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ENEPI'EIAKH & EEEPI'ETIAKH ANAAYXH XYXTHMATQN
YXYNAYAXMENHX ITAPATQI'HX OEPMOTHTAX KAI IXXYOZX,
EIIEZEPI'AYXIA AIIOBAHTQN I'AAAKTOBIOMHXANIQN T'TA

IHHAPATI'QI'H ENEPI'EIAX

Hepiinyn
Tic televtaieg deKOETIES, VITAPYEL EVIOVO EVOLOUPEPOV OTIC EVOANOKTIKEG LOPPEC EVEPYELS, MG
QTOTEAEC L. TV AVENUEVOV EVEPYELOKMY ATOITHCEMV GE GLVOLOGUO KOl LE TO TPOPANLLA TNG
KMpotikng oAdayng. EmmpocBera, n cvveyng avénon tov minbuopod kot n ekfropnydvion
TOV KOWOVIOV 001YOUV GLYVA 6TV VITOPAOUIoT TOV 01KOGLGTNHATOVY, 6Ta otoia oTnpileTon
n avOpomivn Lon. ' o Adyo avtd, otn cuyypovn Propnyavikn Kowvevia ivor adnipin n
avaykn ywo TV KoTdAANAN eneEepyacia TV Sa@opmV amoPANTOV TOL TPOEPYOVTAL Ond TIG
Brounyavieg mptv v andppyn Tovg, TPOoKeEWEVOL va TpoAneOet  pOmavom Tov £6Gpovg Kot
TovV V3ATVeOV ovotnudtov (Muvov, motapmv, Bdlaccag, vroyelwv vVIPoPdpwv). To
TVPOYOAO TTOV TPoEpyeTaLl amd TG Propunyovies YOAOKTOG KATd TNV dodkocion Topaymyng
VPOV gival €vag amd TOVG CTUAVTIKOTEPOLG Plopunyovikohs pumaviéG Tov amd T eHGN TOL
neptExel vYMAO opyavikd goptio (COD). Zvyypovog OUmG, To TVPOYAAO OTOTEAEL TV TPDOTN

VAN Yo Topaywyn Proaepiov.

H napaywyn Broaepiov kot dAA®V epumopedoimv mpoidvimv e Tontodypovn peiwon oo COD
HEG® KATOAANA®V HeBOd®V, amOdEKVOOVY OTL TO TLPOYOAO €ivol [0 CNUOVTIKY 7NYN
gvépyelag Kot Oyt €vag amiog pumovtis. H mapovsio floamotkodounoiov GUGTITIKOV GTO
TUPOYOAO GE GLVOLACHO KO LE TOL TAEOVEKTHLOTA TNG dlepyaciag TG AvoepoPiag Xdvevong
CLYKPITIKA pe GAAES HeBddoVS, KabioTobV TNV PéEB0dO avty ¢ Waitepa KATAAANAN Yo TV

eneEepyacia TV AmOPANTOV QVTOV.
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Xmv moapovoa OSwTpPn pHeAetdTon 1 TEYVOAOYiOL TNG avaePOPlag yMOVELONG YL TNV
enefepyacio TV amoPANTOV TVPOYOAOD GE GLVOLAGHO LE TNV YPTOT LKPOSTPOPIA®V Yo TV
mopaymyn evépyelas. H emioyn g ypnong pkpootpofikov Evavit GAL®YV CLGTNUATOV
OQEIAETAL OTO. TAEOVEKTNUOTO TOVG TTOV TOLG KOOIGTOOV 1Kavovg vo ypnoiponmombodv oe
EQAPUOYEG KOTAVEUNUEVIS TOPOYOYNS MAEKTPIKNG &evépyelag, «Smart gridsy», vppdka

GUGTIHOTO KO GUGTILOTO GUUTOPAYDYTG.

Apywd mapovstaletal pio avooKOTNON TV IO AVTITPOSOTEVTIKAOV EQUPLOYDOV avaepOpiag
y®vevong yia enegepyacio amoPANTOV TVPOYOAOL TOGO GE TAOTIKY] OGO KOl GE EPYUGTNPLOKN
KMpoko. EmnpdcOeta, yiveton pia mpoondfeia avoywyns Tov omoteAeGUATOV TOV SopOpOV
EPELVAOV OE WO KOWN GLYKPLTIKY PAoT, TPOoKEWEVOL vo amoTutmbel 1 KATACTAGN NG

TEYVOLOYIOG GE OVTIGTOLY( O YPOPT|LLOLTAL.

2T OLVEXEW, OVOTTUGGETOL £VOL HOVTIEAO TPOGOUOIMONG TOL GULGTAUOTOS avaepdPiog
YDOVEVONG GE GLVOVAGUO HE évav HKPOoTPOPIAo Kot eEeTalovTat 600 JPOPETIKE GEVAPLOL.
270 TPAOTO GEVAPLO UEAETATOL 1] EVOOUATMOT VOGS EPTOPIKE SL0BEGILOV PikpooTpoBilov 6To
GUOTNUO OVOEPOPLOC YDVELGTG Y10 TAPOUYMYT] NAEKTPIKNG EVEPYELNG, HE KOO HOVO €VOG
HEPOLG Tov TapayOUEVOL Proaegpiov 6ToV HKPOSTPOPIAO, VA TO VTOAOUTO KOIYETOL GTOV
KOLOTNPO Y10 TOPOY®YY] OTUOD. TNV TEPITTMON 0LTH, N ETIAOYY] TOV KATUAANAOTEPOL
HKpooTpoPilov £ytve pe okomd va emtevyBel 1 HEYIOTN TOPAY®OY NAEKTPIKNG EVEPYELNG LE

TOLTOYPOVI KAALYN TOV OEPKOV OmOITIGE®VY (TOPAY®YT ATULOV) TNG LOVASIGS.

270 deVTEPO GEVAPLO PEAETATOL 1] TEPITTMOT UEYIOTNG TOPAYWOYNG NAEKTPIKNG EVEPYELNG LECW
HiKpootpofilov, ywpic kavéva Teplopiopd 6Gov agopd TV mapaymyn o€ otpd. Ta dedouéva
YL TNV HOVTEAOTOINGN TOL GCULOTNUOTOS OVaEPOPLO YDVELONG TPOEPYOVTIOL o £val
€PYOCTAGIO TOPAY®YNG TLUPL®V oL Agttovpyel otnv EAAGSa, evd To dedopéva Yoo TOLG
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UIKPooTpoPilovg Exovv Anebel amd Tovg aVTIGTOLOVG KATACKEVAOTES TOVE. £2G €K TOVTOV,
TPOEKLY OV AVO JUPOPETIKG GUGTALLOLTO, T OTTOT0. OVOADOVTOL KO EKTIUMVTOL GE GYECT UE TO

dbéoiua ototyeia otn Piroypapio.

