an AD plant. This plant can also take advantage of other organic waste such as MSW
and manure. Anaerobic digestion’s main product is biogas which can be utilized from a CHP unit to
provide heat and electricity to the end-user. Additionally, lesser amounts of CO, and solid/liquid
digestate are produced from AD that can be utilized from the greenhouse plant, thus creating a
circular economy model.

The existing energy valorisation technologies for olive-derived wastes are shown in Figure 2-6. The
drying step can be considered the first step in the OTP process. Because of the small size of OTP
waste, no pelletization or grinding is required. It is also clear that the gasification of OTP is still in
its preliminary stages of development, but current research indicates it is a potential future
technology.
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Figure 2-5 a) Reference greenhouse plant system and b) greenhouse plant system with AD. (Source: Danevad & Carlos-
Pinedo, 2021)
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2.2.1 ANAEROBIC DIGESTION

The breakdown of organic materials by a wide range of microorganisms in the absence of oxygen is
known as AD. In nature, similar processes can be found. Initially created for waste management,
AD has been effectively applied to treating organic waste substrates such as food waste, animal
manure, wastewater, sludge, and MSW. As previously stated, recent research has focused on
optimizing energy production through AD, which generates enormous quantities of biogas. Another
by-product of this procedure is organic nitrogen-rich residue, which can be used for agricultural
purposes. The fuel generated from AD is primarily composed of 40-70 (%vol) of methane (CH,) as
well as carbon dioxide (CO,), traces of ammonia (NHs), hydrogen (H2), and hydrogen sulfide (H2S).
Because of the high concentration of methane gas in the end products of AD, it is a viable
technology for energy generation, as it may be burned directly or converted to heat and power via
CHP reactors. AD is considered an environmentally friendly process for energy production because
extensive amounts of methane gases are prevented from being released into the atmosphere, further
contributing to the greenhouse effect, considering CH4 is one of the primary GHGs. Additionally,
by burning biomethane, only carbon-neutral CO; is released into the atmosphere. Integration of this
technology can enhance concepts such as industrial symbiosis, where industrial waste can be used
as feedstock in the anaerobic digesters.

Anaerobic digesters are categorized based on their design and operational principles. The mode of
operation (continuous or batch), solids content (solid-state or liquid), and temperature
(thermophilic, mesophilic, and psychrophilic) are all parameters that define the category of the
reactor. A variety of microorganisms also drive the AD process. They are classified according to
their metabolic routes, which include hydrolytic, fermentative, acetogenic, and methanogenic

15|Page



CHAPTER 2 Xenofon G. Kotakidis

(Pellera, 2017). A graphical illustration of AD’s influent and output flows are presented in Figure
2-7.

Output Flow

Compost

Influent Flow

I: Anaerobic
Digester

Effluent M

Figure 2-7 AD’s input and output flows. (Source: Meegoda et al., 2018)

The organic fractions of the substrate, fresh matter (FM), and especially total solids (TS), volatile
solids (VS), chemical oxygen demand (COD), biochemical oxygen demand (BOD), and carbon-
nitrogen (C/N) ratio are significant, and the most used in the literature, characteristics of organic
substrates for the production of methane from AD reactors. TS are defined as the mass of the dried
FM after water and other volatile substances (i.e., alcohols) subtraction from the drying process. VS
parameter is based on the mass of TS. Specifically, VS is determined by subtracting the inert solid
fraction from TS. BOD is a metric of the biodegradable organic matter in sludge. It is, therefore, a
measure of the amount of oxygen needed to sustain anaerobic microorganisms for a predefined
amount of time (5 days). Correspondingly, COD is a metric of the amount of oxygen stored in
sludge that oxidizing agents can utilize.

The maximum theoretical biogas potential (methane yield) under the assumption that all available
substrate is converted to CO, or CH4 is shown in Equation 1. This equation is valid based on the
condition that the organic materials present in the AD process are entirely degradable. The
theoretical methane yield, including sulfur and nitrogen present in the organic matter, is presented
in Equation 2 (Meegoda et al., 2018; R. A. Meyers & Kaltschmitt, 2019a).

y z X y z X y z
CxHyOZ+(x—Z—§)H20—>(§+§—Z)CH4+(§—§+Z)COZ (1)
y z 3k m x v z 3k m
CayONeS+ (x =35+ 7 +5)Ha0 > (345 =35~ ) CHa+

(2)

(xyz3km
2 8 4 8 4

However, experimental methane yields, particularly in continuous batch reactors, are difficult to
calculate, and experiments and further research is needed to collect data on the process. In this
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diploma thesis, agricultural and MSW are utilized for methane production. More notably, tomato
waste from greenhouse crops is considered the main agricultural waste. Following research
conducted by (Almeida, Rodrigues, Gaspar, et al., 2021; Almeida, Rodrigues, Teixeira, et al., 2021;
Jagadabhi et al., 2011), the chemical characteristics of tomatoes and methane vyield
(NmLcy, g™ VSaaaea) of AD are provided in Table 2-4.

Table 2-4 Methane potential from AD and chemical characteristics of rotten tomato (RT), green tomato (GT), tomato
branches (TB), and fresh tomato leaves and stems (TLSF).

Residue Moisture | TS VS cob Cellulose | Lignin | Hemicellulose Mefthane
PH yield Reference

type @) | @) | ©@Ts) (g‘ﬁg;) ©%TS) | (%TS) (%TS)

Almeida,
Rodrigues,
Gaspar, et al.,
RT 4.75 94.00 5.99 86.0 1517 15.45 7.87 16.33 294 2021; Almeida,
Rodrigues,
Teixeira, et al.,
2021

Almeida,
Rodrigues,
Gaspar, et al.,
GT 4.00 92.24 7.76 88.0 1223 23.15 4.11 31.02 304 2021; Almeida,
Rodrigues,
Teixeira, et al.,
2021

Almeida,
Rodrigues,
Gaspar, et al.,
TB 6.82 28.65 71.4 80.0 1592 23.99 20.27 17.57 140 2021; Almeida,
Rodrigues,
Teixeira, et al.,
2021

Jagadabhi et
al., 2011

TLSF 5.10 N/A 10.0 7.6 N/A 12.5 1.4 7.9 320

The theoretical methane vyield for AD of the organic fraction of MSW is equal to
570 NmLcy,g ™" VSaaaea (Mlaik et al., 2022). However, actual experimental data show that
methane yield greatly depends on the organic loading rate. Also, according to (Mu et al., 2018),
AD of MSW is an economical way of treating the organic fraction of MSW. It is also clear that co-
digestion with food waste is an efficient method for increasing the total energy potential of AD.

Table 2-5 presents the chemical characteristics of MSW and methane yields from the AD of the
organic fraction of MSW according to the literature.

Table 2-5 Methane potential from AD and chemical characteristics of the organic fraction of MSW.

Moisture TS VS Ash Range of methane yield
Study ID PH (%) % WWw) (%TS) (%TS) (NmLcm.G"l Vsadded) Reference
1 4.7 73.02 26.97 93.90 N/A 260 — 290 Mlaik et al., 2022
2 6.93 N/A 34.82 46.9 53.10 334 — 430 Mu et al., 2018
3 N/A N/A 23.4—33.1 83.4—93.3 6.7 —16.6 N/A Hansen et al., 2007

17.6% of the total tomatoes mass.
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Based on Table 2-5 it can be observed that the chemical composition of MSW varies greatly, and it
depends on the area of the study.

2.2.2 GASIFICATION

Agricultural waste generates substantial amounts of waste that can be considered biomass. For
example, the olive oil industry generates enormous amounts of pruning waste. Olive pruning
accounts for more than 60% of the total WG of the olive oil industry, according to (Martin-Lara et
al., 2017; Sanchez & San Miguel, 2016). OTP is a lignocellulosic material mainly composed of
lignin, cellulose, and hemicellulose. Gasification is one of the leading technologies that allow the
clean and renewable energy utilization of OTP through waste valorisation. A more widely used
method is the direct combustion of OTP. However, drawbacks such as low energy density, low
energy efficiency and substantial amounts of GHG emissions limit the potential of this technology.
The higher thermal conversion efficiency, while also being a mature technology, thanks to its
extensive use in the gas industry, makes gasification a promising technology. However, more
research is needed to develop cost-effective solutions compared to traditional technologies such as
direct burning (Arregi et al., 2018).

Gasification is a partial oxidation process of biomass performed at high temperatures (>700 °C).
The main parameters of this process are the amount of oxygen or steam used. Gasification is not a
combustion process; therefore, the main product of this process is syngas (H. and CO). It also
produces condensable organic compounds as a by-product (Garcia Martin et al., 2020; lafiez-
Rodriguez et al., 2019). The process of gasification for a hydrocarbon with the chemical formula
CHxOyN,Sy using air as an oxidizing agent is shown in Equation 3 (Fryda, 2006; Skoulou, 2009;
Veraet al., 2014).

79
CH,O,N,S,, + kH,0 + 1 (02 + ﬁNZ) -

YiHz + 200 + y3CHy + y,C0; + ysN; + )
YeH,0 + char + ash + impurities(tars, H,S, dust)

The chemical formula of the hydrocarbon is based on elemental analysis. The second and third
elements of Equation 3 represent the biomass moisture content and air introduced in the gasification
process, respectively. Based on the values yi-ys, the composition of the produced gas is determined:;
therefore, the fuel properties can be derived.

The formation of tars is the main gasification problem that affects the process's thermal efficiency
(Trabold & Badditt, 2018). It also generates an environmental concern thanks to tar's toxic and
carcinogenic nature. Operational concerns like stream blockages and syngas degradation are also
problems caused by tar formation, and several studies have been performed to minimize tar
production (l&fez-Rodriguez et al., 2019). However, most of the proposed methods in these
research studies resulted in increased operation-related costs and decreased overall process
efficiency.

The products and uses of thermochemical conversion processes are summarized in Figure 2-8.
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Figure 2-8 Summary of the uses and products of thermochemical biomass conversion technologies. (Source: Molino et
al., 2016)

Information about the elemental analysis of OTP is scarce in the literature. According to Table 2-6,
there are little to no Sulphur traces on OTP wastes.

Table 2-6 Chemical characteristics of OTP. Note: (N/G: Not Given)

. latil eed Elemental
Cellulose | Lignin CSFUT(;;e Ash \K/?a?;[ére CI;II)’(Son Moisture Analysis Reference
@oow) | eepw) | G | o) | MEST | e N e [H s o
%) | (%) | () | (%) | (%)
21.6 17.7 145 39 N/G N/G NG | NG| NG | NG | NG | i || Contreras
et al., 2020
31.88 9.26 17.26 3.29 T 11.57 764 | 024 | 4852 | 6.92 | 2.09 | 42.39 Qfa';gg'la
N/G N/G N/G 4.75 N/G N/G 7.1 07 | 499 | 60 | NIG | 434 ggg;'ou’
Garcia
36.6 208 197 N/G N/G N/G N/G 08 | 446 | 67 | 0.0 | 47.9 | Martinet
al., 2020
N/G N/G N/G 350 | 7846 | 17.13 1000 | 055 | 47.10 | 6.18 | 0.10 | 42.57 ;’g{ieta"'

Waste-to-energy technologies that produce biofuels have been under the microscope for the last
decades. A considerable number of studies have been published that investigate the operational
aspects of these technologies. However, there is a gap in scientific papers regarding the integration
of these technologies in an industrial setting. This study aims to fill this gap by studying the
economic feasibility of HRESs that take advantage of waste-to-energy technologies such as
gasification and/or AD.
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2.3 MEETING THE ENERGY DEMAND OF FOOD INDUSTRIES

Every manufacturing system requires energy to transform an input into output. Energy demand is
determined by the current stage and task of the input transformation's manufacturing process. The
main energy carriers needed from manufacturing systems are electricity, heat, compressed air
heating, and cooling (Beier, 2017). However, a typical production system contains many separate
sub-processes for the final translation of input to output, as shown in Figure 2-9; a quantitative
energy intensity analysis of all processes is required.

A constant base load demand is observable in every energy audit at a factory level. This is caused
because every factory has a constant energy demand regardless of the production rate (e.g., security,
lighting, HVAC). Additionally, a constant base-load demand is evident for every production
process and originates from turned-on controls (e.g., heating, or cooling pumps, lubrication
systems). Likewise, energy demand is a function of the performance levels (i.e., production rate).
Hence, total electricity demand can be divided into two main categories: base-load demand and
production power. Production power can be affected to a limited extent by varying the production
rate of a product.

On a manufacturing system level, the sum of the energy demand of individual
components/machines represents the total amount of energy demand. Random disturbances result in
a highly dynamic and stochastic energy demand profile, especially on the system level of technical
building services and HVAC, where energy demand is dependent on climatic influences with a
stochastic nature.

According to (Beier, 2017), on a factory level, the energy demand is primarily based on production
activities. The factory’s typical energy demand profile can be influenced by changes in the
production activities during weekdays and weekends, changes in shift schedule, temperature, and
break times.

Internal Structure of a
Production System
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*  Machines Input e Output * Goods

* Information —_— T T :> »  Services

* Labor L L * Information
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Figure 2-9 A typical production system and its interaction with the environment. (Source: Beier, 2017)
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Figure 2-10 Percentage of total cost related to energy and water consumption across different industrial sectors in the
UK. Note: GVA (Gross Value Added). (Source: Griffin et al., 2016)

As Figure 2-10 indicates, in the case of the UK, the industrial sector of the food industry stands as a
process with moderate energy intensity while also having relatively high energy costs. Additionally,
the food industry, according to (Griffin et al., 2016), has higher energy costs, as a percentage of the
total costs, compared to motor manufacturers, printing, and textiles. The higher energy costs result
from the relatively excessive cost of preparing, packaging, and transporting food products.

In the case of bakery products, the main energy-intensive processes the industry depends upon are
heat processing processes, namely baking (i.e., the use of ovens to make the food edible) as well as
processes in the category of concentration by heat, for example, drying (i.e., applying heat to
remove water). Furthermore, post-processing operations require copious amounts of energy, such as
packaging, where bakery products are placed into plastic, paper or cardboard packages in an
artificially produced atmosphere or vacuum (Sovacool et al., 2021). An approach that focuses on
the thermal and electrical energy required for producing one metric ton of product in several food
industry sectors is presented in Table 2-7.

Table 2-7 Thermal and electrical energy demand to produce of one metric ton of several food products across six
European countries (Austria, France, Germany, Spain, Poland, and the UK).

Thermal Energy (kWh/t) Electrical Energy (kWh/t)
T f
in)(/iF:Jest(;y Lowest Mean Highest Lowest Mean Highest
Thermal Thermal Thermal Electrical Electrical Electrical Reference
Energy Energy Energy Energy Energy Energy
Bakery 243 1335 3039 150 590 1834
Meat 20 612 1668 85 366 957
Processing
Meat 20 510 1668 77 354 957 S. Meyers et al.,
Dairy 129 1055 3957 21 625 3636 2016
Sugar 1398 1759 3076 185 282 560
Pruits and 124 459 1235 85 253 1235
Vegetables
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Another approach used in literature to calculate and examine energy consumption profiles across
different food-related industrial sectors is presented in Figure 2-11, where the most energy-
intensive subsectors are meat and poultry as well as bakery industries. Additionally, in Figure 2-12,
the estimated carbon equivalent emissions associated with food production in the US are presented.

Studies focused on the baking and bread manufacturing sector showed an average value of specific
energy consumption (SEC) of 5.21 MJ/kg in the UK (Ladha-Sabur et al., 2019). Bakery products,
particularly rusk products, are consumed regularly in the Mediterranean diet. Baking is considered
the most energy-demanding process regarding bakery products (Ladha-Sabur et al., 2019), a direct
effect of the low values of heat transfer through the air via convection. In most cases of bakery
goods, more than 65% of the total energy consumption is allocated to baking.
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Figure 2-11 Main energy demand for food and drink industrial sectors in the UK. (Source: Griffin et al., 2016)

According to the International Renewable Energy Agency, the food and tobacco industry have great
potential for integrating RES for electricity and heat demand coverage. The only industrial sectors
that exceed the potential of the food and tobacco industry are the pulp and paper industry sector.
According to projections published by (Renewable Energy Agency, 2015), RES can cover 60 % of
existing heat demand for processes that require low to medium temperatures. Following Table 2-8,
the RES with the highest potential for integrating RES is biomass, followed by solar thermal, heat
pump, geothermal, and solar cooling. The food industry sector, and more importantly, bakery
industries, can further benefit from the integration of heat pumps because they can increase the
efficiency of conventional air dryers. Heat pumps can also reduce air humidity (Wang, 2014).
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Figure 2-12 Estimated carbon intensity for several food products for the US. (Source: Boehm et al., 2018)

Further utilization of biomass resources for the substitution of conventional fuels (e.g., coal, natural
gas) will help reduce GHG emissions as well as help promote electrification of the industrial
processes needed for food manufacturing by switching from fuel-burning boilers to electric heating
equipment with higher conversion efficiencies (Department of Energy and Climate Change and the

Department for Business, 2015).

Table 2-8 Technical potential for installed RES for the food and tobacco industry sector by 2030 (an ambitious scenario).
Note: units in EJ/yr.

Type of RES

Biomass
Solar
Thermal
Solar
Cooling
Geothermal

Heat pump

Low Medium High
Total Reference
temperature temperature temperature
2.8 1.9 NA 4.8
0.9 0.6 NA 1.4
Renewable Energy

0.1 NA NA 0.1 Agency, 2015

0.2 NA NA 0.2

0.4 NA NA 0.4

One study (S. Meyers et al., 2016) at a national level examined the effects of implementing cost-
effective energy generation methods in the food and beverage industry across six European
countries (Austria, France, Germany, Spain, Poland, and the UK). Having installed these energy-
saving technologies, it was discovered that there were significant energy and carbon savings, as

well as short payback times.
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Table 2-9 Estimation of energy savings, CDE mitigation, and payback periods for the food and beverage industry across
six European countries (Austria, France, Germany, Spain, Poland, and the UK).

Energy Estimated
generation energy savings (;C.‘Oz'e) Sh_ort payback Long payback time Reference
(in MWh) mitigation time (years) (years)
method : o
identified
Biomass 1415 370 6.6 26.8
Solar heat 3720 970 14.9 45.9 |
Solar PV 50 15 137 NA o ARG
CHP 64,900 15,415 1.1 3.6
Heat pump 70 20 7.8 NA

Furthermore, based on a recent study by (K. R. Kumar et al., 2021), the industrial sector of the tea
industry in India can benefit from RES integration. Expressly, 83% of the total thermal energy
demand can be provided from bioenergy via waste valorisation technologies. This study found that
evacuated tube solar collectors can supply the energy requirements for the drying processes.
Additionally, a hybrid system combining solar, and biomass could be used for the drying and
withering process. Solar PV, WT, and micro-hydro power systems could also be used to meet
electricity needs. The technologies were selected based on the availability of the renewable
resources’ potential.

Lastly, according to the literature, a small number of published scientific articles regarding the
integration of HRESs in the food and beverages industrial sector can be found. Moreover, there is a
significant gap, especially in techno-economic analyses of waste-to-energy technology integration
in the food and beverage industries. This study aims to fill this gap by investigating the economic
aspects of HRES integration in the bakery industry. An in-depth analysis of the sociotechnical
systems and policy options for the decarbonization of the food and beverage industry is presented
by (Sovacool et al., 2021).

2.4 ENERGY FLEXIBILITY IN FOOD INDUSTRIES

The decentralization of the electrical grid and the integration of RES offers new opportunities for a
flexible energy production system. Increased energy efficiency in energy-intensive activities alone
will not suffice to minimize anthropogenic GHG emissions and address climate change mitigation.
As a result, RES must deliver power to the industry to further minimize GHG emissions. An
electrical grid consisting of only fossil fuel-based production units can be considered a dispatchable
resource (Beier, 2017). Due to the unpredictable nature of VRE generation, which results from non-
controllable elements (i.e., weather conditions), large-scale integration of RES into the current
electrical grid renders the grid a non-dispatchable resource. Therefore, energy flexibility measures
must be employed to cope with the extensive VRE sources’ energy supply problem. For example,
wind and solar energy generation are very volatile. They may fluctuate substantially within seconds
to minutes due to various factors (e.g., ambient temperature, wind speed, cloud coverage, and solar
irradiation).

Furthermore, the electrical system’s demand side (e.g., industry, households) is volatile. However,
recurring patterns are observed. Because there is no direct connection between VRE generation and
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demand, the remaining energy supply mix must be flexible to compensate for VRE’s lack of energy
flexibility. According to (Eamonn Lannoye et al., 2012), flexibility is defined as “the ability to
schedule and leverage resources to satisfy the net system load, while assuming that the other part of
the load is served by VRE ™.

A comparison between RES and fossil-fuel-based energy production is shown in Table 2-10.
Volatility, storability, and dispatchability metrics are among the metrics presented. Wind and solar
are considered unfavorable due to their involatile nature and lack of dispatchability. It is also clear
that large-scale biomass energy generation may compensate for the disadvantages of wind and solar
energy.

Table 2-10 Comparison between RES and fossil fuel energy generation. (Source: Beier, 2017)

Energy Source Volatility Storability Dispatchability
Solar = = = =
Biomass + + + +
Wind == == = =
Fossil Fuel + + + + + +

Demand side management (DSM) and energy storage are critical assets for increasing RES
penetration (Beier, 2017; Bird et al., 2013). Several energy storage technologies have been
developed (Després et al., 2017): compressed air, pumped hydro, hydrogen production, batteries
(BAT), supercapacitors, and flywheels. However, according to (Tang et al., 2021), energy storage is
the least cost-efficient alternative for increasing energy flexibility. Lastly, the most inefficient mean
of increasing energy flexibility is RES curtailment.

Embodied energy storage is another excellent technique to increase energy flexibility through
energy storage. Due to the nature of food industries where the products require a certain amount of
energy (e.g., heating, cooling), energy during low-cost hours can be allocated as embodied energy,
benefiting from the fluctuating energy prices, and lowering the production costs associated with
energy consumption. Daryanian et al. first suggested the concept of embodied energy storage in
1989. Furthermore, Lorenz et al. proposed in 2012 that industries may be utilized to store energy
from variable sources like wind and solar. This concept epitomizes “energy efficiency 2.0.” As a
result, instead of being passive consumers, industries will become active participants in the energy
sector. It is critical to examine the restrictions and constraints of the production system, such as
available material flow, adjusting the production sequence, and satisfying the required demand.
This shows a strong link between the industrial facility’s ability to alter its energy demand and the
amount of energy demand covered by VREs.

DSM is a consumer-side energy flexibility measure. The consumer in DSM aims to change and
adjust their energy consumption behaviours in response to available energy sources and pricing
(price-based demand response). (Beier, 2017) proposes several load shape measures for increased
energy flexibility, which are depicted in Figure 2-14. These measures include (Pierri et al., 2020):

Peak clipping, decrease of peak demand;

Valley shifting, increase of off-peak energy demand;

Load shifting, reprogramming of the electrical demand schedule;
Energy efficiency, decrease of total energy demand.
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Figure 2-13 Energy flexibility strategies. (Source: Beier, 2017; Pierri et al., 2021)

DSM for increased energy flexibility has increased thanks to considerable developments in areas
such as control and communication technology in smart grids. These advances enable better grid
economics and increased reliability to the consumer. These benefits can be achieved by choosing

the optimal energy modes with the lowest marginal costs.
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Figure 2-14 Load shaping strategies in DSM. (Source: Beier, 2017)
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Food manufacturing industries are considered process industries, with production systems that can
be continuous or batch. A continuous flow production system is defined as a continuous flow of
input or output. The beginning and end of the production are difficult to identify; thus, it is left
unspecified in continuous processes. In batch production systems, however, the start and finish are
pre-defined, and the production consists of several batches. The discrete manufacturing mode
consists of multiple single-phase manufacturing processes. As stated by (Pierri et al., 2020),
extensive research has been undertaken to enhance energy flexibility in discrete manufacturing;
however, in continuous manufacturing, integrating energy flexibility measures can be challenging,
and further research is required. The lack of research in continuous processes stems from the
inability to immediately reallocate or interrupt manufacturing stages to deploy demand-side
management methods. Differences between process and discrete manufacturing systems are
presented in Table 2-11.

Table 2-11 Differences between process and discrete manufacturing systems. (Source: Pierri et al., 2020)

Characteristics Process Industry Discrete Manufacturing

Energy Intensity High Low
Process Mode Continuous/Batch Discrete
Processes Interdependencies Strong Relatively low
Processes Decoupling Not always feasible Feasible

The results of an assessment of potential energy flexibility measures to enhance DSM on a process
industry production plant (Beier, 2017; Pierri et al., 2020) are presented in Table 2-12. In total four
system levels have been investigated.

Table 2-12 Assessment of potential energy flexibility methods in process industry. (Source: Pierri et al., 2020)

System Level Strategy Load Shaping Category Feasibility Level
Affecting customer demand Flexible load shape Medium
_— Energy efficiency and .
Factory Energy monitoring and management Flexible load shape High
Rescheduling of production Load shifting Medium
Sensor |nstallat|on_ for energy Energy efficiency High
consumption
Technical Waste heat recovery ity eff'c!ef.‘cy il High
g Valley filling
Building Peak clipping and Valle
Services Energy storage system pr)iII?ng y High
On-site RES generation e shlf_tmg and Peak High
clipping
Adjustment of machine configuration Load shifting Low
. . Process interruption Peak clipping Low
Production Unit Modifying the process sequence Peak clipping Low
Waste heat recovery Energy efficiency High
Shutting down machines Peak clipping Medium
Machine Integration of new energy sources PEER cllppl_ng el ST High
efficiency

Many studies have been conducted on industrial systems' energy flexibility. This study aims to
investigate the effects of integrating different strategies for increasing energy flexibility, videlicet
integration of new energy sources and waste heat recovery strategies in this diploma thesis.
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2.5 EXISTING RES UTILIZATION EXAMPLES FROM INDUSTRIES

Industries located on the island of Crete that utilize RES to meet their energy needs exist. One
notable example is PLASTIKA KRITIS. It is an industry-leading producer of masterbatches and
agricultural films. PLASTIKA KRITIS serves the industrial sector of plastics, horticultural,
agricultural, as well as leading projects related to water management & environment protection.
Since 2003 it has been utilizing energy produced from RES. More specifically wind farm with an
11.9 MW capacity is in Crete that produces more than 40.000 MWh annually. Moreover, five
additional PV stations with a total capacity of 2.34 MW were built to meet the industry's energy
needs. Currently, almost 99% of the total consumed energy of the company facilities is produced
from RES according to (COMPANY PROFILE - Plastikakritis.Com, n.d.).

In Figure 2-15, the main industrial facilities of the company and part of the wind farm located in
Crete are presented, respectively.
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Figure 2-15 Main industrial facilities of PLASTIKA KRITIS (upper) and part of the wind farm located in Crete. (Source:
COMPANY PROFILE - Plastikakritis.Com, n.d.)
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2.6 STATE OF THE ART

During the last years, a continuous increase in research into biomass-based HRESs has been
observed. Additionally, in the literature, it is observed the increased usage of HOMER Pro software
to model and evaluate these HRES. In the literature review, a few research papers were found that
use HOMER Pro software and biomass technologies to meet an industrial site's electrical and
thermal needs. Furthermore, only a few research papers have been published addressing the electric
load of industrial/commercial/residential facilities using HOMER Pro software. Lastly, most of the
research papers with biomass-based HRESs are used to model an energy system to meet the needs
of small and remote communities or university campuses, usually in islands or rural areas, by
utilizing technologies such as gasification or AD. This study aims to provide a methodological
framework for combining the above-mentioned technologies. A summary of the reviewed studies is
presented in Table 2-13.

According to a research article published in 2020 by the authors (Jahangir & Cheraghi, 2020), using
local biomass resources to supply the electricity in rural areas is an acceptable alternative compared
to the current supply in terms of LCOE. The proposed optimal system of this study has a LCOE
equal to 0.128 $/kWh,, a competitive electricity price for the village. The proposed system
consisted of solar PV, WT, biogas generator (BG), and BAT. This study shows that more than 99 %
of the total electrical energy is supplied from the BG. Moreover, it was found that the CDE were
reduced by 99 % compared to the current energy solution (coal-based plants). Lastly, it was also
found that the price of biomass and the inflation rate dramatically affected the cost of power
generation.

In (Malik et al., 2020), it was found that in the case of the institute building of the Centre for Energy
and Environmental Engineering located in the western Himalayan hilly region, the optimal HRES
consisted of PV/BG/grid. In this HRES, the biomass gasifier contributed by generating more than
60 % of the total required energy. The LCOE of the system was found equal to 0.102 $/kWh with a
renewable penetration factor of 83 %. Lastly, the proposed HRES saves 27.8 Mt CO; from being
released into the atmosphere compared to a diesel-only solution.

A stand-alone HRES consisting of PV/BG/BAT utilizing local waste streams to meet the needs of a
small community in Nigeria was investigated (Eziyi & Krothapalli, 2014). This study found that by
utilizing the local waste streams and gasification technology, a cost reduction of 30 % can be
achieved regarding the LCOE. Additionally, this study proposes the idea that waste heat generated
by the BG can be utilized to purify water, thus increasing the system's efficiency while also
providing a technology that can enable sustainable rural development.

A study by (Ahmad et al., 2018) found that a BG that utilizes animal manure can provide 60 % of
the total electrical load. Adding solar PV and WT lowers the grid dependency to almost 12 %. This
results in 19.97 Mt CO, savings per year while also providing good LCOE equal to 0.057 $/kWh.
The authors also notice the high risk of implementing a project of this scale for possible investors.
Lastly, it is concluded that a system of this scale is techno-economically feasible, with grid-
connected solutions offering better economic performance than the off-grid system.

In (Yimen et al., 2018), the authors investigated the integration of a HRES that utilizes local
livestock manure to meet the needs of a village located in Cameroon. A grid extension was
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investigated; however, the proposed HRES provided better economic performance than the grid
extension required to connect the village to the grid. The system provided a 100 % renewable
penetration factor with storage. The LCOE equaled 0.256 €/kWh, a competitive price for 100 %
renewable HRESs.

The study conducted in 2021 by (Yimen et al., 2021) investigated the effect of utilizing livestock
manure by AD or forest residues by gasification. It showed that AD integration resulted in a 29 %
decrease in LCOE, whereas gasification led to a decrease of 40 %. It also showed that a small
fraction of the total available biomass resource was utilized. It also found that the transportation
costs of livestock manure dramatically affected the system's economics and architecture. On the
contrary, the transportation cost of forest waste did not affect the share of power in the proposed
HRES.

In a 2017 study regarding off-grid solar-biomass systems, (Shahzad et al., 2017) proposed the use of
solar PV, a battery array, and a BG to meet the electrical needs of an agricultural farm with six
households. This study found that the proposed HRES resulted in LCOE equal to 5.51 PKR/kWh,
a 46.76 % decrease compared to the current grid supply. It also emphasizes that HRESs are reliable
and effective solutions for energy crises in rural and decentralized areas with low grid stability.

In a study published in 2020 by (Chambon et al., 2020), it was found that the implementation of
HRES mini-grids offered higher grid reliability for off-grid power. Additionally, it was found that a
standalone gasification unit for off-grid systems provided better economic indexes than solar PV,
even though it is not as commercially attractive. In the case of the grid-connected system, the cost
of energy reduction ranged from 30 to 50 % while also providing convincing evidence that a hybrid
system can cover the needs of a small village with weak, moderate, and robust grid reliability.

A study that uses biomass gasification was tested by (Rajbongshi et al., 2017), and it provided
strong evidence that a biomass gasification system can be a competitive option compared to a PV
system. This study found that the grid-connected hybrid system had a LCOE of 0.064 $/kWh, a
55,86 % decrease compared to the reference off-grid system. This study shows that grid-connected
systems offer more competitive LCOE than off-grid systems, with low grid availability and
stability.

The investigation conducted by (Bhattacharjee & Dey, 2014) has shown that for the electrical needs
of a rice husk facility, a BG and a PV cannot realize the electrical demand without a grid
connection. The study showed that in the extreme case that electricity rates increase to 1 $/kWh,
the proposed hybrid system will have a LCOE equal to 0.143 $/kWh. By utilizing locally available
resources (solar and biomass), the proposed HRES can conserve almost 92 % of the grid electricity
consumption, therefore reducing the CDE of the system substantially.

In (R. Kumar & Channi, 2022), the authors proposed a hybrid energy system that utilizes local
agricultural residues from the rural area to provide energy to the village. This study showed that this
village could be 100 % energy self-sufficient by installing PV, a BG, and BAT. This study also
shows a reduction of 99.9 % in carbon dioxide emissions (CDE) compared to the grid-only system.
This study also indicates that installing BGs in rural areas is highly beneficial, particularly in
developing countries.

A feasibility study using a HRES consisting of PV/WT/BAT/BG was evaluated by (Sigarchian et
al., 2015). This study used locally produced biogas to provide the necessary energy while also
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replacing a diesel generator (DG). Additionally, it was found that the proposed HRES had a LCOE
of 0.25 $/kWh, a 19.35 % decrease from the LCOE found by utilizing a DG in parallel with solar
PV and wind. In rural areas, it is also common to only use a DG. In this case, the proposed HRES
with a BG offers a 55 % price decrease while saving 48 tCO, annually.

In (Salehin et al., 2014), the authors conducted a feasibility study for a PV/DG/BG/BAT hybrid
system for off-grid electrification of an island in Bangladesh. In this study, livestock manure on the
island was utilized to produce biogas. This study showed that it is possible to provide the island’s
electrical needs with locally available energy resources, with a renewable penetration of 99 %,
while having a competitive LCOE of 0.217 $/kWh.

The work conducted by (Al-Najjar et al., 2022) presents the overall performance of a grid-
connected HRES. The proposed optimal system consists of PV/BG, thus utilizing the solar and
biomass potential of the area. The hybrid energy system decreased grid dependency by almost 70 %
while reducing CDE.

In (Castellanos et al., 2015), it was found that 61 % of the total electrical load can be met with a
CHP unit by utilising locally available biomass with a CHP. Additionally, the excess heat produced
by the CHP unit can be used to provide the necessary heat required for the optimum operation of the
AD plant. In this work, they also emphasized that by using AD, the liquid and solid by-products can
be used as fertilizer to improve crop yields.

A 2021 study by (Vendoti et al., 2021) showed that a HRES consisting of PV/WT/BG/FC/BAT
could meet the needs of the case study village, with a LCOE equal to 0.214 $/kWh and 0 %
shortage capacity. Compared to the base case system, the proposed HRES offers a simple payback
time of 4.43 years.

The authors (Thirunavukkarasu & Sawle, 2022) in their study evaluated an HRES to meet the needs
of an Indian tea plant. This industrial plant required electrical, thermal, and hydrogen loads to
properly function. This study evaluated off-grid and grid-connected systems, with the latter being a
more cost-effective solution. It also provides robust evidence that a CHP unit with a thermal load
controller (TLC) could provide the necessary thermal load in industrial applications.

In (Jahangiri et al., 2021), the authors investigated the effectiveness of installing a HRES to meet
the electrical and thermal needs of a building in Iran. It was found in this study that the utilization of
biomass with a CHP plant is economically unjustifiable. However, via hydrogen production and
TLC, this HRES can meet the electrical and thermal loads of the building with a renewable fraction
equal to 47 %. However, due to the increased LCOE, thanks to the expensive hydrogen production,
a grid-connected system is economically justified if the grid extension is lower than 1.47 km.

Lastly, (Rib6-Pérez et al., 2021) provide an extensive methodology for modelling gasifiers in
HOMER Pro software. Additionally, they provide results of the electrification of two case studies
utilizing locally available biomass to produce syngas. In this study, it was found that in both case
studies, the gasifier acts as a backup system; however, with increased amounts of available biomass,
the generators can manage higher loads. In the first case study located in Columbia, the decrease of
the LCOE ranges from 50 to 94 %. Comparable results were found in the case study of Zambia,
where the estimated LCOE is lower than connecting the community to the electric grid.
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There is a research gap when it comes to techno-economic analyses for industrial systems that
require electricity and heat. Additionally, no research papers propose a method of using a
combination of waste-to-energy technologies in HOMER Pro software. This study provides the
necessary methodological framework to develop proper models in HOMER Pro software that take
advantage of two (or more) waste-to-energy technologies. Lastly, it also fills the gap concerning the
use of HOMER Pro software in the food industry, where heat and electricity are the main energy

carriers.
Table 2-13 Similar studies summary.
Location Load Grid Biomass Biomass to
Study area System components - Software energy Reference
of study type connection resource
technology
Mix of
municipal . .
Iran Village Electrical PV/WT/BG/BA Off-grid H%’:’LER animal and || Gasification ;%r;%nglr & ElreeEr:
agricultural
wastes
India Institute - g16trical PV/BG ongrid | HOMER | Forest N/A | Maliketal, 2020
building Pro residues
S Small . . HOMER e Eziyi & Krothapalli,
Nigeria community Electrical PVIBG/BAT Off-grid Pro N/A Gasification 2014
Pakistan Town Electrical PVIWT/BG On-grid HOMER Livestock Gasification | Ahmad et al., 2018
Pro manure
Cameroon Village Electrical PV/BG/WT/PHS Off-grid HOP'\:(I)ER Lrlr\]/:rfhorgk Gasification | Yimen et al., 2018
Livestock ——
Cameroon Rural_ Electrical PVIWT/BG/BAT Off-grid HOMER manure or Gasification Yimen et al., 2021
community Pro f or AD
orest waste
Agricultural .
Pakistan farm and Electrical PVIBG/BAT Off-grid HOLIER LWESOE S AD Shahzad et al., 2017
. Pro manure
residences
India Village Electrical Different combinations of grﬁgg)rr:d HOMER Woody Gasification | Chambon et al., 2020
g PV/BG/DG grid Pro biomass ?
Off-grid HOMER Local
India Village Electrical PV/BG/DG/BAT and on- Pro village Gasification | Rajbongshi et al., 2017
grid residues
India _Small Electrical PV/BG On-grid HOMER Agrlgultural Gasification Bhattacharjee & Dey,
industry Pro residues 2014
India Village | Electrical PV/BG/BAT Offgrid | HOMER | Agricultural | o gication | R Kumar & Channi,
Pro residues 2022
Kenya Vilage | Electrical | PV/WT/BATIDGIBG | Offgria | MOMER | Livestock AD | Sigarchian etal, 2015
Bangladesh Island Electrical PV/DG/BG/BAT Off-grid lohi = Ligesiog AD Salehin et al., 2014
Pro manure
N Waste
N/A Res_ldgntlal Electrical PVIBG On-grid HOMER (MSW, AD Al-Najjar et al., 2022
buildings Pro ;
agricultural)
. . . . HOMER .
India Village Electrical PVIBG/BT Off-grid Pro Biomass AD Castellanos et al., 2015
India Village | Electrical |  PVMWT/BGIFC/BAT | Offgrid | HOMER | Livestock AD | Vendotietal, 2021
Electrical Off-grid . .
- HOMER Industrial S Thirunavukkarasu &
India Industry and PV/BG/HYDRO/DG/TLC and on- Pro — Gasification Sawle, 2022
thermal grid
Electrical .
Iran Building and PV/WT/FC/BAT/BG Off-grid HOMER Livestock Gasification || Jahangiri et al., 2021
Pro manure
thermal
Zambia Forest and
and Ui ru_ra.l Electrical PVIBG/BAT On-grid HOLIER agricultural | Gasification | Ribo-Pérez et al., 2021
. communities Pro .
Columbia biomass
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CHAPTER 3

DESIGN AND METHODOLOGY

This Chapter presents the various phases of the developed methodological framework to
formulate and evaluate scenarios utilizing data from production processes, climatic conditions,
biomass potential, and energy consumption data. Real-time series for electricity consumption data
were used in this study, kindly provided by the bakery industry. Furthermore, the computational
approaches employed in this diploma thesis to answer the research questions and the software used
for the modelling, simulation, and comparison of the proposed energy-based scenarios for the HES
are discussed. Lastly, the main limitations and assumptions used in this study are presented in this
Chapter. The main research objectives of this diploma thesis are:

e Is it economically feasible to utilize local RES in combination with bioenergy production
through local biomass residues from agricultural activities to meet the needs of a local
bakery industry?

e What is the most economically viable grid-connected HRES solution to meet the needs of
this industry?

o What will be the economic and environmental impact of the energy utilization of local
energy sources on islands?

e What is the effect of variations in the system control variables on the system's economic
performance?