2 ovvéreln oegdyetanr eEEPYElOKT] AVOALON TOV CLOTNUATOV avTtdv. Ta amoteléouata
£€0e1Eav OTL ToL CLOTNHATO OVTE PITOPEL Vo EMLTLYOVY LYNAOVS Babpovg amddoong, mTopd TV
EUGAVIOT] DYNADV TIUOV KOTAGTPOP®V €EEPYEING KO OVOCTPEYILOTTOV, KUPIOS GTOV
KOLGTIHPO Y10 TO TPMTO GEVAPLO Kot 6ToV OdAmpo Kadong TOV KPOSTPOPIAO Yia To deVTEPO
ceVAP10. XT1 GLVEXELD, TPOUYUATOTOONKE OUKOVOLKT) avaAivom pécm g pebddovg Kabaprig
[Mopovcag A&iag (KITA). To amoteléopata Oeiyvouv mwg mpoKertar Yoo KEPOOPOPES

EMEVOVGELS, LLE LYNAAL KEPON amd TOV TPMTO YPOVO AEITOLPYiOG.

EmmAéov, aelnybn mopapetpiky] avdivon og pébodog Peitictomoinong. Xtnv mepintwon
avt, €EeTAcONKe 1 EMIOPOCT OPIGUEVOV OMUAVIIKOV TOPAPETPOV Agttovpyiog Om®G O
16evTpOomIKOG Babudg anddoons Tov GTPORIAOL Kol TOV GLUTIEGTY| Kol 1] EMOPACT SOPOPOV
Oeppokpacidv Kupiwg 6T cLVOAMKN e€epyElakn) AmOd00T] TOV GUGTNUATMOV KOl 6T TN NG
KITIA. Ta amoteAéopata £€d€iEov OTL TO CLOTHUOTO OVTE UTOPOLV VO EMLTUYOLV VYNAEG

amodocels ko Tyeg KITA pe katdAAnAn emAoyn Tov TapapeéTpmy oxedioonc.
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Abstract

ENERGY AND EXERGY ANALYSIS OF COMBINED HEAT AND
POWER SYSTEMS - WASTEWATER TREATMENT IN DAIRY
INDUSTRIES FOR ENERGY PRODUCTION

Abstract

Today, there is a growing interest in alternative forms of energy as a result of increased
demands for energy in combination with the concerns on global warming due to the use of
fossil fuels Furthermore, the successive increase of population and the industrialization of
societies have resulted in the degradation of various ecosystems on which human life relies.
For this reason in the modern industrial society, the proper pretreatment of industrial effluents
before their discharge is especially important, in order to prevent the pollution of the ground

and the water resources (e.g. lakes, rivers).

Cheese whey coming from dairy industry is one of the most important industrial pollutants,
which carry a high organic load in terms of Chemical Oxygen Demands (COD). However, the
potential production of biogas or other marketable products with the simultaneous high COD
reduction through appropriate treatment proves that cheese whey has to be considered as an
energy resource rather than a pollutant. The presence of biodegradable components in the
cheese whey coupled with the advantages of anaerobic digestion process over other treatment

methods, makes anaerobic digestion an attractive and suitable option.

The present thesis examines the technology of anaerobic digestion for cheese whey
wastewater treatment coupling with micro turbines for energy production. The decision for

the use micro turbines is due to their many advantages regarding the conventional
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Abstract

reciprocating engines, which make them suitable for distributed generation applications, smart

grids, hybrid and cogeneration systems.

Firstly, this thesis presents a review regarding the most representative applications of
anaerobic treatment of cheese whey being exploited or being under research. Moreover, an
effort has been made to classify the common characteristics of various research efforts and

find a comparative basis, as far as their results are concerned.

A simulation model of Anaerobic Digestion System coupled with a micro turbine has been
developed and two different scenarios are examined. The data for the Anaerobic Digestion
system modeling has been obtained from a dairy industry operating in Greece and the data for

the micro turbines are obtained from the corresponding manufacturers.

The first scenario examines the incorporation of a commercially available gas micro turbine to
the anaerobic digestion system for electricity production from the burning of a part of the
biogas produced in the micro turbine. The remaining amount of biogas is forwarded to a
burner for steam production. Thus, in this case the selection of the appropriate micro turbine
is based on achieving the maximum electricity generation, while the plant requirements in

steam are covered.

The second scenario investigates the case for the maximum electricity production without any
limitation in the steam production and the most suitable micro turbine is chosen. Thus two

different systems are obtained, analyzed and validated with available data in the literature.

An exergetic analysis of the above mentioned scenarios follows. The results showed that these
systems can achieve high efficiencies, despite of the high exergy destructions and

irreversibilities appearing mainly in the burner for the first scenario and in the micro turbine’s
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Abstract

combustion chamber for the second scenario. Then, an economic analysis through the method
of Net Present Value is conducted. The results reveal that these investments are profitable,

with high savings and incomes from the first year of their operation.

Furthermore, a parametric analysis is carried out as a method for the systems optimization.
The influence of important performance parameters such as turbine and compressor isentropic
efficiencies and some temperatures variations, mainly to the total exergy efficiency and the
Net Present Value are investigated. The results showed that these systems can achieve high

efficiencies and NPV with a proper choice of the design parameters.
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Nomenclature

Nomenclature
T Temperature

P Pressure

h Specific enthalpy
H Enthalpy

5 Specific entropy
S Entropy

g Specific exergy
v Specific volume
D Pipe diameter

E Exergy

d days

X Mass rate

th Mass flow

M Molecular weight
Q Volume flow

LHV Low Heating Value
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Nomenclature

NPV
NCF
TCI
ks
PR

Re

ns

AD

Net Present Value

Net Cash Flow

Total Cost of Investment
Roughness of pipe
Pressure ratio

Reynolds number

Friction factor

Discount rate or rate return
Mean fluid velocity

Moles

Kinematic viscosity

Power

Air gas constant

Length equivalent
Borrowed funds
Borrowing rate

Year, 1..20

Number of years for loan repayment
Isentropic efficiency

Amortization installment
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Nomenclature

Abbreviations

AD Anaerobic Digestion.