3.1 DATA COLLECTION AND PROCESSING METHODOLOGY

In this section, the microgrids’ electrical and energy demand time series were collected and
later assessed to provide helpful information. Additionally, an assessment of the RES potential
followed.

3.1.1 ENERGY CONSUMPTION DATA ANALYSIS

In this section, the energy consumption data collected for a local bakery industry are analyzed and
visualized to adapt the HRES solution to the specific energy needs of the industry. During most of
the production processes, electricity and heat are consumed. In Figure 3-3, the monthly electric
usage profile of the bakery industry for the year 2020 is shown. A strong connection between
energy consumption and time of the year is apparent. This seasonality is caused by the increase in
production during the summer months.

The location of the area of study is presented in Figure 3-1.
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r

Figure 3-1 The geographical location of the area of study.

More specifically, the monthly total electricity consumption fluctuated from 66,175.1 kWh
(December 2020) to 121,163.1 kWh (July 2020), while the mean value was calculated equal to
88,149.5 kWh. In 2020 the total electricity consumption was 1,057,794.1 kWh, and 41.47% of the
yearly total energy consumption was consumed from July to October. On average, 2890.5 kWh
were consumed daily to meet the electric needs of the industry.

The peak power demand varied from 155.9 kW,; (March 2020) to 270.1 kW, (August 2020). The
average power demand throughout the year was calculated equal to 120.4 kKW,,.

Based on the collected data, May can represent the typical operational month, as the total monthly
energy consumption and average power demand equaled 88,432.3kWh and 119.1 kW,
respectively. Both values have small deviations from their respective means. Additionally, during
May, the power demand varied from 37.2 to 205.4 kW,.

According to Figure 3-3 and Appendix A, the total monthly electricity consumption and average
power demand for August 2020 decreased slightly. The drop in energy consumption can be
attributed to the summer pause of rusk production. Similar findings can be found during the end of
the year 2020 when the production pause during the Christmas period can be identified. The drop in
electric power demand can be observed in Figure 3-2.

A significant index for electricity demand and consumption is the load factor (LF). Equation 4 is
used for the calculation of the LF.

Energy used during a time period (kWh)
Maximum demand (kW) X Time (hrs)

froaa = 100 (4)

For the data collected from the bakery industry, the electrical f;,,4(%) was found equal to 44,7 %.
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Figure 3-2 Drops in electric power demand during the summer break and the Christmas period.
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Figure 3-3 Total electricity consumption and electric power demand profiles.

In Figure 3-4 (left), the electric power demand in the industrial facility during the 19" week of the
reference year is presented. This week corresponds to the beginning of May 2020. During the
reference week, the total energy consumption was equal to 19,653 kWh. During the weekdays
(Monday-Friday), the electric power demand profile follows a similar pattern, whereas the demand
is sufficiently lower during the weekend (Saturday-Sunday). During the 19" week, the electric
power demand fluctuates from 78.2 to 168.4 kW,;. It is observed that higher demand is located
during the morning and early evening hours (07:00 — 18:00). During late evening and early morning
hours (19:00 — 06:00), the electric power demand stays below 100 kW,;. However, according to
Figure 3-4 (right), during the weekend days, there is reduced industrial activity leading to a 40 %
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decrease in electricity consumption. This may be caused because the factory runs lighter shifts on
Sundays due to labour costs, decreased customer demand or performing maintenance.
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Figure 3-4 Active electric power demand throughout a week during May 2020 (left) and comparison between electric
power demand during a weekday and Sunday during a typical month (right).

Similarly, the electric power demand to serve the needs of the industrial facility during the 30"
week are presented in Figure 3-5. These graphs represent the peak load scenario located in July.
According to Figure 3-5 (left), weekdays (Monday-Friday) present the same variations as the
reference week (19"). The electric power demand during weekdays varies from 126.1 to
236.3 kW,;. The weekly electricity consumption for the peak week was found equal to
30,065.7 kWh, an increase of 52 % compared to the reference week during May. Comparing the
two different operational modes presented in Figure 3-5 (right), on Sundays, the energy power
demand is sufficiently lower. Furthermore, on July 21%, the total electricity consumption was found
equal to 4,428.2 2 kWh, whereas, on July 26", the consumption equaled 3,470.32 kWh, a decrease
of 22 % between a peak weekday and a Sunday. Comparing the two different operational modes
presented in Figure 3-5 (right), the energy power demand is sufficiently lower on Sundays.
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Figure 3-5 Active electric power demand throughout a week during July 2020 (left) and comparison between electric
power demand during a weekday and Sunday during a peak month (right).

Figure 3-6 shows that the electrical energy power demand mainly varies from 80 to 130 kW/,,.
Values higher than 130 kW,; appear with lower frequency, and a similar pattern appears for electric
power demand values lower than 80 kW,,;.

g

3
| ]
o S—— g'

on P w e oy s . 5 - o oy ow 2 Power demand (kW,)

Hour of the day

"
Day of the year

Figure 3-6 Annual active electric power demand information.

Similar findings can be found concerning the thermal energy usage related to the production
processes. Typical profiles for heat consumption and thermal power demand are presented in the
following figures.
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Figure 3-7 Total thermal consumption and thermal power demand profiles.
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Figure 3-8 Active thermal power demand throughout a week during May 2020 (left) and comparison between thermal
power demand during a weekday and Sunday during a typical month (right).
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Figure 3-9 Active thermal power demand throughout a week during July 2020 (left) and comparison between thermal
power demand during a weekday and Sunday during a peak month (right).

In Figure 3-10, the frequency of the thermal power demand is presented. It follows a bell curve
distribution. However, the value of 0 kW,,, appears with the highest frequency.
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Figure 3-10 Annual thermal power demand information.

Additionally, in the Data-Map shown in Figure 3-10, during Easter and Christmas periods, the
thermal power demand decreased dramatically.

In summary, 74.16 % of the total energy consumption in the study area is dedicated to meeting the
thermal energy needs of the industry, whereas the remaining is related to electricity consumption.
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Figure 3-11 Energy demand split at the local bakery.

A detailed summary of both the electric and thermal power demand is presented in Table 3-1.

Table 3-1 Summary of thermal and electric load.

Parameter Electric Thermal Unit
Average daily energy demand 2,894.1 8,305.3 kWh/day
Average load 120.59 346.06 kW
Peak load 270.05 1,074.2 kW
LF 45 32 %
Hourly variability 12.272 41.790 %
Day-to-day variability 23.538 40.945 %

3.1.2 RESOURCE ANALYSIS

Additionally, a resource analysis was conducted to assess the available RES potential. These
metrics include solar radiation, wind speed, temperature, and biomass availability (BA). The
mereological conditions are an essential factor that significantly affects technology selection. Data
for mereological conditions were obtained from the NASA Prediction Of Worldwide Energy
Resource (POWER) database and were compared with data collected from the website
RENEWABLES NINJA (Pfenninger & Staffell, 2016; Staffell & Pfenninger, 2016). This was done
to compare and assess multiple datasets to increase the simulations' accuracy in this diploma thesis.

The coordinates of the study area, as well as the average solar radiation, average wind speed, and
average temperature, are presented in Table 3-2.
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Table 3-2 Meteorological conditions in study area.

Ave rg'ge S0 lar Average Average
Study . . radiation wind
area Latitude Longitude ( KW h/m? speed Tem?fcr)ature Reference
/day) (m/s)
NASA POWER | Prediction
Local 5.36 6.32 18.66 Of Worldwide Energy
Baker 35°25'37.6"N | 23°38'35.3"E Resources, n.d.
y 529 763 1911 Pfenninger & Staffell, 2016;
’ ’ ’ Staffell & Pfenninger, 2016

Biomass potential was assessed based on the available agricultural waste generated in the study area
and later converted to fuel based on the conversion rates found in the literature review.
Furthermore, MSW from the municipality of Kissamos was assessed for co-digestion with the
tomato residues.

3.1.2.1 SOLAR RADIATION DATA

Data obtained from POWER is a monthly average over 22 years (July 1983 — June 2005), whereas
data from RENEWABLES NINJA is from the dataset MERRA-2 in 2019.

Figure 3-12 reveals the variation of the average daily radiation in the area of interest. Solar
radiation peaks during the summer months, while in the winter months, it decreases dramatically. It
is also clear that solar radiation is similar between these two datasets; thus, they can be used
interchangeably. Figure 3-12 indicates that the study area's solar energy harvesting potential is
significant. The average solar radiation from the POWER database was equal to 5.355 kWh/m?/
day, 1.5 % higher than the MERRA-2 dataset.

Additionally, in Figure 3-12, the clearness index from the POWER and MERRA-2 datasets are
presented, and the HOMER Pro software calculates the clearness index. The clearness index from
the POWER dataset and the HOMER Pro software calculations are similar; however, the data from
MERRA-2 appears to be different.

After importing the solar radiation data on the Earth’s surface from MERRA-2 dataset, HOMER
Pro software then calculates the clearness index as a function of the average radiation, the month of
the year, and the latitude. The clearness index is a dimensionless number describing the fraction of
the solar radiation on a horizontal surface at the top of the Earth’s atmosphere that makes it through
the atmosphere to strike the Earth’s surface. In Equation 5, the clearness index is defined:

Have

Ky = (5)

H o,ave

where Hg,, is the monthly average radiation on a horizontal surface on Earth’s surface and H, gy,
is the equivalent at the top of the Earth’s atmosphere.

For a specified latitude H, ,,,, can be calculated for every month of the year. Firstly, HOMER Pro
calculates the intensity of solar radiation at the top of Earth’s atmosphere using Equation 6.
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360 X n
Gop = Ggp X <1 +0.033 x cos( 26t )) (6)

Where G, is the solar constant and is equal to 1.367 kW /m? and n is the number of the year.
To calculate the radiation on a horizontal plane HOMER Pro uses Equation 7.
Go = Gon X c0s(6) (7)
where 6, is the zenith angle given in degrees.
This angle is calculated from Equation 8.
cos(60,) = cos(@) % cos(6) X cos(w) + sin(¢p) X sin(5) (8)

Where ¢ is the latitude, § is the solar declination, and w is the hour angle. All these angles are in
degrees.

For the calculation of the solar declination HOMER Pro uses Equation 9.

284 + n)

6 = 23.45° X si (360O X
sin 365

€)

where n is the day of the year.

The total daily extraterrestrial radiation per square meter is derived from the integration for G, and
is given by Equation 10.

24 ) T X Wy
H, = - X Gon | cos(@) X cos(8) X sin(w) + 180° X

sin(g) x sin(d)] (10

where w; is the sunset hour angle and H,, is the average extraterrestrial horizontal radiation for the
day.
The sunset hour angle is calculated from Equation 11.

cos(wg) = —tan(ep) X tan(d) (11)

After calculating H, for every day of the month, HOMER Pro then calculates the average for every
month based on Equation 12.

N
n=1 HO

Hoave = N (12)

where N is the number of days in the month.
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Figure 3-12 Average monthly radiation and clearness index at the study area. (Source: NASA POWER | Prediction Of
Worldwide Energy Resources, n.d.; Pfenninger & Staffell, 2016; Staffell & Pfenninger, 2016)

Because of the minuscule differences between the two datasets, data (regarding solar radiation and
clearness index) from POWER is used in this work.

3.1.2.2 WIND DATA

Data obtained from POWER is the monthly average wind speed 50m above the earth's surface over
30 years (January 1984 — December 2013). Data from RENEWABLES NINJA was a part of the
MERRA-2 dataset of the year 2019.

Figure 3-13 shows the variation of the monthly average wind speed over a year. What can be seen
in this figure is the variability of the wind speed; however, in both datasets, it can be easily
recognized that during the winter months, the average wind speed is higher compared to the
summer months. The lowest average monthly wind speeds were recorded during the summer
months. The average wind speed throughout the year concerning the data from RENEWABLES
NINJA is equal to 7.64 m/s, whereas, for the POWER dataset, it equaled 6.32 m/s, a decrease of
17.2 % compared to the MERRA-2 dataset.

For the POWER dataset, wind speeds peak at 7.46 m/s (monthly average), whereas in MERRA-2,
a higher monthly peak is observed, with the highest average monthly value reported in January
equalling 10.027 m/s.
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Figure 3-13 Monthly average wind speed at the study area. (Source: NASA POWER | Prediction Of Worldwide Energy
Resources, n.d.; Pfenninger & Staffell, 2016; Staffell & Pfenninger, 2016)

Data (regarding wind speeds) from the POWER dataset is used to provide a more conservative
approach with lower wind energy potential.

3.1.2.3 TEMPERATURE DATA

The monthly average temperature for 30 years (January 1984 — December 2013) was taken from
POWER. RENEWABLES NINJA data was included in the MERRA-2 dataset for 2019.

Temperature data is of immense importance since it dramatically affects the performance of PV and
WT. Based on Figure 3-14, both datasets have similar monthly averages. It is also clear that the
temperature is the highest during the summer months, peaking at over 25°C. The average monthly
temperature reached a low point of 12°C at the beginning of the year. The average yearly
temperature from RENEWABLES NINJA and POWER databases was 19.07°C and 18.67°C,
respectively.
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Figure 3-14 Monthly average temperature at the study area. (Source: NASA POWER | Prediction Of Worldwide Energy
Resources, n.d.; Pfenninger & Staffell, 2016; Staffell & Pfenninger, 2016)

Data (regarding monthly average temperature) from POWER is used in this work due to the
negligible variations between the two datasets.

3.1.2.4 BIOMASS DATA

Data for BA were collected from (O.71.E.K.E.ILE. - Home Page, n.d.), a Greek Payment Authority
of Common Agricultural Policy Aid Schemes. It was found that the average land dedicated to olive
and olive oil production in the municipality of Kissamos, where the bakery factory is located, for
the years 2017, 2018 and 2019 is equal to 7,398.63 hectares. Correspondently, greenhouse
tomatoes’ average land usage is equal to 112.64 hectares. The data relating to land usage per year is
given in Table 3-3.

Table 3-3 BA data for the area of interest.

Factors Land (hectare)
Reference
Year 2017 2018 2019
Olive grove 7,357.26 7,385.24 7,453.4
Greenhouse tomatoes 112.46 109.82 115.66 OILE.K.EILE. - Home Page, n.d.

In the municipality of Kissamos, land used for agricultural purposes is presented in Figure 3-15.
Based on Figure 3-15, olive production is primarily located in the northern parts of the island. The
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economically exploitable agricultural area is defined as a circle with a radius of 12.5 km around the
manufacturing facility. Based on this assumption, more than 90 % of the olive-derived waste (i.e.,
olive pruning) from the municipality of Kissamos can be used for energy generation.

LAND USAGE IN KISSAMOS
MUNICIPALITY

CATEGORIES
I BUILT LAND
I NON IRRIGABLE — ARABLE LAND
B suUILT LAND
I VINE TRESS
|| OLIVE TRESS
& COMPLEX FARMING SYSTEMS
B NATURAL VEGETATION
_ PINE TRESS
| |NATURAL PASTURES
| |HARDWEST VEGETATION
SHRUBS
BEACHES
SPARE VEGETATION

Figure 3-15 Land usage in the municipality of Kissamos for agricultural activities. Note: The circle represents a 12.5 km
radius of economically exploitable land. (Source: 7n YIIE - Teoypoagia Ajuov Nopot Xaviov, n.d.)

According to data from Table 2-2 for olive pruning waste production, a yield of 1.5 tons - ha™? -
year~! is assumed. The average yearly olive pruning waste available for waste valorisation is
presented in Table 3-5.

For the calculation of the gasification ratio a typical wood gasification ratio range of 2-3 Nm3/
kgpiomass 1S Used (Aguado et al., 2021; Copa et al., 2020; Martinez et al., 2012). Assuming a
composition of 20% CO, 21% Ha, 44% N,, 12% CO,, and 3% CHy, the output fuels’ density equals
1.07 kg/Nm3. Therefore, the syngas yield is equal to 2.17-3.21 kgsyngas/Kk9piomass- This
gasification ratio value is very close to literature values obtained from (Aguado et al., 2021) and
(Chambon et al., 2020), where the gasification ratio was found to be equal to 2.63and
2.5 kgsyngas/Kk9piomass respectively. These parameters are presented in Table 3-4.

The gasification ratio refers to the mass of produced gas to the mass of the consumed biomass.

46|Page




CHAPTER 3 Xenofon G. Kotakidis

Table 3-4 Biomass for gasification properties.

Parameters Value Unit Reference

Carbon content 45 —50 % dry mass See Table 2-4
Lower heating value (LHV) 45-6 MJ/Nm3 Eégi-Perez etal,
Gasification ratio 2.17 —3.21 kg of gas/kg of biomass ;ch)tz)(i-Perez B

According to a recent study conducted on the island of Crete, the cost of woody biomass acquisition
is in the range of 70 to 90 €/tony;omass (ZopPaxng et al., 2018). Moreover, according to a research
paper conducted in another region of Greece, the total cost of olive pruning ranges from 44.46 to
58.16 €/dry t (Kougioumtzis et al., 2019); however, the more conservative approach is used in this
study. The total cost is greatly affected by the efficiency of the collection process, and therefore the
optimization of the supply chain (e.g., gradual experience accumulation) can further reduce the cost
of the olive pruning collection. Furthermore, fuel costs can greatly affect the final cost of the olive
pruning collection process.

Additionally, a cost of transportation equal to 0.25€/(km X ton) is found in a study conducted in
2018 (ZapPaxnc et al., 2018). During that year, according to (Yz. Avartoéng, Aviaywviotikétnrog,
Yrodoudv, Metapopdrv Ku Aixtowv - Hopoznpntipio Tuov Yypov Kevoiuwv, n.d.) the price of
diesel ranged from 1.306 to 1.473 €/litre with an average cost of 1.386 €/litre. In 2022 the prices
have dramatically increased, with an average diesel price of 1.764 €/litre, with a maximum
reported value of 1.969 €/litre and a minimum of 1.487 €/litre. An increase of 27.3 % in the
average diesel price is observed, and thus an increase of 30 % in the transportation costs found in
the literature is considered. According to Figure 3-15, the average distance travelled to harvest and
store OTP in the Municipality of Kissamos varies from of 5 to 25 km, with an average value of 12.5
km, thanks to the mountainous terrain.

In Table 3-5, three scenarios with different land utilization percentages are employed to evaluate the
energy potential of OTP gasification. The gasification ratio of olive pruning is assumed to be equal
0 2.2 kgsyngas/kGpiomass- The composition of syngas produced from this process is presented in
Table 3-9. The Lower heating value (LHV) is approximately equal to 5.45 MJ/kg. The annual
syngas production varies from 2.27 to 9.08 million Nm3 /year. As the LHV of syngas is equal to
5.45 M] /kg, the value of syngas energy potential varies from 13.31 to 53.23 T, which corresponds
to an energy potential of 3,696.23 to 14,784.94 MW h/year. The energy potential MJ/year of the
i" waste stream is calculated using Equation 13.

EP; = LHV; X GR; x MOWS; (13)

Where EP; M] /year is the energy potential of the i" waste stream; LHV; M]/kggqs is the LHV of
the produced gas; GR; kggas/kgpiomass is the gas yield of the waste valorisation technology, and

MOSW; kgpiomass/year is the annual WG of the i" waste stream. It is important to note that some
waste to energy technologies such as AD can only convert volatile solids to biofuels, therefore it is
important determine the total solids per kgpiomass @nd then determine the volatile solids as a %TS.
This correction must be applied to accurately compute the energy potential.
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Table 3-5 Gasification of olive pruning - energy potential for the area of study.

Land utilization (%)
Metrics Unit
10 25 40
Land 739.86 1,849.66 2,959.45 ha
LHV of gas 5.5 5.5 5.5 M]/kg
Pruning waste mass 6.86 12.12 17.37 tons
Annual syngas potential 2.27 5.67 9.08 million Nm3/year
Energy value 3,730.14 9,325.36 14,920.58 MWh/year

WG in the municipality of Kissamos is moderate, thanks to the relatively small number of
inhabitants. The total number of inhabitants in 2011 was 10,790. The total MSW generated in 2015
equaled 5,716 tons, according to a study conducted in 2016 (Xatlnyiavvn, 2016). This study also
projected MSW generation for 2020 and 2025, respectively. It was also found that on the island of
Crete, MSW generation per capita was equal to 586 kg - year™!, a value 16 % higher than the
European average. It was also found that 59 % of the total MSW generation accounts for
biodegradable waste, 39.15 % of which is biowaste (e.g., food waste, fruits, and vegetables), and
19.94 % is paper. Table 3-6 shows MSW generation projections for 2020 and 2025.

Table 3-6 MSW generation data for the area of interest.

Factors MSW generation (tons/year)
Reference
Year 2015 2020 2025
MSW 5,716 6,008 6,314 Xatlnyiavvn, 2016

Furthermore, according to Regional Waste Management Planning of Crete (Xoatlnyidvvn, 2016),
the cost of using AD for biogas production utilizing the organic fraction of MSW is in the range of
80 to 125 €/ton.

A methane yield of 310 NmLcyag ™ VS,a4eq 1S cOnsidered for evaluating the energy potential of
MSW energy valorisation via AD, which is presented in Table 3-7. Additionally, the annual
generation of MSW is assumed to be equal to 6,130.4 tons, with an average biowaste percentage of
40 %. The fraction of technically exploitable MSW is assumed to be 50 %. The TS and VS are also
assumed to be 32 % and 90 %, respectively. The LHV of MSW was determined, based on the
composition of the produced biogas, as 21.50 Mj/kg. Annual energy potential of 708.07 MWh/
year is found for the AD of MSW. The energy values related to the AD of MSW are given in Table
3-7.
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Table 3-7 AD of MSW - energy potential for the area of study.

Metrics Value Unit
Annual average exploitable waste amount 3,065.2 tons/year
Average organic fraction 40 %
Annual biowaste amount 1,226.08 tons
LHV of biogas from MSW 215 M]/kg
Annual biogas potential 109,464.42 Nm3/year
Energy value 708.07 MWh/year

Based on the proximity of the greenhouse tomatoes, it is assumed that most of the greenhouse
tomato residues are economically exploitable. Assuming an average yield of 15tons-ha™?-
year~! tomato-related waste, an average TS, VS, and a methane yield of 6.5 (%TM), 87 (%TS),
and 300 NmLcyag VSqaaaeaq, respectively. The total methane potential is demonstrated in Table 3-
8.

Based on the case study, the cost of tomatoes was assumed to be 5€/ton. The cost is low because
waste tomatoes are unfit for the market and cannot be sold.

Likewise, three greenhouse land-use scenarios were considered, and their findings are presented
in Table 3-8. The total energy potential via utilizing the waste valorisation technology of AD for
biogas production from greenhouse tomato residues fluctuates from 26.75 to 107.02 MWh/year. A
significant decrease compared to the available energy potential of OTP gasification.

Table 3-8 AD of tomato related waste - energy potential for the area of study.

Land utilization (%)
Metrics Unit
10 25 40 ni
Land 11.26 28.16 45.06 ha
LHV of gas 215 215 21.5 M]/kg
Tomato waste mass 168.97 42243 675.88 tons
Annual biogas potential 2,866.58 7,166.44 11,466.30 Nm?3/year
Energy value 26.75 66.89 107.02 MWh/year
The total annual fuel production of gasification and AD are presented in Table 3-9.
Table 3-9 Total annual fuel production per technology.
Type of fuel
Metrics Unit
Syngas Biogas n
Land usage 10 25 40 10 25 40 %
LHV 5.5 5.5 5.5 21.5 21.5 21.5 Mj/kg
Annual fuel 2,44155 | 610387 | 976620 | 121.67 | 12632 | 13098 | tons/year
production
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The total annual energy (TAP) potential is calculated using Equation 14.
u
TAP = Z EP; (14)
i=1
Where TAP MJ/year is the total annual energy potential of all waste to energy technologies and
waste streams.

The cost of biomass was found using Equation 15.

c 2 [(Cri 4 € X Dy i) X MOWS;]
bi =
omass :’,121 MOWSL

(15)

Where C, ; €/ton is the cost of collection and storage for 1 ton of the i waste; C,; € km™* -
ton~t is the cost of transporting 1 ton of the i™ waste for 1 km; D, ; km is the average distance
travelled for the i waste stream, and the annual average WG of OTP, MSW and tomatoes is given
by OTPassy MSWiass, TOMqss, TeSpectively. The costs calculated using Equation 15 are
presented in Table 3-10. The cost varies from 70.92 to a maximum of 112.59 €/ton. The input
parameters used to calculate the mean biomass cost are also provided in Table 3-10.

Table 3-10 Mean cost and input parameters of biomass.

Metrics Input cost parameters Unit
o @ 70 90 €/ton
% Cirom 5 €/ton
% Ca0rp & C270m 0.325 i/lgr?)n
E Dyorp & Dy rom 12.5 km
o
e il-g:::sw MW 80 125 €/ton
Land utilization scenarios -
Technology selection Gasification Gasification + AD =
o g Land utilization 10 25 40 10 25 40 %
§ % Low cost 74.06 | 74.06 | 74.06 75.72 72.58 70.92 €/ton
i é Average cost 84.06 | 84.06 | 84.06 94.15 88.03 84.78 €/ton
High cost 94.06 | 94.06 | 94.06 | 112.59 103.47 | 98.63 €/ton

The average values are close to those proposed in the literature for woody biomass (Braimakis et
al., 2021; Pantaleo et al., 2015; Rib6-Pérez et al., 2021).

Because HOMER Pro software can only use one form of biofuel in a generator, it is necessary to
model a gas mix equivalent to the biogas and syngas produced by the AD and gasification,
respectively. The reference system design is shown in Figure 3-16 a), whereas the HOMER Pro
software equivalent system is presented in Figure 3-16 b).
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a) Waste streams

195 ga 84 !
g |
12] -

b) Waste streams

Gas mix

Power

Heat End user

Power

’ HOMER

__________ 1 Waste to energy
technologies

BIOgachui\A

CHP

Heat

End user

Figure 3-16 a) Schematic diagram of the reference waste to energy system b) schematic diagram of the HOMER
equivalent waste to energy system.

Because HOMER Pro software assumes gasification as the waste-to-energy method and biogas as
the result of the biomass valorisation, a gasification ratio comparable to the two subprocesses (AD
and gasification) must be computed. The gasification ratio equivalent is computed using Equation
19, assuming that the two system’s total annual energy output potential is equal, and that the
composition of the gas mix is known and constant in time. In total, the biogas production from AD
ranges from 112,331 to 120,930 Nm3, whereas the annual syngas production varies from 2,268,886
to 9,075,546 Nm3. The composition of the gas mix fuel used in HOMER Pro software varies from
95 to 99 %wol of syngas, with the rest being biogas. The fuel mix used in the CHP unit will vary
depending on the land utilization scenario. However, biogas has a greater LHV value in comparison
to syngas. The composition of the produced syngas and biomethane is shown in Table 3-11.
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Fuel specification

CH,
H,
CO,
co
N,
H,0
Density
Molar mass

LHV

Table 3-11 Chemical characteristics of the produced gases.

Natural gas Syngas
Value Unit Comments
65 3 %vol N/A
0 21 %vol N/A
29 12 %vol N/A
0 20 %vol N/A
0 44 %vol N/A
6 0 %vol N/A
1.08 1.07 kg/Nm3 Measurement at 1.013 bar and 273 K
24.27 24.1 g/mol N/A
Own approximation was used to
21.50 5.45 M]/kg calculate the LHV based on the
composition of the fuel mixture

The physicochemical characteristics of the gas fuel mixtures that is used in the CHP unit are
provided in Table 3-12. The gas mix composition is a function of the land usage scenario. For
example, 100 %vol syngas is present when gasification is the only waste to energy technology.

Table 3-12 Fuel characteristics used in the CHP unit.

Gas mix
Fuel Unit Comments
specification | 95.28 %wvol | 97.99 %wvol | 98.69 %wol | 100 %wol
syngas syngas syngas syngas
CH, 5.9 4.2 3.8 3.0 %vol N/A
H, 20 20.6 20.7 21.0 %vol N/A
co, 12.8 12.3 12.2 12.0 %vol N/A
co 19.1 19.6 19.7 20.0 %vol N/A
N, 41.9 43.1 43.4 44.0 %vol N/A
H,0 0.3 0.1 0.1 0 %vol N/A
. kg
Density 1.0764 1.0762 1.0762 1.0761 /Nm? N/A
Own approximation was used
LHV 6.21 578 566 545 MJj to calculate the_L_HV based
/kg on the composition of the
fuel mixture

The new fuel mixtures used in the CHP unit have similar characteristics to the produced syngas, as
seen in Tables 3.11 and 3.12, as a result of the higher concentration of syngas in the gas mixtures.

3.2 SYSTEM MODELLING METHODOLOGY

In this section, all the system components were added to the HRES developed in HOMER Pro,
along with cost and performance characteristics. Additionally, all the constraints considered in this
study are analyzed in this section.
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3.2.1 PV MODULE

A PV system is employed to convert solar energy to supply electrical power during the daytime.
The component used in this study is the LONGI Solar LR4-60HPH. The PV techno-economic
specifications are presented in Table 3-13.

Table 3-13 Technical and economic parameters of solar PV.

Factors Value Unit Reference
Size (Step size: 80 kW) 0 — 240 kW,
Capital cost (CAC) 750 — 1500 €/kW, Sifakis et al., 2021
Replacement cost (RC) 750 — 1500 €/kW, Sifakis et al., 2021
O&M Cost 10 €/kW, /year Sifakis et al., 2021
Module efficiency 20.6 % Sifakis et al., 2021
Affected by temperature YES
Temperature co-efficient —0.35 %,/°C gg:::g:srirg:fTF;egIﬁQSISoﬁware |
Derating factor 88 %
Operation temperature 43 °C
Lifetime 25 years Sifakis et al., 2021

The capital and the investment cost of the PV range from 750 to 1,500 €/kW,, because the economy
of scale has been considered. Larger PV installations cost less per kW, compared to smaller
installations. However, solar PV capacity farms higher than 100 kW, according to Greek law, are
required to build a substation, which increases the CAC and RC.

The maximum RES production for one medium voltage grid-connection line is equal to 300 kW,
Therefore, because WT are limited by law to a maximum of 60 kW, a maximum of 240 kW, of

solar PV is considered. The industrial site has three medium voltage connections with the grid;
however, in this study, RES production is limited to the capacity of one, even though the theoretical
maximum is equal to 900 kW, of installed RES.

The different costs, including the construction costs of a power substation, based on installed power
of solar PV, are presented in Table 3-14. The cost of the bi-directional inverter was integrated on
the solar PV cost.

Table 3-14 Solar PV economy of scale.

Capacity Capital Replacement O&M
(kw,) ) G) (€/year)
1 1,400 1,400 10
10 9,000 9,000 100
50 40,000 40,000 500
100 75,000 75,000 1,000
200 300,000 300,000 2,000
400 600,000 600,000 4,000

The panel slope is set to 35.47 ° with an azimuth (degrees West of South) equal to 0 °. These values
were automatically calculated by HOMER Pro software as the optimum values for the study area’s

53|Page



CHAPTER 3 Xenofon G. Kotakidis

location. Due to the study area being in the northern hemisphere, an azimuth of 0 ° is the optimal
value.

3.2.1.1 PV MODULE MATHEMATICAL MODEL

Assuming that the PV module is affected by the ambient temperature, HOMER Pro software
calculates the output of the PV array using Equation 16.
Gr
Ppy = Ypy X fpy X C [1+ap x (T, = Tesrc )] (16)
T,STC

where Ypy, is the rated capacity of the PV array (power output in standard test conditions (STC) —
radiation of 1 kW /m?, a cell temperature of 25°C, and no wind); fpy is the derating factor; G is
the solar radiation incident in the current time step of the simulation; Gy sy is the solar radiation
incident during STC; a,, is the temperature coefficient of power; T, is the PV cell temperature in
the current time step of the simulation, and T, s is the PV cell temperature under STC.

3.2.2 WIND TURBINE

WT are used to convert the wind’s kinetic energy into electrical energy. The economic and
technical parameters of the wind turbine used in this thesis are presented in Table 3-15.

Table 3-15 Technical and economic parameters of WT.

Factors Value Unit Reference
Model name V — Twin 10
Size considered 0—-6 Units
Rated capacity 10 kW
Electrical bus AC AC or DC
CAC 2,000 €/kW, Terlouw & Bauer, 2021
RC 2,000 €/kW, Terlouw & Bauer, 2021
O&M Cost 32 €/kW, /year Herendic¢ et al., 2021; Terlouw & Bauer, 2021
Cut-in wind speed 4 m/s Terlouw & Bauer, 2021
Rated wind speed 12 —19.5 m/s Terlouw & Bauer, 2021
Cut-out wind speed 19.5 m/s Terlouw & Bauer, 2021
Hub height 22.5 m Terlouw & Bauer, 2021
Lifetime 25 years Terlouw & Bauer, 2021

According to (Terlouw & Bauer, 2021), the novel wind turbine (V-Twin 100) that is now being
developed by Renewable Energy Systems & Technology UG (REST) has a targeted CAC of
1,500 €/kW,. However, a more conservative approach was adopted with a capital and a RC equal
to 2,000 €/kW,. Lastly, in this diploma thesis, a scaled-down version (10 kW,) of this novel

turbine is used due to regulatory restrictions on wind power installations. Lastly, the total available
WT energy potential is limited to 60 kW, by the Greek legislation by Law 4546/2018 paragraph 2
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article 50. Therefore, 6 WT with a nominal capacity of 10 kW, each is the maximum limit of the
wind turbine installation.

3.2.2.1 WIND TURBINE MATHEMATICAL MODEL

Calculating the WT power output HOMER Pro software requires a 3-step process. Initially, it
calculates the wind speed at hub height for every time step. By default, HOMER Pro software uses
the logarithmic law to convert the input wind speed to hub height wind speed, using Equation 17.

()

Unub = Ugnem X l ( 17)

Zanem
Zy )
Where Uy,,;, is the wind speed at the hub height of the wind turbine used in the simulation; U,yem iS
the wind speed at the anemometer height; z;,,;, is the hub height of the wind turbine; z;,er, IS the
anemometer height, and z, is the surface roughness length.

After calculating the wind speed at hub height, HOMER Pro software refers to the WT power curve
to calculate the expected power output at standard temperature and pressure conditions. The power
curve of the WT used in this study is provided in Figure 3-17.

Wind Turbine Power Curve
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-
o
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D
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Wind Speed (m/s)

Figure 3-17 Power curve of the Generic 10kW wind turbine. (Source: Terlouw & Bauer, 2021)

The power output is zero if the wind speed at hub height exceeds the usable speed range defined by
the WT. This assumes that wind speed higher than cut-out and lower than cut-in leads to zero power
production.

After calculating the expected output at STC, a density correction is applied using Equation 18.
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P ) ,
— | X P, if Veut—in < Unup < Veur—
PWTG — { (po WTG,STP f cut—in hub cut—out (18)

0 otherwise

Where Py,r¢ is the WT true power output; Py 1 srp IS the power output at STC; p is the actual air
density, and p, is the air density under STC.

3.2.3 GENERATOR

A generator provides the industrial site with electrical energy and heat. This is achieved by utilizing
heat with a heat recovery system. Generators utilizing biomass can be an excellent alternative to
conventional fuels, such as diesel. The produced gas from gasification and AD can be used as a
substitution for diesel. According to (Riley et al., 2020), the initial cost of investment and the O&M
cost of a micro turbine biogas-fueled CHP varies from 1,100 to 3,200 €/kW,; and 0.008 to
0.02 €/kWh, respectively.

In the generator tab in the HOMER Pro, it is essential to include the capital, replacement, and O&M
cost of the gasifier, anaerobic digester, and the CHP unit, the combination of which results in the
generator.

According to the recent literature the capital investment for a gasification plant ranges from 1,338 to
3,636 €/kW (Chambon et al.,, 2020; Indrawan et al., 2020; Rib6-Pérez et al., 2021). The
replacement cost ranges between 80-90% of the capital investment cost. According to (Braimakis et
al., 2021; Ribo6-Pérez et al.,, 2021), O&M costs can be approximately as 2 % of the initial
investment cost. Moreover, following (Indrawan et al., 2020), a 1 kW gasifier requires a total
syngas flow of more than 3 mgyngas /h. Lastly, according to (Chambon et al., 2020), the O&M cost

of a gasification plant varies from 0.008 and 0.011 €/kW /hour.

Moreover, according to (Sigarchian et al., 2015), the CAC of a biogas engine with a digester system
is equal to 1,500 €/kW, with replacement and O&M costs equal to 1,200 €/kW and 0.1 €/kW/
hour, respectively.

According to (Chambon et al., 2020), a BG has a fuel curve slope equal to 3.45 kggqs mix/hr/
kWoutpue and a fuel curve intercept coefficient of 0.4 kggqs mix/hr/kWoutpue- However, in this
diploma thesis, because the fuel is a gas mix containing biogas (~5%vwol), a fuel curve slope equal
to 1.375 kggas mix/hr/kWouepue and a fuel curve coefficient of 0.2 kg4 mix/hr/kWoutpu: are

assumed to approach the electrical (~40 %) and thermal (~50 %) efficiency of the CHP unit
provided by (Terlouw & Bauer, 2021).

Additionally, it is assumed that a CHP plant has a nominal electrical output of 240 kW,,;. A 50 %
scaled-down version of this CHP plant is considered in the simulation. The techno-economic
parameters used to model the BG (which includes a gasifier, a digester, and an internal combustion
biogas engine) are presented in Table 3-16.

As stated by (Yin et al., 2020), the heat-to-power ratio of gas-fired CHP units ranged from 0.8 to
1.0. For biomass CHP units the values vary from 2.3 to 4.0. A more conservative approach is used
in this diploma thesis, and therefore, the heat recovery ratio used is equal to 25 %. Additionally, a
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30 % minimum load ratio was assumed for the generator, as stated by (Chambon et al., 2020;
Yimen et al., 2018, 2021).

The economic and technical parameters of the HOMER Pro generator used in this thesis are
presented in Table 3-16.

Table 3-16 Technical and economic parameters of the generator with gasification and AD.

Value
Factors . Gasification + Unit Reference
Gasification
AD
Size considered 0 — 240 0 — 240 KW,

(Step: 120 kW)

Braimakis et al., 2021; Chambon et al., 2020;
CAC 5000 6500 €/kW Ribo-Pérez et al., 2021; Riley et al., 2020;
Sigarchian et al., 2015

Braimakis et al., 2021; Chambon et al., 2020;
RC 3050 4250 €/kW Ribd-Pérez et al., 2021; Riley et al., 2020;
Sigarchian et al., 2015

Braimakis et al., 2021; Chambon et al., 2020;
O&M Cost 0.11 0.12 €/h/kW Ribd-Pérez et al., 2021; Riley et al., 2020;
Sigarchian et al., 2015

Main fuel Gas mix Gas mix
k ix /I
Fuel curve 1375 1375 9gasmix/MT | 1o 10w & Baver, 2021
slope /kWoutput
Fuel curve
. k i/
intercept 0.2 0.2 %‘/’;5 mix/hT Terlouw & Bauer, 2021
coefficient [Woutpue
Mintmum load 30.0 300 % Chambon et al., 2020; Yimen et al., 2018, 2021
Heat recovery 25 25 %
Schedule Optimized Optimized
Lifetime 150,000 150,000 hours Chambon et al., 2020

For the modelling of a BG, a biomass resource must be used. The daily available biomass ranges
from 3.04 to 17.37 tons/day. This is the sum of all available waste streams in the area of study.
The variation is the result of different land utilization scenarios. Because different waste-to-energy
technologies are used, an equivalent gasification ratio must be calculated. To calculate the
equivalent gasification ratio, every technology's total annual energy potential had to be first
identified. The total annual potential ranges from 15.92 to 56.04 T]/year. Assuming a range of
LHV values between 5.45 and 6.21 M] /kgqs mix, the resulting gasification ratio varies from 1.02
t0 2.20 kggas mix/k9biomass and is a function of the total annual WG. Each value used in the
HOMER Pro simulation represents a land usage scenario. The equation used to calculate the
gasification ratio is presented in Equation 19.