BOD  Biological (Biochemical) Oxygen Demand.
BODs Five day Biological (Biochemical) Oxygen Demand.
COD  Chemical Oxygen Demand.

CHP  Cogeneration Heat & Power

TOC  Total Organic Carbon

CR COD Removal (%).

Cw Cheese Whey.

HRT  Hydraulic Retention Time (day).

IC Influent COD (g CODI/L).

OLR  Organic Load Rate (g COD/(L day)).

T Temperature (°C).

Reactor’s Abbreviations

AAFEB Anaerobic Attached Film Expanded Bed.

ABR Anaerobic Bio film Reactor.
AF Anaerobic Filter.
AHR Anaerobic Hybrid Reactor.

AMMBR  Anaerobic Moving Biofilm Reactor.

ANnRBC Anaerobic Rotating Biological Contact Reactor.
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Nomenclature

AP Anaerobic Pond.
ARBCR Anaerobic Rotating Biological Contact Reactor.

ASBBR Anaerobic Sequencing Batch Biofilm Reactor.

ASBR Anaerobic Sequencing Batch Reactor.
CSTR Continuously Stirred Tank Reactor.
DFFR Downflow Fixed Film Reactor.

DSFFR Downflow Stationary Fixed Film Reactor.
DUHR Downflow-Upflow Hybrid Reactor.
ECSB External Circulation Sludge Bed

EPFAUF  Ecological Pretreatment Followed by Anaerobic Upflow Filter.

FBR Fluidized Bed Reactor.

FFR Fixed Film Reactor.

HAR Hybrid Anaerobic Reactor.

HBR Hybrid Bed Reactor.

MAB Multichamber Anaerobic Bioreactor.

NMABR  Novel Moving Anaerobic Biofilm Reactor.

NMR Novel Multiplate Reactor.

RBCR Rotating Biological Contact Reactor.

SDFA Semi-continuous Digester and chemical Flocculant Addition.
SMFBR  Sub-Merged Fixed Bio film Reactor.

SWD Solid Waste Digester

TSMAMD Two Stage Mixed Anaerobic Membrane Digester.
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Nomenclature

UAF

UAFFR

UAPBR

UAR

UASB

UASFF

UFFR

UFFLR

UHR

Upflow Anaerobic Filter.

Upflow Anaerobic Fixed Film Reactor.
Upflow Anaerobic Packed Bed Reactor.
Unmixed Anaerobic Reactor.

Upflow Anaerobic Sludge Blanket.

Upflow Anaerobic Sludge Fixed Film Reactor.

Upflow Fixed Film Reactor.
Upflow Fixed Film Loop Reactor.

Upflow Hybrid Reactor
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Chapter 1 Introduction

Chapter 1 Introduction

This chapter refers to the motivations for undertaking this thesis. A brief introduction is first
carried out about the trends in energy market, followed by a discussion on the role of the main

systems (anaerobic digestion process, micro turbines) studied in this thesis.
1.1 Background & Motivation

During the last decades the rapid growth of the economic level and of industrial activity of
most countries has caused an increase in energy demand in the form of fossil fuels with direct
impact on the environments, such as global warming. One of the most promising renewable
energy sources for energy generation is biomass in the form of biofuels such as biogas.
Numerous studies focusing on various aspects of this energy source appeared in the literature
during the past three to four decades. Biogas can be produced by industrial wastewaters,
municipal solid waste, energy crops, animal wastes and various other materials decomposition
[1]. Its main constituents are carbon dioxide and methane and it can be utilized for various
purposes. It can be used for heat or steam production, for electricity production with CHP, as
an industrial energy source and as vehicle fuel (in its upgraded form). Furthermore, after
upgrading it can added into the natural gas distribution system and can be used as fuel in fuel

cells [2].
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In the developed and developing countries, industrial wastewaters are becoming increasingly
useful in biogas production. Among others the liquid effluents produced by dairy industries
and cheese producers, such as whey produced during cheese and cream cheese making
process, represents one of the most important industrial pollutants, which carry a high organic

load in terms of COD [3, 4].

Because of this high organic load of whey, Anaerobic Digestion (AD) constitutes an
appropriate treatment method [5] not only to remove a great amount of COD but also to
produce biogas, which can then be used to cover a significant part of the energy needs of the
industry. It is estimated that one liter of cheese whey can produce forty five liters of biogas
containing 55% methane, while, simultaneously, the COD is expected to be reduced by 80%.
Thus, for each liter of cheese whey twenty liters of methane (CH,4) can be produced, which

are equivalent to 740kJ (700 Btu) of energy production [6].

It is clear from the above brief discussion that cheese whey can be an important source for
electrical energy production after its AD treatment. Several systems have been suggested in
the literature that can be used for this reason. Among them, the micro turbines have a leading
role in the energy market. Their advantages make them an ideal solution for numerous

applications.

The micro turbines are miniatures of larger gas turbines and they are suitable for distributed
generation applications, because of their advantages such as high specific power, multi-fuel
operation, low maintenance costs, ability to provide reliable and stable power, parallel

connection to serve larger loads and low pollutant emissions [7].
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In this work, several applications of micro turbines in connection to cheese whey AD

treatment are considered and evaluated.

1.2 Thesis aims and objectives

The incorporation of commercially available micro turbines in anaerobic digestion treatment
plant which is based on real operating data is not a simple process. The limitations and the
requirements of the anaerobic digestion treatment plant have to be satisfied along with the
specifications and the requirements of the micro turbine, in order to obtain a simulation
system model, which can be applied on an industrial scale. For an optimum incorporation, a
careful selection of key operating parameters should be done and a suitable control strategy

should be applied.