TAP

" LAV x (T, MOWS)) (19)

GReq
Where GR.q (kggasmix)/(KGpiomass) 1 the gasification ratio used in the HOMER Pro software;

TAP M] /year is the total annual energy potential; LHV M]/(kggasmix ) is the LHV of the gas
mix, and the sum of every WG (kgpiomass)/year.
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The carbon content used in this work is 44 %, according to the biomass resources' physicochemical
characteristics. This value is on par with values used by (Rib6-Pérez et al., 2021).

The schedule of the generator was set to be optimized based on the electrical, thermal demand, and
the economics of the other power sources.

3.2.3.1 BIOGAS GENERATOR MATHEMATICAL MODEL

A generator uses fuel to produce heat and electricity. HOMER Pro offers a variety of options
regarding generator types (e.g., fuel cells, internal combustions engines). Characteristics such as the
fuel consumption, the fuel curve and the minimum and maximum electrical output are required for
the modelling of the system component. HOMER Pro assumes the fuel curve is a straight line that
intercepts y-axis. Equation 20 is used to calculate the generator’s fuel consumption at any given
time step.

F = Fy X Ygen + Fy X Pyen (20)

Where Fy kg/hour/kW is the fuel curve intercept coefficient; Y., kW is the rated capacity of the
generator; F; kg/hour/kW is the fuel curve slope, and Py, kW is the electrical output of the
generator.

The electrical efficiency is defined as the electrical energy coming out of the generator divided by
the total chemical energy of the fuel going in. Equation 21 shows the is used to calculate the
electrical efficiency at any given time step.

3.6 X Byen

Tgen Mpyer X LHV 21
Where rivgy, kg/hr is mass flow rate of the fuel®.
Because risy,; = F the efficiency equation is given in Equation 22.
3.6Xp
Ngen = S (22)

(Fo X +F; X Pyen) X LHV

Where p., is the relative output (pgen = Pyen/Ygen) Of the generator.

3.2.4 CONVERTER

A converter allows the energy flows between AC and DC electrical components of the system.
Conversion of the current is essential for the electrical load in every application. Generally, most
electrical loads in the industry use AC to be powered. In this study, a generic converter comprising
a rectifier and an inverter is used to perform bi-directional AC-DC conversion. Conversion to DC is

2 The factor 3.6 arises from the conversion of kwWh to MJ (Note 1 kWh = 3.6 MJ)
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considered only if the system uses BAT as a storage solution or if the electric load is DC and power
generation is AC.

As abovementioned, the economic parameters of the converter are integrated into the PV cost
parameters, and therefore, the cost values presented in Table 3-17 are set to zero.

Table 3-17 Technical and economic parameters of the converter.

Component Costs Lifetime E' fr]l‘."?rter Parallel with AC
Capital Replacement 0&M (years) elency generator
(€/kW) (€/kW) (€/kW [year ) (%)

Converter 0 0 0 10 95 YES

The efficiency of the rectifier was set to 90 % and the relative capacity equal to 100 %.
Furthermore, the optimal sizing of the converter will be found from the capacity optimization
performed by the HOMER Pro optimizer.

3.2.5 GRID

According to (Terlouw & Bauer, 2021), electricity prices in the study area vary from 0.10 to 0.20
€/kWh. However, considering the recent energy price increases, a range of 0.20 to 0.30 €/kWh is
more realistic. A simple rate of 0.25€/kWh is assumed. An annual net metering option for the
HRES is enabled, and the sellback price is considered constant and equal to zero. The calculation of
the grid’s CDE is shown in Equation 23.

CDE = FPE XFD XFFF (23)

Where CDE kg Cozeq/kWh is the carbon dioxide emissions (CDE) of the grid per unit of

produced power; Fpgis the primary energy factor and is used to convert the final to primary energy,
and is equal to 2.9; F, is the diesel factor and equals 0.989 kg Cozeq/kWh (Sifakis et al., 2021),

and Fgp is the fossil fuels’ factor of the grid. In studies conducted in Crete where the RES
penetration is equal to 21.5 % the fossil fuels’ factor equals 78.5 % (Tial Kio et al., 2021).
Therefore, the CDE of the grid per unit of energy is equal to 2.25 kg COzeq/kWh.

3.2.6 BOILER

Because of the existence of thermal loads in this study, a boiler must be included to meet any unmet
thermal loads that the generators are unable to meet the needs. It is also important to note that
HOMER Pro software considers serving thermal loads as of secondary importance compared to
electric loads. This means a generator will not be dispatched to meet only a thermal load. Therefore,
the boiler provides the required thermal energy whenever the electric load is met from other sources
and the thermal load is unmet. HOMER Pro also assumes that a boiler is a pre-existing component
of the system while also being able to serve any thermal load. The fuel used in the boiler is diesel.
The efficiency of the boiler is set to 85 %.
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Diesel prices constantly fluctuate, but for the Prefecture of Chania, a price of 1.555 €/litre ,
including value added tax (VAT), in bulk is considered. This is the latest price (May 5%, 2022) for
diesel provided by the Greek Ministry (Yz. Avartoéng, Avtaywvicuxotytag, Yrodouwv, Metapopdv
Ko Aiktowv - Hapornpntipio Twaov Yypav Koevoiuwv, n.d.). During the same period last year,
diesel price in the Prefecture of Chania was 0.977 €/litre (including VAT). An increase of 59 % is
observed. This sharp price increase is an aftermath of the European energy crisis that dramatically
increased energy and fuel prices inside the EU.

3.2.7 GENERAL

In this study, a nominal discount rate of 8 % is assumed. The expected inflation rate is set to 2 %,
however; these variables are sensitive and hard to predict. Additionally, the projects lifetime is
equal to 25 years. The social cost of CDE is assumed to be equal to 82.76 €/tonC0,,, (TRADING

ECONOMICS | 20 Million INDICATORS FROM 196 COUNTRIES, n.d.). The price was retrieved
on June 10™. Lastly, no annual capacity shortage is allowed in this system.

3.3 ECONOMIC MODEL

In this diploma thesis, three main economic indexes are used to evaluate and rank the hybrid energy
systems proposed by the HOMER Pro software; these include the total net present cost (NPC), the
levelized cost of electricity (LCOE), and the initial CAC. HOMER Pro ranks the systems based on
the NPC of the proposed system. NPC is a reliable economic parameter, whereas LCOE is arbitrary
to some extent. The annualized CAC of each component is given by Equation 24 (Haghighat
Mamaghani et al., 2016).

Cacap = Ceap X CRF (24)

where CRF is the capital recovery factor calculated by Equation 25 (Haghighat Mamaghani et al.,
2016; Tazay, 2020).

ix(1+0)X

CRF=—__—~_
1+0DK—-1

(25)

Where K and i are the expected system lifetime and the annual real interest rate, respectively.

The total annualized cost (TAC) for all the system components is calculated using Equation 26
(Haghighat Mamaghani et al., 2016).

m m
TAC = Cocqp + Z Comj+ Cr + Z Cr, (26)
j=1 j=1
Where m is the total number of all system components; Cqy, ; is the annual O&M cost for the jth
component; Cy is the total annual fuel cost, and Cg ; is the annual RC of the jt"* component. NPC is
calculated using Equation 27 (Haghighat Mamaghani et al., 2016; Tazay, 2020).
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NPC = rac 27
" CRF (27)

The levelized cost of electricity is a metric that presents the average cost of used generated
electrical energy from the proposed energy solution. The total electrical energy generation of the
proposed HRES is calculated by Equation 28 (Haghighat Mamaghani et al., 2016).

Etotal = Eprim,AC + Eprim,DC + Edef + Egrid,sales (28)

where Ejim ac is the load served for the primary AC load; Epy.im pc is the load served for the
primary DC load; E. is the load served for the deferrable load, and Eg;.;q sq1es IS the energy sold to

the grid. The equation for the LCOE is presented in Equation 29 (Haghighat Mamaghani et al.,
2016; Tazay, 2020).

TAC
LCOE = (29)
Etotal
Similarly, the levelized cost of thermal energy (LCOTE) can be calculated using Equation 30.
ACyo;
LCOTE = —_2otler (30)

Eboiler

Where TE} e KWh/year is the annual thermal output of the boiler and AC, ;1. €/year is the
annualized cost of the boiler.

3.4 SCENARIO CONCEPTUALISATION

The commercially available grid simulation software HOMER Pro has been employed to simulate,
optimize and sort alternative HRES configurations. These HRES configurations have been
previously conceptualized. These systems include PV, WT, a boiler, a combined heat and power
unit and a gasification/AD unit. Storage via BAT or flywheels is not tested due to the increased
investment cost and the relatively high grid stability in the study area. The scenarios employed in
this diploma thesis are presented in Table 3-18.

Two scenario categories were formulated, modelled, and compared to the current energy state of the
industry. These scenarios aim to optimize the HRES without the use of an energy storage solution
while also investigating if the use of AD can reduce the NPC of the energy system. Due to high
solar and wind potential, PV and WT are considered in every scenario. In addition, each scenario
reflects a grid-connected system due to the industry's high energy consumption and the increased
volatility of RES. Lastly, every scenario is simulated using a different BA.
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Table 3-18 Different HRES configurations analyzed in HOMER Pro software.

Scelnél ro Hybrid System combinations BA3 (%)
1 PV + Wind + Grid + Boiler + CHP +
Gasification
, PV + Wind + Grid + Boiler + CHP + 10 &3 40
Gasification + AD

In total, six scenarios are evaluated. The results of the optimal system are selected manually, and a
sensitivity analysis is executed to determine the effects of variations in the system control variables.
A summary of the characteristics of each HRES system evaluated is presented in Table 3-19. An
important note is that the biomass price (BP) used is the average BP presented in Table 3-10.

Simulation model
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Figure 3-18 Schematic diagram of the proposed HRES.

Scenarios 1-3 are the scenarios with gasification as the only waste-to-energy technology used. A
similar pattern is used for scenarios 4-6; however, these scenarios utilize the biogas production from
AD in parallel with syngas from gasification.

% Biomass availability refers to OTP and tomato waste, MSW waste availability is considered constant and
equal to 50 % of the total MSW generation
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Table 3-19 Scenarios.

Components Biomass characteristics Gas TLXaigggfizi;gn and HOMER Pro generator
ID A BP WG GR Syngas Biogas Ly CAPEX [ REPEX 0&M

PV | WT | GRID | BOILER | GENERATOR | GASIFIER | AD | fon) %a{g}s} Ellifyf,a;::s) ovod) ovoD) ) /kg) Siw,,) giw,,) Ef}{gc)w,,
1V Vv v v v 4 X | 10 | 84.06 3.04 2.20 100 0 5.45 5,000 | 3,050 0.11
2 S| v v v v X | 25 | 84.06 7.60 2.20 100 0 5.45 5,000 | 3,050 0.11
3|V V v v v V4 X | 40 | 84.06 12.16 2.20 100 0 5.45 5,000 | 3,050 0.11
4\ \V |V | V v v v v | 10 | 9415 | 6.86 1.02 95.28 4.72 6.21 6,500 | 4,250 0.12
51vIv ] v v v v | 25| 8803 | 12.12 1.41 97.99 2.01 5.78 6,500 | 4,250 0.12
6 [V | v v v v v | 40 | 84.78 17.37 1.56 98.69 1.31 5.66 6,500 | 4,250 0.12
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3.5 SIMULATION SOFTWARE (HOMER Pro)

HOMER (Hybrid Optimization of Multiple Energy Resources) software is currently one of the most
predominantly used microgrid software globally. It was created by the U.S. National Renewable
Energy Laboratory (HOMER Pro - Microgrid Software for Designing Optimized Hybrid
Microgrids, n.d.). The programming language used to create the software HOMER Pro is Visual
C++. Currently, researchers and professionals are using this tool in the energy sector. It is used to
model, design, assess, and optimize grid-connected and off-grid energy systems. It is also widely
used to formulate and assess micro-grid, bigger energy systems (e.g., island grid), as well as
HRESs.

HOMER Pro software models the behaviour of an energy system, and it provides valuable
information about the life cycle cost of this energy system. It is a software tool that helps to
understand these systems and quantifies the effects of uncertainty or changes on input variables. It
allows the user to compare design alternatives by analyzing them in technical and financial terms.

Small-scale energy systems that generate electricity and heat can be modelled to meet the required
energy carriers (electric, thermal, hydrogen, or a combination of these). This software includes a
large combination of electricity and heat generation systems and energy storage solutions, allowing
the user to choose whether this system is connected to the grid or stand-alone. Some of the
components that HOMER Pro software can model are:

Solar PV;

WT;

Storage technologies;
Converter;
Boiler;

Hydro;
Reformer;
Electrolyzer;
Hydrogen tank;
Hydrokinetic;
Grid

The technological cost and availability of the energy resources have a significant impact on the
users’ final decision. Usually, due to many of technological options and possible system
configurations, the decision is a complex problem, something that HOMER Pro software, through
optimization algorithms and sensitivity analysis, aims to simplify. The core capabilities of the
HOMER Pro software are simulation, optimization, and sensitivity analysis. The relationship
between these core capabilities is shown in Figure 3-19.

HOMER Pro software generates an output file with extensive analysis capabilities based on the
input parameters. These analysis and visualization tools give the end-user important information on
various aspects to evaluate the developed energy system. An example of input and output
parameters used in HOMER Pro software is presented in Figure 3-20.
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Figure 3-19 Core capabilities of the HOMER Pro software. (Source: Ram et al., 2021)

* Load profile » Size optimization

* Available energy resources * Price of power generation

* Constrictions HOMER * Overall NPC and cash flow rate
* System control ' * Surplus power generation

* Details of components * RES penetration

* Emission data * Usage of conventional fuels

* Capacity shortage
* Cost information/analysis

Figure 3-20 Input and output variables in HOMER Pro software. (Source: P. Kumar & Vallabhbhai, 2016; Ram et al.,
2021)
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ee0®

Figure 3-21 Main screen of the HOMER Pro software.

Undoubtedly, HOMER is one of the most used microgrid simulation and optimization software,
with users ranging from energy professionals, researchers, policymakers, and students. It can be
used for techno-economic analysis with fully customizable projects. It can provide a wide range of
HRES components, thus offering the user an extensive library of available tools. An overview of
the advantages and limitations of HOMER are presented in Table 3-20.

Table 3-20 Advantages and disadvantages of the HOMER Pro software. (Source: P. Kumar & Vallabhbhai, 2016; Ram et

Software

HOMER

al., 2021)

Advantages

Disadvantages

HOMER Pro is freely accessible

Use of imperial units only

Easy to understand

Daily average time series cannot be imported

Results in graphical and tabular form

Multiobjective problems cannot be modelled in HOMER Pro. It
only allows single objective function for minimizing NPC

Can handle hourly data

Does not consider depth of discharge in BAT

Ability to perform sensitivity analysis

Unable to analyze thermal systems

Off-grid and grid connected power
systems modelling capabilities

Does not consider intra-hour variability

Economic impact of the emissions

Fluctuation in bus voltage is not considered

Can consider selling or purchasing
electricity, to or from, the grid

Computationally inexpensive
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3.6 LIMITATIONS AND ASSUMPTIONS

As with every research project, software limitations appeared, and logical assumptions were made
during this diploma thesis. Some of the most important assumptions made are presented in the
following section:

HOMER Pro software assumes that the gasification ratio remains constant in time;
however, it greatly depends on the biomass characteristics, the efficiency of the process,
and the load of the gasifier;

HOMER Pro software assumes the boiler can serve any thermal load that the generator
cannot, as well as that the boiler is an existing infrastructure and therefore has no initial
cost;

The boiler uses diesel to meet any unmet thermal loads in case of biomass shortage;

A fuel mixer is not considered in the simulation;

The gasifier and the anaerobic digester have a lifetime equal to the generators’;

The chemical composition of AD is constant and identical for the digestion of tomatoes and
MSW;

of MSW generation is available for energy valorisation;

Constant daily production of biomass is assumed for the whole duration of the study;

The heat generated from the CHP unit can be used in the industrial facility (CHP produces
heated water to almost 80 °C, whereas the industry requires hot air with temperatures higher
than 150 °C);

The study does not account for changes in electrical and thermal demand with time because
of the changes in the production system;

Social factors (social acceptance) are not considered in the ranking of the systems.
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3.7 METHODOLOGY SUMMARY

A summary of the methodological framework developed in this diploma thesis used to design and evaluate a hybrid energy system is presented
in Figure 3-22. The analytical flowchart is presented in Appendix C.

1 icrogrid Energy/Heat 3 rgy System Design e (Scenario 5 tion ation e
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* Future growth * RES Penetration
2 ssess o projections Index
* Maximum annual
capacity shortage (%)

+ Wind speed (m/s)

+ Cost of
operation
+ Efficiency - . . .
 Caleulation [ Evaluation ( & |
of of the Calculation Tﬁﬁi‘:&
- economic propased of of changes
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(NPV, IRR) tal indexes cczstml
N e (annual |
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selection of th_: input ) performanc
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Carlo
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Figure 3-22 Summary of the proposed methodological framework developed.
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CHAPTER 4

RESULTS

4.1 HOMER PRO RESULTS

This chapter will provide the details of the studied HRES for the bakery industry located in
Crete. This section describes the technical and economic aspects of all the tested configurations. A
techno-economic analysis is conducted to determine the optimal system's technology selection,
design, and sizing. The optimization of the system has been investigated using the HOMER Pro
software. The ranking of the proposed systems is done based on objective parameters such as the
NPC of the system. A high renewable fraction is desired along with a lower CDE compared to the
baseline system. Section 4.1.1 contains the key findings used to determine the most favorable
HRES. Additionally, it provides the results of the baseline energy system. Afterward, an analytical
presentation of the optimal energy system is provided in Section 4.1.2. Lastly, the results of the
sensitivity analysis are presented in Section 4.1.3.

4.1.1 BASELINE CASE AND SUGGESTED SCENARIOS

To identify the optimal system, the baseline system has to be first described. Therefore, an
assessment of the current energy system must precede. The existing energy system consists of a grid
connection and internal combustion engines to provide the necessary electricity and heat to the
facility. The internal combustion engines utilize diesel for heat production with no generator for
further utilizing the combustion of diesel. In HOMER Pro, the set of internal combustion engines is
substituted for a boiler. The schematic diagram of the baseline energy system is presented in Figure
4-1.

AC DC
R
et
| -
Grid Bakery clectrical load
l ‘[ THERMAL
AL
WY
Bakery thermal load Boiler

Figure 4-1 Schematic diagram of the baseline system.
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The costs of electricity and thermal supply, assuming an energy price of 0.25€/kWh and a diesel
price of 1.555€/L, for the bakery industry are presented in Table 4-1. In the baseline system,
362,4 tons of diesel are consumed to meet the thermal needs of the bakery industry.

Table 4-1 Cost of the baseline case.

Component Annua(llfvr:/e}:%/]g]‘i:e)eratlon C,nvn (€/year) | Lifetime (years) Cypc (€)
Grid electricity 1,056,350 264,087 25 3,413,995
Boiler 3,031,458 563,595 25 7,285,895
Carbon tax — 276,067 — 3,568,865
Total - 1,103,750 25 14,268,756

Table 4-1 provides the results obtained from the economic analysis of the baseline system. More
importantly, the NPC of the system was found equal to 14.268 million €, where 51 % of the costs
are related to diesel purchasing. Apart from the grid and diesel-related costs, emissions penalties for
the production of CO, are also included. The annual CDE of the system are equal to
3,335.7 tCOzeq. The annualized cost for CDE is equal to 276,067 €, and the total NPC of the CDE

for the projects’ lifetime was found to be 3,568,865 €, underlying the importance of CDE to the
economic performance of the system. In the baseline system, the LCOE and LCOTE are equal to
0.4362 and 0.1859 €/kW h, respectively.

The economic results of the energy system simulations for every scenario, are presented in Figure
4-2. More notably, the NPC, initial capital, and CDE are presented for the current energy supply
system as well as for the six developed scenarios.

What stands out in Figure 4.2 a) is that all the developed hybrid systems offer better economic and
environmental performance compared to the current energy supply system. The most interesting
aspect of the graph is that the lowest NPC appears in scenarios 1-3, where gasification is the only
waste-to-energy technology employed and equals 10,611,356 €. The best-case scenario decreases
the NPC by 25.63 % compared to the baseline energy system. By adding AD in the HRES, the
decrease of NPC, compared to the baseline system, ranges from 17.92 to 21.87 %. Different BA
leads to different BPs, so a different NPC is found. When a combination of gasification and AD is
used (scenarios 4-6), it can be seen that in Figure 4-2 a), there is a clear trend of decreasing NPC
for increased land usage. This is caused thanks to lower BPs due to higher BA. CAC is higher for
scenarios that incorporate AD in the energy system equalling 1.36 million €, whereas, for
gasification-only systems, the cost is 13 % lower.

Figure 4-2 (b) provides the LCOE and the carbon avoidance of the current supply and the
developed scenarios. The implementation of AD reduces GHG emissions while also providing
better economic performance compared to the baseline system; however, it leads to higher energy-
related costs compared to the HRESs with gasification only. There was a significant difference
between the LCOE of the baseline system and the simulated HRESs. In scenarios 1-3, the LCOE is
0.1533 €/kWh, a 64.86 % decrease compared to the current baseline system. Additionally,
scenarios 4-6 have a LCOE equal to 0.2266, 0.1965, and 0.189 €/kW h, respectively. Interestingly,
no significant reduction regarding the LCOTE was found between the baseline system and the
HRESs of every scenario, a somewhat disappointing result. A possible explanation for this result
may be the small decrease of the boiler contribution to the total thermal energy generation. CDE
avoidance peaked in scenarios with gasification only in accordance with data from Figure 4-2 b).
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Figure 4-2 a) NPC, initial capital, and CDE of current supply and scenarios b) LCOE, LCOTE and carbon savings of
current supply and scenarios.

Using gasification to produce syngas is beneficial for the cost of the HRES while also providing
environmental benefits. The use of gasification (scenarios 1-3) provides average annual carbon
savings equal to approximately 2,100 tons. Similarly, by adding AD to the technologies employed
in the HRES (scenarios 4-6), the decrease in annual CDE ranged from 1,658 to 1,951 tons.
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Some valuable remarks regarding electricity generation and the LCOE of every scenario can be
derived from Figure 4-3 a). This figure reveals that the electricity generation is dominated by the
BG and solar PV for the scenarios incorporating gasification. These two technologies contribute
more than 70 % to total energy generation. The energy and the levelized cost of production from
WT and solar PV remain unchanged throughout all scenarios. The marginal generation cost of the
BG ranges from a minimum of 0.236 €/kWh (scenarios 1-3) to a maximum of 0.31 €/kWh
(scenario 4). This can be attributed to the lower BPs in scenarios with OTP-only waste.
Additionally, biomass cost dramatically affects the energy production of the BG. BA does not affect
the design of the optimal HRES because even in the case of 10 % land utilization, the available
feedstock is more than enough to meet the generator's needs. By adding AD, grid purchases
increase, and the overall contribution of the BG is reduced.

Regarding Figure 4-3 b) some important remarks can be drawn regarding the total thermal
generation of every component as well as the renewable fraction of every scenario. This figure
shows that the boiler generates most of the thermal energy while the BG only produces a small
fraction of the required thermal energy demand. The generator serves almost 5 % of the total
thermal load in gasification-only scenarios. By adding AD, the percentage drops to almost 4 %. The
renewable fraction is maximized in scenarios 1-3, where it equals 87.9 %. For scenarios
incorporating AD, the renewable fraction is decreased, ranging from 71.8 to 82.4 %. The increase in
BPs and consequently the decreased average energy output from the BG are the causes of this
decline.

Figure 4-3 c) can provide useful remarks concerning every scenario's total annual diesel and
biomass consumption. This figure reveals that biomass consumption in gasification-based scenarios
is lower than in AD-gasification scenarios. Biomass utilization peaked in scenario 5 with an average
biomass consumption of 376 tons/year. Increased biomass consumption in scenarios that include
AD but with lower energy generation is caused because the gasification ratio is smaller than the
gasification-only counterparts. This is caused because of the assumption that all biomass is utilized
from one waste to energy technology equivalent to AD and gasification. The utilization of a
biomass resource leads to a reduction in diesel consumption. In scenarios 1-3, diesel consumption
dropped by 5 %, which translates to 18,042 litres. Scenarios incorporating both waste-to-energy
technologies result in smaller reductions in diesel consumption, ranging from 3.3 to 4.4 %
compared to the baseline system.

Table 4-2 summarizes the preliminary results of the simulation from both an energy and economic
perspective. As shown in Table 4-2 the optimal HRES configuration for every scenario consists of
the same components, namely the architecture PV/BG/WT is the optimal. Additionally, it can be
observed that the sizing of the components is the same across every scenario. What is interesting
about the data in this table is that the capacity factor of the BG is higher for the gasification-only
scenarios, suggesting a better utilization profile. Additionally, gasification-only scenarios result in
lower annual O&M costs compared to scenarios where a combination of AD and gasification is
present. The results, shown in Table 4-2, indicate a 33.9 % drop in annual O&M costs compared to
the baseline energy system.
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Table 4-2 Optimization results.

Best HRES per scenario
Specification category Specification Unit
1 2 3 4 5 6
PV KW 240 240 240 240 240 240
Wind turbine quantity 6 6 6 6 6 6
System architecture BG kW 120 120 120 120 120 120
Converter kW 271 271 271 271 271 271
Dispatch strategy LCorCC cc cC cC cC cc cc
LCOE €/kWh 0.1533 | 0.1533 | 0.1533 | 0.2266 | 0.1965 | 0.1890
LCOTE €/kWh 0.1859 | 01859 | 0.1859 | 0.1859 | 0.1859 | 0.1859
c NPC million € 10.611 10.611 10.611 11.712 11.261 11.148
ost Total annual O&M
o e €/year 729,557 | 729,557 | 729,557 | 800,791 | 765861 | 757,125
Initial CAC million € 1.180 1.180 1.180 1.360 1.360 1.360
PV array kWh/year | 436,731 | 436,731 | 436,731 | 436,731 | 436,731 | 436,731
Wind turbine kWh/year | 183151 | 183,151 | 183,151 | 183,151 | 183,151 | 183,151
BG kWh/year | 419816 | 419,816 | 419,816 | 229,620 | 333,115 | 354,933
Grid purchases kWh/year | 142,782 | 142,782 | 142,782 | 332,978 | 229,483 | 207,665
Electrical power Total electricity KWh/year | 1,182,480 | 1,182,480 | 1,182,480 | 1,182,480 | 1,182,480 | 1,182,480
production production
kWh
Unmet load o 0 (0) 0(0) 0(0) 0(0) 0 (0) 0 (0)
Excess electricity kWh 0 0 0 0 0 0
/year (%) 0) 0) 0) 0) (0) 0
BG kWh/year | 150,905 | 150,905 | 150,905 | 99,007 | 129,721 | 134,013
Thermal power Boiler kWh/year | 2,880,553 | 2,880,553 | 2,880,553 | 2,932,450 | 2,901,736 | 2,897,444
production Ts:z:jg‘c‘iirg]a' kWh/year | 3,031,458 | 3,031,458 | 3,031,458 | 3,031,458 | 3,031,458 | 3,031,458
Diesel consumption L/year 344,399 344,399 344,399 350,604 346,932 346,418
Fuel consumption Biomass tons/year 307 307 307 356 376 563
consumption
PV array % 20.8 20.8 20.8 20.8 20.8 208
Capacity factor Wind turbine % 34.8 34.8 34.8 34.8 34.8 34.8
pactty BG % 39.9 39.9 39.9 218 317 39.9
Converter % 17.5 17.5 17.5 17.5 17.5 17.5
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Figure 4-3 a) Electrical energy production for every scenario and levelized cost per technology, b) thermal energy
production per technology and renewable fraction for every scenario, and c) diesel and biomass consumption per

scenario.
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4.1.2 OPTIMAL SYSTEM ARCHITECTURE

The optimal design of the HRES for the current study consists of different components. The most
optimal HRES to meet the load demands of the industrial facility comprises of a 240 kW, PV array,
a 120 kW, biogas generator (gasifier only), 60 kW, WT, and a 271 kW converter. This system is the

best configuration simulated, presenting the lowest NPC across all simulations. The optimal system
technology selection is based on Scenarios 1-3 where the valorisation of OTP waste for syngas
production is used. The system architecture is summarized in Table 4-3.

Table 4-3 System architecture.

Component Name Size Unit
Generator Generic Biogas Genset (size-your-own) 120 kW
PV Generic flat plate PV 240 kW
Wind turbine Generic 10 kW 6 quantity
Converter System converter 271 kW
Boiler Generic Boiler 1 quantity
Grid Grid 999,999 kW
Dispatch strategy HOMER Cycle Charging — —

A comparison of scenario 1 with the current energy system shows that the transition to the optimal
HRES system described in Table 4-3 has a present worth equal to 3,657,401 €, indicating that the
proposed HRES compares favourably as an investment option with the baseline system. The annual
worth equals 282,916 €. Additionally, an internal rate of return (IRR) and the return on investment
(ROI) of the transition equals 31.5 % and 27.9 %, respectively. The simple and discounted payback
times equal 3.17 and 3.62 years, respectively. The relatively low payback times signify good
economic performance.

A schematic diagram of the proposed HRES, containing all the components, is shown in Figure 4-4
(left). Furthermore, in Figure 4-4 (right), a comparison between the cumulative discounted cash
flows is presented, highlighting that the optimal system offers better economic performance
compared to the baseline case.

The results of the optimization process revealed that the proposed HRES requires an initial
investment equal to 1.18 million €. Additionally, regarding the environmental performance of the
system, in total 2,103tCO0,, q are prevented from being released into the atmosphere annually,

signifying great environmental performance.

The results, as shown in Table 4-4, indicate that the optimal HRES offers competitive economic
performance despite the high initial investment cost of the installation. More specifically, the best
optimized HRES offers a NPC equal to 10.611 million € and a competitive LCOE equal to 0.1533
€/kWh, a decrease of 64.86 % compared to the baseline energy system. This indicates that
electricity is cheaper by 0.2829 €/kWh, and the industry owners can save almost 300,000 €
annually by implementing the proposed HRES, as electricity consumption for 2020 equaled 1,057
MW h. The annual savings regarding electricity consumption can increase as energy prices increase
due to potential energy crises. Another critical finding is that LCOTE is not affected by HRES
integration. Therefore, no economic benefit appears regarding thermal energy generation aside from
fuel-related costs.
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Table 4-4 Optimal system economics.
Metric Value Unit
NPC 10,611,360 &
Levelized cost of electricity 0.1533 €/kWh
Initial CAC 1,180,000 &
AC DC
Grid Electric Load #1 PV 0
f & =
2T ? TS -2.500.000 \\
2894.11 kWh/d = )
270,05 KW peak £ -5,000.,000 A
GlIO Converter E @ -7.500.000 \
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Figure 4-4 Schematic of the system (left), comparison of cumulative discounted cash flows (right).
4.1.2.1 COST SUMMARY

In Table 4-5, the capital, operating, replacement, and resource costs are presented for every
component. What stands out in this table is that the biggest contributor to the initial investment cost
is the generator with a gasification unit. In total, the BG has an NPC equal to 1.60 million €. The
O&M costs of the generator are the highest, with a total NPC equal to 0.722 million €. The total
NPC of the carbon tax equals 1.30 million €, contributing by more than 10 % to the total NPC. The
resource-related costs are dominated by the generator and the boiler.

Figure 4-5 a) presents a cost summary of the optimized HRES for selected components. More
specifically, it reveals that most of the costs are related to the generator, boiler, and carbon taxes.
Almost 59 % of the total CAC was due to the biogas generator and the cost of CHP integration.
Replacement costs appear to be zero because every system component has a lifetime higher than 25
years. What is interesting about the data in Figure 4-5 a) is that more than 68 % of the total NPC is
directly connected to fuel costs. This can be justified by the fact that the thermal demand in this
case study is higher compared to the electrical power demand. Another interesting result from this
figure is that during the lifetime of this project, carbon tax costs represent a significant portion of
the operating costs.
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The cash flow for the HRES components over the project lifetime is presented in Figure 4-5 b).
Additionally, what stands out in Figure 4-5 b) is the existence of an initial cost related to the system
adaptation costs. The modification of the existing infrastructure (e.g., installing a heat exchanger
and pipes) is required to operate a CHP unit, which results in a capital investment cost at the
beginning of the project. This cost includes purchasing and installing the necessary equipment to
utilize waste heat from the CHP unit. This figure also shows that the main source of costs
throughout the years comes from the boiler and the BG. On the other hand, RES components (WT,
PVs) have a small contribution to the total NPC of the HRES.

In Figure 4-5 ¢), cash flows by cost type over the project lifetime are presented. From the data in
Figures 4-5 b) and c¢), it is apparent that during the lifetime of the project, the cash flows are
constant and non-changing because every component has a lifetime higher or equal to 25 years.
Another significant finding is that most of the costs on a yearly basis are mainly fuel-related. Lastly,
in the final year of the study, a positive cash flow can be observed due to the remaining value of the
BG (assuming linear depreciation).

Table 4-5 NPCs.

Component Name Capital | Operating | Replacement | Salvage Resource Total
. . Generic
Wind turbine 10 KW €120,000 | €24,821 €0.00 €0.00 €0.00 €144,821
PV array Generic flat | 506 000 | €31,026 £€0.00 £€0.00 €0.00 | €391,026
plate PV
Generic
Generator €600,000 | €702,367 €0.00 —€27,531 | €333,924 | €1.61M

Biogas Genset

Grid Grid €0.00 | €124,390 £€0.00 £€0.00 €0.00 | €124,390
Boiler Generic Boiler | €0.00 €0.00 €0.00 €0.00 | €6.92M | €6.92M
Carbon tax Carbon tax €000 | €1.32M €0.00 €0.00 €0.00 | €1.32M
Fixed cost of CHP - €100,000 | €0.00 £€0.00 £€0.00 €0.00 | €100,000
generator
Summary System €1.18M €2.20M €0.00239 —€27,531 | €7.26M €10.6M
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Figure 4-5 Cost flows of the optimal system.
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4.1.2.2 ELECTRICAL DEMAND SUMMARY

The industrial site requires, on average, 2,894 kWh/day and has a peak of 270 kW,;. The monthly
electrical power generation of each component comprising the optimal HRES is presented in Figure
4-6. Data from Figure 4-6 can be compared with the data in Figure 3-3, which shows that the
monthly electricity generation matches (or even surpasses) the monthly electricity consumption.
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Figure 4-6 Monthly electrical energy production per technology.

Figure 4-6 and Table 4-6 clearly show the dominance of PV and biogas generator in electricity
generation. More specifically, 36.9 % of the total electricity production comes from the 240 kW,
PV array. Additionally, the 120 kW,; BG operates throughout the year according to the load and the
generation from non-dispatchable sources and produces 35.5 % of the total electricity demand.
Lastly, 12.1 and 15.5 % of the total electricity production is purchased and produced from the grid
and WT, respectively. Figure 4-6 reveals that wind energy production remains relatively unchanged
throughout the year. In addition, grid electricity purchases reached a peak point during the summer
when the energy demand peaked.

The average output of the WT equals 20.9 kW, whereas the solar PV average power output is equal
to 49.9 kW or 1,197 kWh/day. The BG's mean electrical output is found to be 102 kW, with a
41.0 % mean electrical efficiency.

Shortages are not allowed, and therefore 0 kWh/year of unmet electric load appears in the
proposed HRES.

Table 4-6 Electricity production summary.

Component Name Production (kWh/year) Percent of total production (%)
Generator Biogas Genset 419,816 35.5
PV Generic flat plate PV 436,731 36.9
Wind turbine V-Twin 10 183,151 15.5
Grid Grid 142,782 12.1
Total - 1,182,480 100
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What can be clearly seen in Figure 4-8 a) is the general pattern of PV electricity production
throughout the year. PV electricity production reached a peak during the summer. Additionally, a
close inspection of the data shown in this figure shows that PV power production mainly took place
between 06:00 and 18:00. It is also evident that more extended electricity production periods can be
observed during the summer. Also, during the winter months, PV production is dramatically
reduced, probably due to lower solar radiation striking the earth’s surface and bad weather
conditions (cloud coverage). The total number of operational hours for the PVs was 4,282;
therefore, a PV array in the study area generates energy for 12 hours per day on average. The
specific yield of the PV array was found equal to 1,820 kWh/kW,, confirming the high solar
potential in the study area. Moreover, the marginal cost of energy generation from solar PV is equal
to 0.0693 €/kWh. This value is higher compared to other studies because, as abovementioned, for
PV installations in Greece higher than 100 kW, rated capacity, the construction of a substation is
mandatory, thus increasing the marginal cost of energy generation.

Regarding WT, the power output throughout the year is illustrated in Figure 4-8 b). What stands out
in Figure 4-8 b) is the variability of wind turbine electricity production throughout the year. No
specific pattern can be observed for wind power generation due to the volatile nature of wind;
however, the highest reported value is equal to 60.5 kWW. The average WT power output equaled
20.9 kW with a capacity factor equal to 34.8 %. The levelized cost of electricity regarding WT is
equal to 0.0612 €/kWh. This value is considerably lower compared to values reported in the
literature. This result may be explained by the fact that the CAC of WT used in this study is lower
compared to the rest of the literature. Wind penetration is lower than the other technologies due to
the lower total rated capacity of employed WT. This is a consequence of the Greek law limiting WT
construction near populated areas.

Concerning BG, the general pattern of electric power output throughout the year is presented in
Figure 4-8 ¢). Energy generation periods are mainly located during the early and late hours of the
day when electricity production from PV is zero. During the morning hours, when solar PV energy
generation is low, the generator is used to cover part of the electric power demand of the facility. It
is apparent from Figure 4-8 c) that the biogas generator was likely to deliver its maximum electrical
output during the morning hours. The number of starts per year is equal to 517. This number is high
due to this generator's high minimum load ratio. The generator operates at 39.9 % of its rated
capacity, indicating that it can still generate electricity and heat if the industry's energy demands
increase in the future. Lastly, during the summer, electricity generation from the generator peaks, a
direct effect of the higher energy consumption during the summer months.

Figure 4-7 provides an example of the electrical power output of every component for a typical
week (19" week). This figure shows that the BG operates during off-peak times when PV
production is low. Additionally, it shows that excess electricity is produced during the daytime
when PV power generation peaks.
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Figure 4-8 Data maps for electricity production of every component of the proposed HRES.

4.1.2.3 THERMAL DEMAND SUMMARY

The industrial site requires, on average, 8,294 kWh/day and has a peak of 1,074 kW,,. The
monthly thermal power generation of each component comprising the optimal HRES is presented in
Figure 4-9. Data from Figure 4-9 can be compared with the data in Figure 3-7, which shows that
the monthly heat generation matches the monthly heat consumption.
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Figure 4-9 Monthly thermal energy production per technology.

It is evident from Figure 4-9 that thermal power generation is dominated by the boiler. According
to Figure 4-9 and Table 4-7, only 4.98 % of the thermal energy is produced from the BG. It is
apparent from Figure 4-9 that thermal energy production experiences phenomenal growth during
the summer months. This is caused by the increased production needs during the summer period.
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During the summer months, the contribution of the boiler is increased and reaches a peak during
July when more than 95 % of the thermal energy consumption is supplied from the boiler.