This thesis aims at analyzing a cogeneration system for electricity and heat production
through anaerobic digestion treatment of cheese whey wastewater. The main goal is to better
understand the processes that take place in these systems and give recommendations for

improving its performance. The main objectives of this research are:

e Gain knowledge on the technology of cheese whey wastewater anaerobic
digestion treatment.

e Review the available anaerobic digestion treatment methods which have been
used on pilot and laboratory scale for cheese whey treatment,

e Development of a detailed and accurate computational model for cheese whey
wastewater anaerobic digestion treatment which will be based on realistic data.

e Estimate the steam production for covering the thermal needs of the plant.
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e Study the incorporation of micro turbine in anaerobic digestion treatment plant
system for cheese whey wastewater in order to obtain the maximum possible
energy production depending on the requirements in each case for the two
scenarios examined.

e Assessing the economics of the biogas cogeneration plant from cheese whey
anaerobic digestion treatment and comparing it with the use of natural gas as
fuel.

e Performing exergy analysis of a simulation model that has been developed in
order to find the locations and magnitudes of the exergy destructions and
exergy losses.

e Techno-economic optimization of a cogeneration system for electricity and
heat production through anaerobic digestion of the cheese whey wastewaters.
To our knowledge, there is any known in the literature to suggest a method to

optimize the performance over the whole plant.

1.3 Thesis contribution

It is believed that the work carried out in this thesis contributes towards the optimized
utilization of cheese whey wastewater as a resource for biogas production and cogeneration of

electricity and heat. More specifically:

e In order to evaluate the state of technology concerning the COD removal rate

ability and the biogas production from cheese whey anaerobic digestion
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treatment through different types of reactors and systems in use, an effort has
been made, to establish a common comparative basis [8-10].

e Modeling of a cheese whey anaerobic digestion treatment plant was developed
in EES simulation environment with realistic data from an industrial system in
operation [10-12].

e The incorporation of commercially available micro turbines in the cheese
whey anaerobic digestion treatment plant has been studied through exergetic
and economic analysis [11, 12].

e The economic assessment of biogas production and utilization in the dairy
industry itself is examined [11, 12].

e The techno economic optimization through a parametric analysis is described

[11, 12].

In the literature there are studies on whey AD systems focusing mainly on the parameters
which affect the process of AD, the COD removal and the biogas production rate (for more
details see [9]). However, the number of studies on the utilization of biogas systems to
produce energy (heat and electricity) from whey wastewaters is limited [13, 14] in
comparison to other waste types [15-21]. Moreover, a special case of an anaerobic digestion
system coupled with a gas micro turbine is examined both by exergetic, economic and

parametric analysis.

Finally, it is noted that the methods and model developed in this thesis can be extended to

other industrial process problems.
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analysis of a cheese whey wastewater anaerobic treatment plant with a cogeneration
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2012.
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Environmental Conference of Thessaly, Skiathos, September 8-10, 2012.
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analysis of a cheese whey wastewater anaerobic treatment plant with a cogeneration
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system. 4th International Conference on Environmental Management, Engineering,

Planning and Economics, Mykonos Island, June 24 to 28.

1.4 Thesis outline

This thesis is organized in nine chapters. Following this introduction, the literature review of
the cheese whey anaerobic digestion treatment is given in Chapter 2. The main characteristics
of the cheese whey wastewaters and the various methods for its managing and utilization as a
resource for the production of added value products production are discussed. A comparison
follows among the most representative anaerobic digestion systems used on a laboratory or
pilot scale for biogas production and cheese whey pollutant load reduction. Chapter 3 gives
the technology background of micro turbines. Chapter 4 presents the model development of
the anaerobic digestion system for cheese whey treatment coupled with a micro turbine for
cogeneration production of heat and electricity. In Chapter 5 two scenarios of the system
developed are studied. In the first scenario, the objective is to select the most suitable micro
turbines among five commercially available. In the second scenario the case of the highest
possibly electric power production is investigated and the most suitable micro turbine is
chosen. In Chapter 6 the systems obtained from both scenarios examined are analyzed and an
exergetic analysis is performed. Chapter 7 presents the economic analysis of both of these two
systems through NPV method. In Chapter 8 a methodology to improve the performance of
these systems obtained for the whole operating range is carried out through parametric
analysis. Finally, Chapter 9 concludes this research and makes recommendations for future

work.
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Chapter 2 Literature review

In this chapter the general characteristics of the effluents of cheese whey and a brief
description is given of different methods for managing and utilization of cheese whey as a
source for producing added value products. Then, a detailed presentation follows of the most
representative anaerobic digestion systems used in a laboratory or pilot scale for biogas
production and for the reduction of cheese whey pollutant load. An effort has been made to
identify common characteristics of these systems and establish a comparative basis, as far as
their results are concerned. The related technology status is expressed by corresponding
diagrams of COD removal rate versus Hydraulic Retention Time and Organic Load Rate.
Finally, some existing applications of industrial scale anaerobic digestion systems are

described.
2.1 Introduction on cheese whey

Effluents that come from cheese factories can be divided into two basic categories. The first
category includes the washing and pasteurization waters, mixed with detergents and remnants
of milk in the piping machinery. The cheese whey belongs in the second category. The
effluents of the first category have low organic load and are usually treated on site in aerobic

treatment units. Although the cheese whey volume is about 1/3 of the total effluents, it
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contains a high organic load (high values of COD and BOD) making it extremely polluting to

be allowed for direct disposal on land or in water systems [22-27].

Treatment of wastewaters coming from cheese factories and mainly cheese whey, is based on
physicochemical and/or biological methods. However, the reagent cost in physicochemical
methods is very high and the removal of soluble COD is poor. Consequently, biological
processes are often preferred [28], with anaerobic digestion (AD) to be the most suitable for
such high organic loading effluents [29]. The major advantages of this process compared to
other treatment methods are: low cost, high energy efficiency and process simplicity [5].
Furthermore, this method can achieve an adequate removal of BOD and COD from cheese

whey and the methane production is close to the theoretical yield [6].

There are several reviews in the literature [30-40] focusing on the cheese whey as a resource
to produce added value products (lactose, proteins, ethanol, biogas etc.) and presenting the
different production methods. Some other reviews focus on the anaerobic digestion of dairy
industry effluents including cheese whey [22, 41-44], on the two phase anaerobic treatment of
various wastewaters [45-47] and on the anaerobic digestion of various industry effluents [48,
49]. The above reviews constitute a useful starting point for this section of the Thesis which
aims to update the research and technology status. These research and technology status
concern the use of cheese whey with focus on anaerobic digestion systems removing the
organic load content (COD) of cheese whey and producing biogas. More specifically, this
section presents the general characteristics of the effluents of cheese whey and gives a brief
description of different methods for managing and utilization of cheese whey as a source for

producing added value products. Then, it presents in detail the most representative anaerobic
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digestion systems used on a laboratory or pilot scale for biogas (methane) production and
cheese whey pollutant load reduction. An effort has been made (for the first time to our
knowledge) to reduce common characteristics of these systems and establish a comparative
basis, as far as their results are concerned. The related technology status is expressed by
constructing diagrams of COD removal rate versus Hydraulic Retention Time (HRT) and
Organic Load Rate (OLR). Finally, some existing applications of industrial scale anaerobic

digestion systems are described.