Table 4-7 Thermal energy production summary.

Component Name Production Percent of total production Unit

Generator Biogas Genset 150,905 4.98 kWh/year
Boiler Generic Boiler 2,880,553 95.02 kWh/year
Total - 3,031,458 100 kWh/year

Figure 4-10 provides an example of the thermal power output of every component for a typical
week (19" week). This figure shows the small contribution of the BG regarding thermal power
generation. This graph also indicates that the BG works supplementary with the boiler instead of
aiming to replace it.

Figure 4-11 illustrates the thermal power output of the BG and boiler for one year. What stands out
in Figure 4-11 a) and b) is the difference between the thermal energy production between the
generator and the boiler. The boiler mainly produces thermal energy during peak thermal power
demand hours, whereas the BG is utilized during off-peak hours. The mean output of thermal
energy from the boiler is found to be 329 kW,,, with a peak value higher than 1,000 kW,,. The
boiler works to provide the thermal energy when the BG cannot provide enough at full utilization.
This is the case during the summertime when the BG reaches a peak thermal output of 41.5 kW,,,.
During the daytime, when solar PV power output peaks, the CHP unit is not being utilized because
it produces extra electricity that cannot be used from the industrial facility. Therefore, it is cheaper
to resort to thermal power produced from the boiler. Additionally, the BG operates for
4,116 hours/year, whereas the boiler operates for 8,305 hours/year. Therefore, a significant
result is that the generator works supplementary rather than replacing the boiler entirely.
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Figure 4-10 Hourly thermal power generation according to HOMER for a typical week (19" week).
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Figure 4-11 Data maps for thermal energy production of every component of the proposed HRES.
4.1.2.4 FUEL SUMMARY

During a year, a total of 307 tons of biomass feedstock, to produce the gas mix used by the CHP,
are consumed to meet part of the electric and thermal needs of the industry. Diesel consumption is
reduced compared to the baseline energy system at just 344,399 litres, a 4.98 % drop in diesel
consumption. The biogas and diesel consumption patterns are the same as the thermal output of the
BG and boiler, respectively.

Table 4-8 reveals that the average feedstock consumed per day is equal to 0.842 tons, which is
lower than the daily available biomass feedstock with 10 % land utilization of olive trees. The most
striking result to emerge from the data presented in Table 4-8 is that the utilization of more land
does not provide any economic benefit. Interestingly, just 3 % of land utilization of the olive-
derived waste can serve the needs of the generator of this system.
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Figure 4-12 Data maps for biogas and diesel consumption.
Table 4-8 Fuel consumption summary.

Quantity Value Unit
§ Total feedstock consumed 307 tons/year
o
[ Average feedstock per day 0.842 tons/day
= Total fuel consumed 344,399 L/year
a Average fuel per day 944 L/day

4.1.2.5 GRID

Table 4-9 presents an overview of the monthly net energy purchases. This table shows that the
annual energy purchased from the grid is 142,782 kWh and the annual energy sold to the grid is
104,294 kW h.
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What stands out in Table 4-9 is the negative values during the Spring months. This is a result of the
HRES generating more energy than the actual energy consumption of the industrial facility. This
happens when non-dispatchable RES components such as PVs and WT produce more energy than
the industrial facility's energy needs.

Table 4-9 Grid monthly summary.

Month Energy Energy sold Net energy Peak Energy Demand Total
purchased (kWh) purchased load charge charge
(KWh) (KWh) (kW)
January 12,116 11,006 1,110 68.9 €0.00 €0.00 €0.00
February 11,899 8,739 3,160 68.8 €0.00 €0.00 €0.00
March 11,048 13,308 —2,260 68.9 €0.00 €0.00 €0.00
April 8,157 12,966 —4,809 69.1 €0.00 €0.00 €0.00
May 9,372 8,673 699 69.1 €0.00 €0.00 €0.00
June 11,075 9,368 1,707 69.1 €0.00 €0.00 €0.00
July 14,336 3,729 10,606 103 €0.00 €0.00 €0.00
August 16,354 9,542 6,813 97.3 €0.00 €0.00 €0.00
September 14,263 3,735 10,528 85.8 €0.00 €0.00 €0.00
October 11,243 6,750 4,494 83.3 €0.00 €0.00 €0.00
November 9,600 6,632 2,967 68.6 €0.00 €0.00 €0.00
December 13,319 9,846 3,474 68.9 €0.00 €0.00 €0.00
Annual 142,782 104,294 38,489 103 €9, 622 €0.00 €9,622

The trend of energy purchases and sales from or to the grid throughout a year is shown in Figure 4-
13. From data presented in Figure 4-13 a), most energy purchases happen in the morning and
evening when PV energy generation is at its lowest. The highest reported value of electrical load
received from the grid is equal to 103 kW,,, and it occurred during July. The results, as shown in
Table 4-9 and Figure 4-13 a), indicate that the optimal HRES lowered grid dependency
considerably.

On the contrary, energy sales to the grid occur more frequently during the daytime, when electricity
demand is at its highest. During the summer, when the energy requirements of the industrial plant
increase, the frequency and overall amount of energy purchases from the grid also peak.
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Figure 4-13 Data maps for energy purchases and sales from or to the grid.

4.1.3 SENSITIVITY ANALYSIS

To investigate the effects of different factors on the performance, a sensitivity analysis was
performed. The LCOE, LCOTE, IRR, CDE, renewable fraction, and the contribution of the BG to
the energy mix are the metrics that have been used to assess the impact of specific uncertainties on
the best-case scenario. The sensitivity analysis was performed on the optimal energy system
proposed by HOMER Pro. This optimal system consists of 240 kW, of PVs, 60 kW, of WT and a

generator (gasifier-included) with a capacity of 120 kW,.

Due to the nature of renewable energy systems, uncertainties are always present. The cost of
energy, diesel, CE, biomass, and the average daily electrical and thermal load significantly impact
the HRES' economic and environmental performance. These are the system control variables that
significantly affect the system outputs and operating costs. The system control variables and their
relative variation from the baseline scenario are presented in Table 4-10.
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The impact of these parameters is assessed in the following subsections.

Table 4-10 List of sensitivity analysis variables.

Sensitivity variable Range of value values (step size 10%) Unit
BP [-50%, 50%)] €/kWh
Average daily energy and heat demand [-50%, 50%)] kWh/day
Grid energy price [—50%, 50%] €/ton
Carbon emissions penalty —100% and [-50%, 50%)] €/tC0,,,
Diesel fuel price [—50%, 50%] €/litre

4.1.3.1 SENSITIVITY ANALYSIS FOR BIOMASS PRICE

The connection between the economic performance of the suggested HRES and the price of
biomass is shown in Figure 4-14. The LCOE witnessed an upward trend, whereas the IRR index
dropped for increased BPs. As observed, a 50 % decrease in the BP results in a 1.8 % increase in
IRR and an 11.35 % drop in the LCOE. Similarly, an increase in biomass prices drives energy
generation costs while simultaneously lowering the IRR of the proposed HRES. The results, as
shown in Figure 4-14, indicate that the optimal HRES proposed offers better economic performance
than the baseline system. The current discount rate employed in this study is lower than the IRR
index, which indicates better economic performance.

Figure 4-15 presents the effects of changes in BP concerning the CDE and the renewable fraction.
Similar patterns involving the CDE, and the renewable fraction may be seen in Figure 4-15. The
CDE exhibited an upward trend, whereas the renewable fraction decreased following the rising of
BPs. The CDE varied from 1,169 to 1,319 tons, whereas the renewable fraction ranged from 84.8
to 90.2 %, indicating better environmental performance for lower BPs. Increased CDE indicates
higher grid dependability, and as Figure 4-15 illustrates the renewable fraction decreases as BPs
increase.

Figure 4-16 illustrates the effects of variations in the BP concerning the total contribution of the
BG. What stands out in this figure is that increased BP results in lower overall usage of the BG and,
therefore, more grid purchases occur. Reduced use of BGs increases reliance on the grid and boilers
to supply the necessary electrical and thermal energy, thus resulting in a higher overall
environmental impact of the proposed HRES.
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Table 4-11 Summary of the results in BP sensitivity analysis.
Metric .
Levelized BG BG thermal
% Cost Of In;?g:tlﬁﬁte Emci:scs)izons Renewable electricity energy
Change Cost of Electricity (IRR) (tons) Fraction production | production
of biomass (LCOE) (%) (Yototal) (%total)
reference | (€/ton)
scenario
—50% 42.03 0.1359 33.3% 1,169 90.2% 37.8% 5.34%
—40% 50.44 0.1392 32.9% 1,180 89.8% 37.4% 5.28%
—-30% 58.84 0.1427 32.6% 1,192 89.4% 37.0% 5.21%
—20% 67.25 0.1461 32.2% 1,204 89.0% 36.5% 5.14%
—-10% 75.65 0.1495 31.9% 1,217 88.5% 36.1% 5.07%
0% 84.06 0.1533 31.5% 1,233 87.9% 35.5% 4.98%
10% 92.47 0.1568 31.1% 1,248 87.4% 35.0% 4.90%
20% 100.87 0.1602 30.8% 1,261 86.9% 34.5% 4.82%
30% 109.28 0.1638 30.4% 1,278 86.3% 33.9% 4.73%
40% 117.68 0.1677 30.0% 1,298 85.6% 33.2% 4.62%
50% 126.09 0.1716 29.6% 1,319 84.8% 32.4% 4.51%
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Figure 4-14 The effect of the BP on LCOE and IRR.
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Figure 4-16 The effect of the BP on biogas electricity/heat contribution (%total generation).

4.1.3.2 SENSITIVITY ANALYSIS FOR AVERAGE DAILY ENERGY AND HEAT DEMAND

The daily average energy and heat demand is the following variable whose effect on the system's
economic and environmental performance has been analyzed. This sensitivity analysis was
conducted to assess the effects of possible variations in the production capabilities of the system.
Another possible cause that could drastically affect the average load is the use of energy efficiency
measures. The profile has been considered identical, but the data has been scaled up and down by
50 % with a constant step of 10 %.
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The graph presented in Figure 4-17 shows the effects of changes in the average daily energy and
heat consumption on the system's economic performance. What stands out in these results is that a
50 % decrease in energy and heat consumption results in higher energy-related costs and lower
economic performance (IRR). Furthermore, a local minimum of the LCOE can be found for a 10 %
load decrease due to the sizing of the generator. This result is somewhat counterintuitive. This
outcome may be explained by the fact that a reduction in electric and thermal power generation
diminishes the benefits provided by the HRES over the baseline system. A decrease in load would
have a negative impact on the investment. As it can be seen in Figure 4-17, IRR varies between
15.8 and 41.4 %, indicating that the investment is offering economic benefits even in unfavorable
conditions. A high IRR for an increase in the average daily load is indicative of a robust system that
ensures good economic performance if production capacities are expanded.

The sensitivity analysis’s results of the average electricity and heat consumption in terms of CDE
and the system’s share of renewable energy are shown in Figure 4-18. It can be observed that the
renewable fraction increases for a slight reduction in energy demand, but it remains over 80% for
changes in the daily average of the electric and thermal load of £50%. It is also evident that
increases in energy demand led to higher CDE. Interestingly, the renewable fraction peaks for a 10
% load decrease, suggesting that the system’s components are oversized. Increased load demand
results in higher CDE. This is an expected outcome. These relationships may partly be explained by
the fact that the system is sized for the base-case load; therefore, increases in the average daily load
result in more grid and boiler dependence to compensate for any unmet load by the non-
dispatchable components.

Figure 4-19 illustrates the underutilization of the BG for lower average daily energy usage. This is
caused because the PV and WT have a more competitive marginal energy generation cost and can
meet most of the electric load. As shown in Figure 4-19, the BG electricity contribution (%total)
varies greatly between 5.1 and 43.7 %, showing that load decreases render the BG an ineffective
component due to its underutilization. The thermal load contribution (%total) of the BG varies from
1.07 to 5.57 %. Additionally, it can be observed that for an increase of more than 20 %, the
contribution of the BG remains relatively unchanged, indicating a high-capacity factor.

Table 4-12 Summary of the results in average daily electricity and thermal energy consumption sensitivity analysis.

Metric : Interna BG
% Levelized | Rate CO2 BG thermal
Change Average Average Cost Of of Emission | Renewabl | electricity ener
of daily energy | daily heat | Electricit | o S e Fraction | productio rodu?:}c/io
referenc | consumptio | consumptio | y (LCOE) | et | (tons) | (%) | n(%total) | MOCCH
e N (Gay) N (Zay)
scenario
—-50% 1447.06 4152.68 0.1569 15.8% 840 80.3% 5.1% 1.07%
—40% 1736.47 4983.22 0.1561 19.1% 936 81.3% 11.3% 2.08%
—30% 2025.88 5813.75 0.1538 22.4% 993 84.0% 18.9% 3.16%
—20% 2315.29 6644.29 0.1508 25.8% 1,053 86.3% 25.8% 3.99%
—-10% 2604.70 7474.82 0.1486 29.0% 1,121 88.0% 31.7% 4.65%
0% 2894.11 8305.36 0.1533 31.5% 1,233 87.9% 35.5% 4.98%
10% 3183.52 9135.90 0.1575 33.9% 1,354 87.6% 38.7% 5.25%
20% 3472.93 9966.43 0.1626 36.1% 1,498 86.6% 41.0% 5.43%
30% 3762.34 10796.97 0.1683 38.1% 1,662 85.2% 42.5% 5.52%
40% 4051.75 11627.50 0.1746 39.9% 1,843 83.5% 43.4% 5.57%
50% 4341.17 12458.04 0.1818 41.4% 2,046 81.4% 43.7% 5.55%
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Figure 4-17 The effect of the electric and thermal demand on LCOE and IRR.
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Figure 4-18 The effect of electric and thermal demand on CDE and the renewable fraction.
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Figure 4-19 The effect of electric and thermal demand on biogas electricity/heat contribution (%total generation).

4.1.3.3 SENSITIVITY ANALYSIS FOR GRID ENERGY PRICE

The grid power price is the variable whose impact on the economic and environmental performance
of the system has been evaluated. Electricity price is one of the most critical factors in the economic
sustainability of the proposed HRES. Recent events have demonstrated that energy prices are highly
volatile and can rise considerably because of energy poverty.

Figure 4-20 presents an overview of the economic effects of grid energy price fluctuations. LCOE
varies from a minimum of 0.147 €/kWh for a power price equal to 0.375 €/kWh, to a maximum
of 0.2163 €/kW h for a power price reduction of 50 %. The IRR index varies from 13.3 to 43.4 %.
It is evident that higher grid prices result in better economic performance due to better utilization of
the HRESs components underlying that grid dependence is disadvantageous. A 50 % decrease in
grid prices can result in a 41 % higher cost of electricity, which dramatically reduces the economic
feasibility of the proposed HRES. On the contrary, a 50 % increase in electricity prices offers an
increase of 11.9 % in the IRR while also resulting in a 4.1 % decrease in the LCOE. Interestingly, a
reduction greater than 50 % on the grid power prices renders the investment unfavorable due to a
low IRR index.

Figure 4-21 depicts the results of the sensitivity analysis of the grid power price in terms of CDE
and the system's share of renewable energy. What is interesting about the data in Figure 4-21 is that
lower grid prices result in dramatically lower renewable fraction; therefore, the system’s CDE is
almost doubled. This results in lower environmental benefits by using the proposed HRES.
Lowered grid costs result in insufficient or zero BG utilization, forcing the system to rely more on
the grid to supply all the required electrical demand. The renewable fraction varies from a minimum
of 52.4 % for a 50 % decrease in power price to a maximum of 93.1 % for a grid power price equal
to 0.375 €/kWh, underlying the importance of grid power price in the renewable fraction of the
system.
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Figure 4-22 demonstrates the effects of fluctuations in the grid power price on the BG's overall
contribution (%total) to energy generation. As Figure 4-22 indicates, a decrease of more than 40 %
in grid prices makes the use of the generator economically unfavorable, and as a result, no energy is
produced from the generator. On the contrary, for higher grid prices, the contribution of the BG
increases dramatically. The data from this figure demonstrates the strong connection between the
grid power price and the contribution of the BG.

Table 4-13 Summary of the results in energy price sensitivity analysis.

Metric .
Levelized BG BG thermal
% Cost Of In;;:_- r}jr;;lu}fste Emci:s(s)izons Renewable electricity energy
Change Energy Electricity (IRR) (tons) Fraction production | production
of price (LCOE) (%) (%ototal) (%total)
reference | (€/kWh)
scenario
—50% 0.125 0.2163 13.3% 2,224 52.4% 0.0% 0.00%
—40% 0.150 0.1891 18.6% 1,784 68.2% 15.8% 2.13%
—30% 0.175 0.176 22.3% 1,567 76.0% 23.6% 3.22%
—20% 0.200 0.1651 25.7% 1,402 81.9% 29.5% 4.07%
—-10% 0.225 0.1578 28.8% 1,296 85.7% 33.2% 4.63%
0% 0.250 0.1533 31.5% 1,232 87.9% 35.5% 4.98%
10% 0.275 0.1493 34.2% 1,183 89.7% 37.3% 5.26%
20% 0.300 0.1461 36.8% 1,146 91.0% 38.6% 5.47%
30% 0.325 0.146 39.0% 1,120 91.9% 39.5% 5.63%
40% 0.350 0.1465 41.2% 1,101 92.6% 40.2% 5.75%
50% 0.375 0.147 43.4% 1,084 93.1% 40.8% 5.85%
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Figure 4-20 The effect of grid energy price on LCOE and IRR.
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Figure 4-21 The effect of grid energy price on CDE and the renewable fraction.
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Figure 4-22 The effect of grid energy price on biogas electricity/heat contribution (%total generation).

4.1.3.4 SENSITIVITY ANALYSIS FOR CARBON EMISSIONS PENALTY

In Greece, there are currently no CDE penalties in effect, but their implementation is anticipated in
the future. Therefore, it is important to investigate the effects of this variable on the economic and
environmental performance of the optimal system. In this study, as a baseline scenario, a CDE of
82.76 €/tCO,, q is considered; however, the relative variation from the baseline scenario is £50 %

with 10 % steps. To study the economic performance of the system using present-day CDE penalty
costs, a scenario with no CDE penalties is also examined.
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Figure 4-23 depicts the impact of variations in the CDE penalty on the system's economic
performance. The results from this analysis clearly show that CDE penalties significantly impact
every economic metric used to identify the system's economic performance. A 50 % increase in
CDE penalties led to a LCOE of 0.1673 €/kWh, whereas the LCOE equaled 0.1327 €/kWh for a
CDE penalty reduction of 100 %. The cost of energy is decreased because the grid purchases, a
carbon-intensive source of energy generation, are mostly unaffected. Regarding the IRR index, a
linear correlation was found between the IRR index and the CDE penalty. The IRR ranges from a
minimum of 16.6 % for no CDE penalties to a maximum of 38.5 %. The economic advantage of
reducing CDE is negated by lowering the CDE penalty. This finding indicates the system's robust
performance in future scenarios where high CDE penalties are implemented. Considering potential
future rises in carbon taxes, the recommended HRES is a future-proof approach because increased
emissions penalties result in improved economic performance.

Figure 4-24 presents the findings of the sensitivity analysis of CDE penalties in terms of CDE and
the system's renewable energy contribution. This figure shows that CDE linearly increase while the
renewable fraction linearly decreases for increases in CDE penalties. These are counterintuitive
results, indicating higher CDE emissions for higher CDE penalty costs. The annual CDE emissions
range from 1,163 to 1,266 tC0,, while the renewable fraction ranges from 86.7 to 90.4 %. These
results indicate that CDE penalties have small effects on the environmental performance of the
optimal HRES.

Figure 4-25 shows the output of BGs (%total) as a function of the carbon tax. The most interesting
aspect of this graph is that increased CDE penalties result in lower overall usage of the BG,
indicating higher dependence on the grid and boiler to supply the required energy to the industrial
facility. Due to the increased emissions produced by BG's energy output, it has been discovered that
higher CDE penalties result in decreased generator use.