2.2 Composition of cheese whey

Cheese whey is a liquid byproduct of the cheese making process that contains most of the
water soluble components and water present in milk [50-52]. More specifically, after casein
curd separates from the milk, following coagulation of the casein proteins through the action
of chymosin or mineral/organic acid, the remaining watery and thin liquid is called whey [35,
53]. It has a yellow/green color or sometimes even a bluish tinge, depending on the quality
and type of milk used. The composition of cheese whey depends also on the quality and the
composition of evaluated milk and other parameters such as the techniques of cheese
production, the amount of yeast, the acid used for coagulation, the period and the temperature
of coagulation [54]. Cheese whey can come from any kind of milk. In western societies the
cows’ milk is the most popular while in other regions of the world, goat’s, sheep’s and even

camel’s milk can be used in dairy industries [35].

This byproduct represents 85-95% of the milk volume and retains 55% of the milk nutrients

[23]. The most abundant of these nutrients are lactose (45-50 g/L), soluble proteins (6-8 g/L),
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lipids (4-5 g/L) and mineral salts (8-10% of the dry extract). The mineral salts are mainly
NaC1 and KC1 (more than 50%), calcium salts (mainly phosphate) and others. Also, cheese
whey contains appreciable quantities of lactic and citric acid, non-protein nitrogen compounds

(like urea and uric acid) and B group vitamins [24, 33, 55, 56].

According to the production process and the coagulation of casein, the cheese whey is divided
into two categories, the acidic whey, which has a pH less than 5 (pH<5) and the sweet whey
with pH between 6 and 7 ( 6<pH<7) [57]. The acidic cheese whey usually contains fewer
proteins and due to its acidic flavor and high salt content it is used with limitations for
alimentation [31, 33, 55]. The main differences between these two types of cheese whey are
the content of mineral elements, the acidity and the composition of the fraction of whey

proteins. Table 2-1 presents the typical composition of sweet and acid whey.

Table 2-1 Typical composition of sweet and acid whey [56, 58].

Components Sweet whey (g/l) Acid whey (g/l)
Total solids 63-70 63-70

Lactose 46-52 44-46

Proteins 6-10 6-8

Calcium 0.4-0.6 1.2-1.6
Phosphate 1-3 2-4.5

Lactate 2 6.4

Chloride 1.1 1.1

The whey which is produced from cheese coagulated with rennet is low in acidity, while the
one coming from the production of fresh acidic cheeses like ricotta and cottage cheese is

medium acid or acid cheese whey [56].
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Cheese whey is characterized as an organic pollutant with high BOD and COD in the range of
40.000 — 60.000 and 50.000 — 80.000 ppm, respectively [3, 4]. Lactose is largely responsible
for the high BOD and COD, as more than 90% of whey BOD:s is due to it (lactose) [4, 59].
Furthermore, 97.7% of the total COD was accounted for by lactose as well as by lactate,
proteins and fats [4, 55, 60, 61]. On the other hand, protein recovery reduces the COD of the
whey only by about 10.000 ppm [33, 62] or 12% [23]. The organic load of cheese whey, as

given from various literature sources, is shown in Table 2-2.

In addition to the above components, some heavy metals in low quantities are also
encountered in the cheese whey, as it is indicated in several works. In a tank with a mixture of
raw whey and industrial washing water the following elements elements were identified: Cd,
Cr, Cu, Hg, Pb and Zn [63]. Moreover, in a recent work [64], small quantities of Al, Cd and
Pb were observed in cheese whey powder. The presence of heavy metals in cheese whey
enhances its high polluting load because of the serious toxic effects in the organisms caused
by heavy metals.

Table 2-2 Organic load of Cheese Whey

Components Value References
40.000-60.000 ppm [4]

BODs 30.000-50.000 ppm [33].[65]
>30.000 ppm [35]
50.000-80.000 ppm [4], [66]
60.000-80.000 ppm 33

COD pp [33]
60.000-100.000 ppm [65]
>60.000 ppm [35]
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It has been estimated that the world whey production is over than 160 million tons per year
[35, 62, 67]. Approximately half of the total world cheese whey production is discarded
directly to the environment, representing a significant loss of resources and a major pollution
problem. Its disposal affects the physical and chemical soil structure, with result the decrease
in the crop yield, while the release into water resources reduces aquatic life, by depleting the
dissolved oxygen [33, 56]. Recent research in Greece (Vouraikos River) has shown that the
water pollution and the ecological risk to aquatic life are very high, since the concentration of
the disposal untreated cheese whey in the aquatic ecosystem is five times more than the
permitted limits [68]. The high pollutant load of cheese whey along with its continuously
growing production (>2% every year, [69]), lead to a serious management problem. Nine

kilogram of cheese whey are produced from making 1 kilogram of cheese [33].

2.3 Cheese whey management

According to Siso [33], only 50% of the total produced quantity of cheese whey is treated and
converted into various food products. This percentage is going to increase as a result of
continued research efforts in the field of whey utilization coupled with the pressure on casein
and cheese producers by relevant legislation concerning the disposal of liquid effluents [62].
At the same time, new products and technologies are developed for the treatment of cheese
whey wastewaters. In European Union it has been mentioned that 45% of cheese whey that is
treated and converted into different food products is used directly in liquid form, 30% in
powder form, 15% as lactose and non-lactose byproducts and the rest as cheese whey protein

concentrates [70, 71].
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According to Mawson [31], the different ways of disposal or use of cheese whey could be
divided into three main categories: Direct use or disposal, where the cheese whey is used with
very little or no further processing. This category includes the traditional use of cheese whey
as an animal feed and the direct use of the whole or deproteinated cheese whey as a
component of food or drinks. Direct stabilization, where the cheese whey is treated with
physical or chemical ways in order to become more stable for microbial degradation. The
techniques used include: protein recovery with ultrafiltration or heat denaturizing,
concentration by reverse osmosis and/or with evaporation, crystallization or drying of lactose.
Conversion processes, where the lactose is converted into other compounds through the

activity of microorganisms (biotransformation) or through chemical reactions.

The direct supply of liquid cheese whey into drinking water for animals is limited, because of
the high quantity of lactose and mineral proportions. Its use as agricultural fertilizer has a
disadvantage, because of the high amount of salt that leaves behind. Besides, the transport of
liquid cheese whey is very expensive [33] and therefore a large proportion of the produced
cheese whey is dried in order to produce powder cheese whey [70, 72, 73]. In this form, the
quality of fresh cheese whey can be kept fresh for a longer period of time and also its
handling and transportation are easier. The powder cheese whey is used mainly in animal
feeding and in smaller quantities can be used in human foods, like ice cream, bread, sweets,

sauces, dairy products etc [33, 62].

The initial phase in most processes of cheese whey utilization consists of the recovery of the
fraction of proteins. The cheese whey proteins, which represent 15 — 22% of milk proteins,

are considered beneficial for health and are characterized by high nutritional value and
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therapeutic potential [35, 62, 74, 75]. The major whey proteins are: a-lactalbumin, b-
lactoglobulin, bovine serum albumin (BSA), bovine 1g G. However, there are also minor
whey proteins such as lactoperoxidase, lacto (trans) ferrin and other minor compounds.
Riechel et al. [76] using the capillary electrophoresis method detected bovine lactoferrin that
exists in very small concentration in cheese whey. Through separation of the cheese whey
proteins from whey by ultrafiltration, diafiltration or processing of membranes, whey protein
concentrates ~-WPC, which are used in food industries [33, 35, 72, 77] or Whey Protein
Isolate — WPI are produced. The WPC contains 30-90% proteins while the WPI contains more
than 90% proteins in the dry matter [36]. The WPC is free of salts, so it is suitable for all
kinds of human food, even for dietetic or baby food [70]. Other non-food uses of whey
proteins deal with specific properties of single proteins used in cosmetology and
pharmacology [36]. The physical and functioning properties of whey proteins are solubility,
viscosity, cohesion and adhesion, emulsifying properties, water sorption and gel-forming
properties [78]. The different uses of whey proteins are based on these properties (for more

details see [36]).

During the milk processing for WPC production, the produced permeate (big quantities of
streams reach in lactose) continues to be a pollutant containing lactose more than 70% of milk
whey. Lactose, as stated earlier, contains a noteworthy pollutant load. Therefore, the disposal
of permeate creates problems quiet similar to the disposal of raw cheese whey [77]. The
solubility and the sweetness of lactose is low compared to other sugars, like those of glycose,
galactose, fructose and sucrose [79, 80]. Most of the products of lactose are recovered from

the whey or of whey permeate through the crystallization process (for details see [73, 79, 81]).
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Lactose is used mainly as a component of food, infant formulae and filler or coating agent for
tablets in the pharmaceutical industry. However, it has rather limited application in food
products because of its low digestibility and poor solubility (ability to crystallize) [36].
Lactose is used also as substrate in the synthesis of derivatives such as lactulose, lactitol,
lactobionic acid, lactosyl urea, galocto-oligosaccharides and hydrolysed lactose syrup [36, 73,

79, 80].

Hydrolyzed lactose solutions possess greater sweetening power than lactose and are used in
confectionary and ice creams industries replacing saccharose or starch syrop [33, 80].
Technology for the production of hydrolysed lactose syrup is well developed and is used, for
instance, to produce suitable dairy products for lactose-intolerant individuals [79]. Chemical
hydrolysis is possible in low pH (<1.5) and high temperature (more than 150 °C), but the
enzymatic hydrolysis using Aspergillus and Kluyveromyces enzymes is usually the method of
choice [62, 73, 79, 80]. Lactose in whey or permeate may be used as substrate for the
elaboration of valuable compounds by fermentation. The well-known examples are the
production of ethanol [62], single cell protein (SCP) production in yeast-based bioprocesses
and the biogas (methane) and hydrogen production. Other bioproducts are: organic acids
(acetic, propionic, lactic, citric, gluconic, itaconic and gibberellic), amino acids (glutamic,
lysine and threonine), vitamins (B12 and B2 or cobalamins and riboflavin respectively),
polysaccharides (xanthan gum, dextran, phosphomannan, pullulan and gellan), oils (lipids),
enzymes (b-galactosidase and polygalactorunase) and other compounds (fructose-

diphosphate, 2, 3-butanediol, calcium, magnesium acetate, ammonium, lactate butanol and
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glycerol [33, 36, 73, 80, 82]. Figure 1 shows the products that come from the processing of

whey lactose.

(SCP: Single cell protein and WPC: whey protein concentrates).

Figure 2-1 Applications of CW - lactose [36].

In a recent experimental research project conducted by Antonopoulou et al. [83], it was
proved that the diluted cheese whey can be an energy source for production of electrical
energy using a two-chamber mediator-less microbial fuel cell (MFC; H-type), replacing the
substrate of lactose and glucose. The maximum power density obtained using diluted cheese
whey (normalized to the geometric area of the anodic electrode), was 18.4 mW/m?, that is
equivalent to current density 80 mA/m> and voltage of MFC 0.23V. The coulombic
efficiency was only 1.9%, which could be attributed to biochemical oxidation of the organic
substratum by the indigenous non-electrogenic microbial consortium contained in the raw

wastewater. Optimization and further development by the improvement of MFC design and
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with pretreatment of the cheese whey (sterilization or pasteurization) might increase both
density and coulombic efficiency making the procedure economically viable [84]. Finally, the
economic and environmental importance of cheese whey utilization for the production of bio
hydrogen has recently been identified and there is a growing research interest focusing on this

subject [55, 84-90].

2.4 Use of Anaerobic Digestion systems — production of biogas and removal
COD

In case where cheese production plants have growing disposal problems and cannot afford
high investment costs for whey valorization technologies (such as whey protein and lactose
recovery, spray drying, etc.), the biological treatment is an imperative process to reduce the
pollutant load. Because of the high organic content of cheese whey, anaerobic digestion
constitutes an excellent treatment method [5]. This fact has also been proved by Spachos and
Stamatis [13], through exergy and economic analysis of a modeled cheese whey treatment

anaerobic digestion system.