Table 4-14 Summary of the results in carbon emission penalties sensitivity analysis.

Metric .
o Levelized Internal Rate CO» BC_; _ BG thermal
0 Cost Of - Renewable electricity energy
Carbon g of Return Emissions ; . )
Change emissions Electricity (IRR) (tons) Fraction production | production
of Iti (LCOE) (%) (Yototal) (%ototal)
reference &eyfc ées)
scenario 2
—-100% 0.00 0.1327 16.6% 1,163 90.4% 38.0% 5.38%
—-50% 41.38 0.1415 24.3% 1,195 89.3% 36.8% 5.19%
—40% 49.66 0.1436 25.8% 1,202 89.0% 36.6% 5.15%
—-30% 57.93 0.1458 27.2% 1,210 88.7% 36.3% 5.11%
—-20% 66.21 0.1481 28.7% 1,216 88.5% 36.1% 5.07%
—-10% 74.48 0.1506 30.1% 1,224 88.2% 35.8% 5.03%
0% 82.76 0.1533 31.5% 1,233 87.9% 35.5% 4.98%
10% 91.04 0.1559 32.9% 1,240 87.7% 35.2% 4.94%
20% 99.31 0.1587 34.3% 1,247 87.4% 35.0% 4.90%
30% 107.59 0.1615 35.7% 1,254 87.2% 34.8% 4.86%
40% 115.86 0.1644 37.1% 1,261 86.9% 34.5% 4.83%
50% 124.14 0.1673 38.5% 1,266 86.7% 34.3% 4.79%
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Figure 4-23 The effect of CDE penalties on LCOE and IRR.
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Figure 4-24 The effect of CDE penalties on CDE and the renewable fraction.
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Figure 4-25 The effect of CDE penalties on biogas electricity/heat contribution (%total generation).

4.1.3.5 SENSITIVITY ANALYSIS FOR DIESEL PRICES

The price of diesel is the following variable whose effect on the system's economic and
environmental performance has been analyzed. Due to the projected HRES's heavy reliance on
diesel, the diesel price is one of the most important economic factors. Recent events have revealed
the extreme volatility of fuel prices. Therefore, it is one of the most key factors regarding the
economic sustainability of the HRES.

What stands out in Figure 4-26 is the general pattern of the LCOE, LCOTE, and IRR as a function
of diesel prices. This figure reveals that the LCOE tends to linearly decrease as diesel prices
increase. In contrast, as diesel costs increase, the IRR and LCOTE increase linearly. This finding
was unexpected, and it suggests that rising diesel prices result in a more promising economic
performance of the proposed HRES. A possible explanation for this might be that by increasing the
diesel prices, both the baseline system and the proposed HRES offer higher NPCs; however, due to
the higher dependence of the baseline system on diesel, the HRES offers an economic advantage.
Overall, a reduction in diesel price diminishes the benefits provided by the HRES over the baseline
system. Concerning the LCOTE, the range of values observed in this study is between 0.0930 and
0.2789 €/kW h, underlying the strong dependence of the LCOTE on diesel prices.

Figure 4-27 depicts the results of the sensitivity analysis of diesel prices in terms of CDE and the
system's share of renewable energy. It can be observed that the renewable fraction increases for a
slight increase in diesel price, remaining over 84 % for changes in diesel price of £50 %. It can also
be observed that increases in diesel prices led to lower CDE, indicating better environmental
performance for increased diesel prices.

The output of BGs (percent of total) as a function of the diesel price is depicted in Figure 4-28.
Overall, diesel prices affect the BG’s contribution to total energy generation. As can be observed
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from Figure 4-28, both the thermal and electrical power generation is increased for high diesel
prices. BG electricity production (%total) varies from a minimum of 32 % to a maximum of 38 %.
A minor increase in thermal energy generation (%total) can be observed. A possible explanation
might be that higher diesel prices lead to lower boiler usage. Therefore, the BG produces a more
sizeable portion of the total electrical and thermal energy.

Table 4-15 Summary of the results in diesel prices sensitivity analysis.

Metric Levelized | Levelized Internal co BG thfr(r;nal
% : Cost Of Cost Of Rate of -2 Renewable | electricity
Diesel e Emissions - ; energy
Change 3 Electricity | Thermal Return Fraction | production f
price (tons) production
of €/ (LCOE) Energy (IRR) (%) (%ototal) Yetotal
reference litre) (LCOTE) (Yototal)
scenario
—-50% 0.778 0.1734 0.0930 29.5% 1,331 84.4% 32.0% 4.44%
—40% 0.933 0.1693 0.1115 29.9% 1,309 85.2% 32.8% 4.56%
—-30% 1.089 0.1649 0.1301 30.3% 1,285 86.1% 33.7% 4.69%
—-20% 1.244 0.1609 0.1487 30.7% 1,265 86.8% 34.4% 4.80%
—-10% 1.400 0.1571 0.1673 31.1% 1,249 87.3% 34.9% 4.89%
0% 1.555 0.1533 0.1859 31.5% 1,233 87.9% 35.5% 4.98%
10% 1.711 0.1492 0.2045 31.9% 1,215 88.6% 36.1% 5.08%
20% 1.866 0.1453 0.2231 32.3% 1,199 89.1% 36.7% 5.17%
30% 2.022 0.1416 0.2417 32.7% 1,187 89.5% 37.1% 5.24%
40% 2177 0.1377 0.2603 33.1% 1,173 90.0% 37.6% 5.32%
50% 2.333 0.1342 0.2789 33.4% 1,163 90.4% 38.0% 5.38%
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Figure 4-26 The effect of diesel price on LCOE and IRR.

99|Page




CHAPTER 4 Xenofon G. Kotakidis

1.350 92.0%
o
g .. ~
g 1.300 o ® 90.0%
o1 X .---® k=
&> —
8 X ® =
£ 1.250 X ® 88.0% ﬁ
2! @ * E
S ¢ X S
% 1.200 . x 86.0% &
= K- D
'é @ . )
8 1.150 84.0%
O -50% -40% -30% -20% -10% 0% 10% 20% 30% 40% 50%
% change in diesel cost
---%--- CO2 Emissions ---®--- Renewable Fraction
Figure 4-27 The effect of diesel price on CDE and the renewable fraction.
N 40.0% ° 5.40% _
R <
Q 2 LY : =
E 38.0% . ;xx 520% &
2 36.0% S = g
o 36.0% % 500% & -2
— X c 2.00% & &=
S 4 A 0/ S - 9 B
=} g 34.0% B ® =
= .= P E A ;oo
= X e 4.80% ., ©
= 32.0% =" S &
S8 ¢ oo, & B
S 530.0% ° 4.60% &
g = &=
5] , o , g
8 28.0% 4.40% g
§ -50%-40%-30%-20%-10% 0% 10% 20% 30% 40% 50% &
[} - —
-@% % change in diesel cost F

---%--- Biogas generator electricity production (%total)

---®--- Biogas generator thermal energy production (%total)

Figure 4-28 The effect of diesel price on biogas electricity/heat contribution (%total generation).

Altogether these results provide important insights into the operational aspects of the best optimal
HRES to achieve an optimal balance between LCOE, GHG emissions, and RES penetration.
Overall, these results indicate that the proposed HRES could help meet the bakery industry's
electrical and thermal power demand at a lower LCOE than the current energy solution. No
significant reduction in LCOTE was found compared to the baseline system; however, the optimal
system reduced diesel dependence by 5 %.

The findings from the sensitivity analysis demonstrated that dramatic changes in operational aspects
(system control variables) of the HRES still result in an economically and environmentally
advantageous investment.
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DISCUSSION

5.1 RESULTS DISCUSSION

The results that are presented above clearly show that the proposed HRES could help to
meet the electric and thermal power demand of the industrial facility while also providing better
LCOE and a lower environmental footprint compared to the current energy supply. Every scenario
included in this study used a waste-to-energy system that included either gasification or a
combination of gasification and AD to utilize locally accessible biomass energy sources. This
diploma thesis demonstrates that HRES that take advantage of locally available energy resources
can be economically and technically superior compared to current energy solutions. In contrast to
prior research, a complete evaluation of the electrical and thermal demand occurred concurrently
with a detailed evaluation of the biomass potential in the study area. Actual data on energy
consumption were used to produce a more accurate and realistic energy assessment. This work
advances the literature that aids the green energy transition in the food industry while also
supporting concepts such as industrial symbiosis and circular economy.

The first step during the energy modeling is an electricity/heat consumption analysis based on the
real energy consumption data. The thermal load profile was generated using the available energy
and diesel consumption data, assuming that the industrial processes require electricity and thermal
energy. An assessment of the available RES potential followed, where climate conditions data from
various sources were used to provide more realistic results. To assess the POWER dataset's quality,
data from the MERRA-2 dataset were used. BA was assessed using real data provided by the Greek
Payment Authority of Common Agricultural Policy for the years 2017, 2018, and 2019. A literature
review was conducted to determine the RES potential, using up-to-date conversion rates and costs.
It was found that the available OTP waste could meet the needs of the industrial facility.
Furthermore, a high solar and wind potential was identified in the area of study. Based on the
locally available energy resources, the technology planning was conducted where all scenarios were
built. In this work, a novel approach to model more than two waste-to-energy technologies was
used to take advantage of multiple waste streams. As abovementioned in this diploma thesis, two
similar energy systems were modeled and analyzed. The main difference between the two systems
is the set of employed waste-to-energy technologies. Additionally, three land utilization scenarios
were used to determine the effect of BA in the technology selection phase. It was found that the use
of AD is economically unfavorable due to the required increased initial investment as well as the
increased O&M costs of the system.

The optimization results suggested the addition of a 120 kW, BG that utilizes OTP waste via
gasification in combination with 240 kW, and 60 kW, of PVs and WT respectively. Due to the
installment of a 120 kW, generator, a system adaptation cost of 100,000 € was considered. This
cost includes the necessary equipment (pipes, heat exchanger etc.) as well as the installment costs.
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The proposed HRES resulted in a 65 % decrease of LCOE with an IRR equal to 31.5 %.
Furthermore, a 63 % decrease in CDE was found that demonstrates the environmental impact of the
proposed system. Concerning the LCOTE, no significant differences between the initial LCOTE
and the optimal systems were evident. However, this result has not previously been described in the
literature.

A sensitivity analysis was conducted to determine the effects of different factors on the system’s
performance. It was found that the biggest contributing factor to the economic performance of the
system is the average daily electricity and heat consumption. It was found that a decrease in the
average daily energy demand resulted in lower economic performance, whereas an increase led to
better economic performance. This provides convincing evidence that the proposed HRES is a
robust energy solution that takes into consideration future expansion capabilities. Furthermore, it
was found that in case of a 50 % increase in daily energy consumption, the HRES can provide more
than 80 % of the annual electricity demand using RES and almost 6 % of the total thermal energy
requirements. Additionally, due to the current energy crisis, the effect of grid and diesel prices was
evaluated to determine the economic feasibility, in the case of extreme energy and diesel price
fluctuations, of this system. It was found that fluctuations in grid energy prices can greatly affect the
economics of the system.

Local industries with significant thermal and electric power consumption could be the main
beneficiaries from the adoption of the research conducted. These results provide further support for
the hypothesis that locally available waste could help realize the green energy transition in the food
industry. The main expected benefits are summarized below.

Firstly, local WG will be redirected from landfills, thus reducing the environmental impact of the
local communities and industries. Secondly, this study is a clear demonstration of a circular
economy model that offers significant economic benefits in the industrial sector. Lastly, proving
that the creation of an energy system using a decentralized approach is feasible and economically
competitive with the current energy supply.

The main barriers to implementing the primary research outcomes of this study are the high
investment cost (>1 million €), social acceptance of the proposed system, and the considerable risk
of investment due to the volatility of the prices of the components.

To overcome the primary limitations of this work, additional research is needed. The three primary
ones are the failure to consider the increase in electric and thermal power demand over time due to
production increase capabilities; social factors such as social acceptance of the system are not
considered for the selection of the optimal system, and the software limitations discussed in Section
3.6.

One of the more significant findings to emerge from this study is that waste-to-energy technologies
can be implemented in the current energy supply of the food industry. It was found that a HRES
comprising of PVs, WT, a gasifier, and a BG can greatly contribute to the electrical and thermal
needs of the case study by reducing the energy-related costs and GHG emissions. Overall, this study
strengthens the idea that HRES can realize the green energy transition in the food industry, taking
advantage of newly developed waste-to-energy systems. Lastly, these findings have significant
implications for the understanding of how the system control variables affect the economic
performance of the HRES.
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5.2 RESULTS COMPARISON WITH RELEVANT LITERATURE

There are only a few research articles with case studies that require both electrical and thermal
energy. Additionally, another limitation during the literature review was the lack of research articles
regarding the techno-economic analysis of HRESs using HOMER Pro in industries. What is more,
most of the related studies are in Asia, presenting a gap in techno-economic analyses of HRESs
conducted in Europe. However, these results further support the implementation of HRES areas
with high available biomass potential. In this study, a reduction of 65 % in the LCOE was found. It
is encouraging to compare this finding with that found by (Rajbongshi et al., 2017; Rib6-Pérez et
al., 2021; Sigarchian et al., 2015), who found a similar decrease in the LCOE. In a study conducted
by (Yimen et al., 2021), it was found that gasification offered better results compared to AD, and
the implementation of a gasifier on a HRES resulted in a 40 % decrease in the LCOE. This study's
renewable fraction for the optimal HRES equaled 87.9%. These results corroborate the findings of a
great deal of the previous work conducted by (Ahmad et al., 2018; Bhattacharjee & Dey, 2014;
Malik et al., 2020) on HRESs. The CO; reduction observed in this study was found to be 63 %,
lower than that of previously reported values (Jahangir & Cheraghi, 2020; R. Kumar & Channi,
2022). A possible explanation of this might be that the presence of a thermal load led to this
difference. Lastly, the payback time found in this study equaled 3.17 years. This finding is similar
to that of (Vendoti et al., 2021), who proposed a HRES with a payback time of 4.43 years.

Table 5-1 Results comparison with relevant literature. Note: (N/E: Not Examined, N/G: Not Given)

Reference LCOE LCOTE CDE Renewable Payback

(Y6reduction) (Yoreduction) (Y6reduction) fraction (%) time

This study 65 0 63 87.9 3.17

Rajbongshi et al.,

2017 55.86 N/E N/G N/G N/G

Ribd-Pérez et al.,

2021 50 — 94 N/E N/G N/G N/G

Sigarchian et al., _

2015 19.35-55 N/E N/G N/G N/G

Yimen et al., 2021 29 — 40 N/E N/G N/G N/G

Ahmad et al., 2018 N/G N/E N/G 88 N/G

Bhattacharjee &

Dey, 2014 N/G N/E N/G 92 N/G

Malik et al., 2020 N/G N/E N/G 83 N/G

Jahangir &

Cheraghi, 2020 N/G N/E 99 99 N/G

R. Kumar & Channi,

2022 N/G N/E 99.9 100 N/G

Vendoti et al., 2021 N/G N/E N/G N/G 4.43
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CONCLUSION

The present research aimed to develop a HRES to meet the needs of a local bakery industry.
This study aims to examine the operational aspects of the optimal system to achieve high-RES
penetration while also reducing the LCOE and the ecological footprint of the system. Two different
waste-to-energy combinations of technologies are considered. Additionally, three land utilization
scenarios are examined. In total, six scenarios were developed and evaluated. The proposed HRES
consisted of technologies such as gasification, PV, WT, and CHP units.

The findings of the optimized system are assessed and presented. These findings show that locally
available biomass and waste can help realize the green transformation of the industrial sector. The
findings presented in this work suggest that the proposed optimal HRES can lower the energy-
related costs of the industrial system while also offering better economic performance compared to
the current energy supply. These findings have significant implications for the development of
HRES:s in the food sector.

The present study appears to be the first study to utilize a combination of waste-to-energy
technologies in HOMER Pro. As concerning the optimal set of waste-to-energy technologies, the
optimization results showed that the gasification-only system offered better economic performance
compared to the counterpart system that uses a combination of gasification and AD. By adding AD
to the energy generation mix, the reduction of the LCOE ranges from 48.05 to 56.67 % compared to
the current energy supply. However, a gasification system led to an almost 65 % decrease in
energy-related costs. A system comprising a gasifier also provided higher annual carbon savings
compared to the systems comprising a combination of gasification and AD. The sensitivity analysis
of the system control variables led to a better understanding of the system on possible input variable
changes. The results of the sensitivity analysis showed a robust energy system with increased
flexibility to meet the needs of the industrial facility even in extreme scenarios (diesel and
electricity price increases).

The findings were validated with relevant research articles. It was found that the reduction of the
LCOE was similar to similar HRESs. Additionally, other economic (IRR) and environmental (CDE)
indexes found in this study were consistent with the literature. Any inconsistency in the values may
be due to the system's different components and input variables.

The main motivation behind this study is that sustainable energy generation is directly connected
with the quality of life. The overpopulation and the continually increasing industrialization of the
society result in higher energy consumption per capita and overall. Developing countries and
islands rely on fossil fuels to meet energy requirements. It is important to develop new energy
solutions with a low environmental footprint to help with problems such as energy poverty and
climate change. Hybrid energy systems that use a CHP are a promising solution to the increased
volatility of other RES sources such as PV and wind.
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Based on the conducted literature review, a few research gaps are identified, where only a small
number of research articles are published concerning the supply of thermal demand using RES,
especially in an industrial setting. Additionally, there are no scientific research papers (to the best of
the authors’” knowledge) that incorporate two or more waste-to-energy technologies concurrently in
HOMER Pro. In this diploma thesis, different HRESs were modeled, optimized, and later evaluated
to find the industrial facility’s optimal and most cost-effective HRES. Different system
configurations were modeled and assessed. The primary differentiation of the proposed scenarios
modeled in this diploma thesis is the waste-to-energy technology employed for energy production.
In one category of systems, only gasification is used; in the other, a combination of gasification and
AD is used.

The first novelty of this study is the proposal of a methodological framework to model biomass
gasification and AD plants in HOMER Pro. This methodology fills the gap in the literature where
these technologies have only been used individually.

Another novelty is the use of realistic inputs for techno-economic analysis of grid-connected
HRESs. Real hourly consumption data, biomass raw material information/availability, market price
data, and location-specific resources data were used to assess the economic and environmental
performance of the abovementioned methodological framework.

Lastly, a sensitivity analysis was performed to identify the impacts of changes in the predefined
system control variables on the system's economic performance.

The main limitation of this study lies in the fact that the HOMER Pro software does not provide
enough tools for thermal energy analysis. Another source of weakness in this study is the fact that
the optimal system is ranked based on the NPC of the system. However, more variables can affect
the feasibility of the system and should not be ignored. Despite its limitations, the study certainly
adds to our understanding of HRES developed to meet the needs of industrial facilities.

As abovementioned, the optimization of a HRES is a problem with multiple variables that affect the
system’s performance. Therefore, in future investigations, it might be beneficiary to use a multi-
objective optimization algorithm for the investigation of the proper sizing of the system. Another
future recommendation is the inclusion of demand-side management strategies such as
electrification and energy efficiency. Additionally, in the future, a more advanced energy
management system might provide opportunities such as flexible load shaping based on economic
incentives. The idea that industries with energy-intensive processes could be utilized as energy
sinks is a prominent issue for future research. Lastly, one of the main barriers to the decarbonization
of the industrial sector, and more particularly in the food and beverage sector, are the policy options
and business models used. Further research could usefully explore how policy options and business
models affect HRES adaptation.

Further studies, which take the abovementioned limitations and future recommendations into
account, will need to be undertaken to develop better and more cost-effective HRESs. Ultimately,
this study's findings have several important implications for future practice.
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APPENDIX A

Appendix A presents the electricity profiles, for every month, of the reference industrial facility.
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APPENDIX B

Appendix B presents the thermal energy usage profiles, for every month, of the reference industrial
facility.
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APPENDIX C

Appendix C presents the proposed methodological framework flowchart.
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