The anaerobic digestion process includes degradation and stability of organic matters by
microorganisms under anaerobic conditions and leads to the biogas (a mixture of carbon
dioxide and methane) and biomass formation [48, 66, 91]. In particular, with regard to cheese
whey, this complex process consists of three sequential steps: hydrolysis of lactose (and
proteins), fermentation and methanogenesis [36, 92] as presented in Figure 2-1. Anaerobic
digestion involves several mixed bacteria species. According to Audic et al [36], about 90%

of hydrolyzed organic matter is converted into biogas in the methanogenesis process. It is

42

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34



Chapter 2 Literature review

estimated that 1 liter of cheese whey can produce 45 liters of biogas containing 55% methane
and the expected COD removal is 80%. For each liter of cheese whey 20 liters of CH,4 can be
produced, which are equivalent to 700 Btu of energy production [6]. However, despite the
energy potential and waste reduction, the use of anaerobic digestion is not widespread in the
dairy industries, mainly due to the slow reaction rates (high HRT) and the relative process

instability in conventional reactors [24].

Malaspina et al. [93] asserted that cheese whey is quite a difficult substrate to treat
anaerobically (especially in highly loaded reactors) because of its high organic contain, low
bicarbonate alkalinity (50 meg/L), tendency to acidify rapidly, granulation difficulties and its
tendency to produce an excess of viscous exopolymeric materials of probable bacterial origin
that reduce significantly the sludge settling ability and could be reason for washout of the
biomass. However, the development of some technologies and systems of anaerobic digestion
(which will follow) for the cheese whey treatment, prove that it is a worthy and valuable
source of energy. Table 2-3 presents different biogas production systems using cheese whey
which have been studied on a laboratory or pilot scale while Figure 2-2 illustrates the

maximum COD removal (%) versus HRT for these systems.

Table 2-3 Cheese whey treatment systems.

Waste Reactor IC pH  Biogas/ CH, yield HRT OLR T CR Ref.
CW DFF 66 0,28 m*CH,/kg COD,or, 4.9 13 75 [94]
CW DFF 66 0,34 m°CHy/kg COD/ey 6.6 8.3 76 [94]
92-  [95,
CW AF 4 30-21-125 oo 96]
CW UASB 28.7 7.8 9.57 ICH,/I feed/day 5 596 33 98 [97]
Sour(acidic)whey UFFLR 79 6.7 5.6 m/m°day 5 14 35 95 [98]
CW high strength  UASB 77 11.6 285 35 95 [99]
43

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34



Chapter 2 Literature review

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34

W UASB 288 715 5 596 33 9% [100]
W UAR™ 722 45 20 35 35 36 [101]
g\‘j\";mte'”ated DSFFR 13 5 26 35 88 [102]
Strength lactic 3
casein whey FBR 7 a3 0396 mMCH/kg 04 77 35 90  [103]
CODem,
permeate
Sweet whey AAFEB 5 7 065 10 35 92  [6]
powder
Cheddar CW ANRBC* 64 5 02 35 9% [104]
W SDFA 69.8 43 161 99 [105]
W (SBRY™* 39 7 3 104 20 97 [106]
}’X:‘rﬁy inadied  AppRD) 1 7-8  0.69 (CH,yield) 075 13 20 80 [107]
heyinadred  AHR(R2) 10 7-8 055 (CHiyield) 075 133 20 90  [107]
Cheese was/ter UASB 205 6.7 0.32ICH,/gCODelim. 0.07 31 35 90 [108]
W AHR 10 0.354 (CH.yield) 17 611 35 97 [109]
(Salty) CW RBCR 30 7 4lllggalday 3 10 37 85 [110]
(Salty) CW (MB) 3. 20\ ggenerlday 2 37 83 [111]
UF (SFR &
cw MER) 9 47 033 35 87 [112]
W HBR 22 2 11 9% [113]
cW EPFAUF)* 20 7 5 2 34-36 9% [24]
W ASBR 033 28-32 90 [114]
7.9
Raw CW TSMAMD* 686 -  >0.70(CH.yield) 4 1978 37 985 [4]
8.5
cW UASB~ 584 7-8 0.7 (CHuyield) 246 246 % 5]
cw DUHR 68 7 10 97 [93]
W UAFFR 70 0.72 (CHayyield) 2 3 37 81 [115]
CVl utter, fresh g 534 522 028-035(CHgyield) 19 28 35 97 [116]
CW & diluted
coultymanre CSTR 01 2.2L/L pnorlday 18 49 35 77 [65]
Whey mix & AD! 14 35 74 [117]
COW manure
W UASB™ 10.82 075 15 3436 9 [118]
CWedairy CSTR 29 10 34 54 [54]
manure
cw FBR 08- 0104 % ~ 35 63-87 [119]
10 10440
g\‘j\?rom'”ated UASB 1 15 71 35 94 [120]
cW AP 44 8 0.55 % [121]
cw SiTF'i & 0.55m?kg CODjer, 4 95 [122]
W 2 CSTRs* 10 10 097 55 %4 [123]
cW UASFF 57 3.751/day 2 25 36 975 [66]
Diluted CW UASB 37 72 6 62 35 9% [29]
W NMR 25 283 15 34 92 [124]
W AF 8.1 43 19 2225 97 [125]
W NMABR 102 1 113 35 89 [126]
cw NMABR 1022 ; - 06 153 35 81 [126]
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[ cw UAPBR 594 65 0.66 59.28 25 945 [127] |

[* Two phase anaerobic treatment, **Anaerobic-Aerobic process, ***Sequential anaerobic and aerobic step in a single

digester, *Anaerobic digester (batch, fed batch, batch)].

From Figure 2-2 it becomes clear that is quite difficult to assess the effectiveness of the used
systems, at least with respect to the superiority of any particular technology. Various types of
reactors have been utilized, from simple to more complex types such as UASB (for more

details see [41]).

In general, it is difficult to compare systems operated in different laboratories, not only
because of the possible differences in the anaerobic sludge characteristics [24], but also
because of the differences in operating parameters (such as temperature, pH, OLR, total solids
and volatile fatty acids content, toxicity, HRT, inoculums type) and the composition of the

anaerobic digestion effluent.
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Figure 2-2 Maximum COD removal (%) versus log HRT for various CW treatment systems.
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Since anaerobic digestion is a biochemical process driven by consortia of various
microorganisms which are involved in the transformation of complex high-molecular-weight
organic compounds to methane, any stress or disturbance on the system may lead to a change
in species types and their relative population levels, which is ultimately reflected in the
reactor performance. Therefore, the organic material added as inoculums in the fermentative
organic substrate is one of the most important factors affecting anaerobic digestion of organic
waste. High microbial loading inoculums material needs to be added in the mixture of
biomass when start-up the anaerobic digester. The inoculums have significant effects on
biogas productions (for more details see[128]). The selection of the appropriate inoculum is
very important and depends on the composition of the substrate (C/N/P, alkalinity). For
example, Gannoun et al. [24], reported that for anaerobic digestion of ecological pretreatment
cheese whey with optimum composition for the anaerobic digestion system the inoculum was

obtained from an active biogas digester of fruit and vegetable waste treatment [129].

The composition of the effluent of the anaerobic digestion is also important for either direct
discharge or the following anaerobic digestion. However, only a few works on cheese whey
anaerobic digestion treatment can be found in literature [98, 114, 130], giving the detailed
composition of the effluent of the anaerobic digestion. Most of the works reported only
indicative data for the effluent (such as COD, VFA concentration, etc). Table 2-4
summarized some of the reported works on cheese whey anaerobic digestion treatment along

with the inoculum type used and the anaerobic digestion effluent composition characteristics.
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Table 2-4 Inoculums and effluents concentration of CW AD treatment

Waste Reactor Inoculum Effluent References
Seed sludge from AnRBC used for treatment a COD: 457 mg/L, pH: 7.18,
cwW UASB mixture of CW and manure VFA: 18 mg/L [97]
Sour
(acidic) UFFLR Sewage sludge COD: 3.9¢g/L [98]
whey
CW (high UASB Dlsp_ersed sl'udge from anaerobic lagoon VFA< 0.5 gCODIL [99]
strength) treating meet industry wastewater
Seed sludge from AnRBC used for treatment a COD: 457 mg/L, pH= 7.18,
cwW UASB mixture of CW and manure VFA: 18 mg/L [100]
cW UAR* Seed 'materlal _from unmixed An. Digester CQD: 33.02 g/L,. Volatile [101]
operating on dairy manure solids concentrations: 17.9 g/L
Biomass for the inoculum came from a full .
CW (SBR)*** scale anaer. digester treating fruit processing COD:  51£56  mg/l  after [106]
aerobic step
wastewaters
Whev in a Anaerobic granular sludge originating from an
otd AHR (R1) internal circulation reactor treating wastewater ~ sCOD: 150-300 mg/L [107]
dried form -
from a commercial lactose alcohol
. Anaerobic granular sludge originating from an - . .
:lf\r/ir:a?jyfolrrr]n 2 AHR (R2) internal circulation reactor treating wastewater %%prl]?n/zie. 500 mg/L., acetate: [107]
from a commercial lactose alcohol g
Cheese . acetic & propionic acid
production UASB Crlggﬂgganwﬁﬂexgg rst):heese factory  (cheese concentration: 0.01-0.02 [108]
wastewater P mg/L, COD: 65 mg/L
Seed sludge from UAF mesophilic reactor .
CW UF (SFR & treating wastewaters from tuna processing SFR ,COD' 5 9L & MFR [112]
MFR) COD:2g/L
factory
Pretreated ~ Inoculum from an active biogas digester of
CW (EPFAUF) fruit and vegetable waste treatment [24]
cwW ASBR Inoculum from UASB treating poultry [114]
slaughterhouse wastewater
Raw CW TSMAMD*  Inoculum From full scale AD treatment plant [4]
Cw UASB* COD: 1.428-1.975 mgCOD/LI  [5]
CW UAFFR Inoculum from operating whey reactor g//EA: 0.94 g/Ll, COD: 164 [115]
CW. butter Inoculum from sewage sludge, rumen fluid and
00T AHR* effluent from two other mesophilic lab-scale [116]
fresh milk
reactor
cwW UASB* Slnge from anaerobic reactor treating whey in [118]
a single step
cwW 2 CSTRs* Inoculum  from  municipal  wastewater [123]
treatment
CW UASFF Seed culture from wastewater treatment plant [66]
Diluted CW  UASB Inc_)culated with anaerobic mixed I_|quor from COD: 5g/LI [29]
dairy wastewaters and glucose fed digesters

[* Two phase anaerobic treatment, ***Sequential anaerobic and aerobic step in a single digester]

Depending upon different type designing criteria, anaerobic digestion can be categorized into

several types such as: according to feeding mode (batch, semi-batch or continuous reactors),
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the temperature (psychrophilic, mesophilic and thermophilic reactors), the solid content (high
or low solids reactors), the complexity [single stage or two (multi) stage reactors], the shape
of the reactor (horizontal and vertical), the way microorganisms are retained in the reactor
(fixed film, suspended growth and hybrid), moisture in the substrate (wet or dry digestion)
[131-134]. In this work the anaerobic digestion categorization based on the number of
anaerobic digestion phases (single/two phases AD system) is employed in order to present the
time evolution of the reactors and to understand more clearly the reasons for two phase
anaerobic digestion development. Therefore, it has been decided to divide the systems into
groups, according to the type (of the design) of the used reactor and to compare the papers of

each group in terms of the highest COD removal rate versus HRT and OLR.

2.4.1. Conventional (single phase) anaerobic treatment of cheese whey

In several dairy wastewaters treatment systems, AF are often used, being suitable for effluents
with low concentration of suspended solids. Hakannson et al. [125], using AF were able to
achieve a high organic removal efficiency (97% COD removal) with an influent concentration
8,100 mg/L but at low OLR of 1.9 kg COD/(m® day), at an operating temperature of 22-25 °C.
Later, Viraraghavan et al. [95, 96] achieved COD removals between 78% and 92% for HRT
4 days, by using a laboratory scale plastic medium AF reactor. The temperature variation
between 21-30 °C had no significant effect on the startup performance of the AF treating

cheese whey, in terms of COD removal [135].
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Some of the basic problems (clogging of the filters, dead zones, etc.) during the wastewater
treatment with UAF come from the excessive accumulation of biomass, which limits the
efficiency of the process. In order to overcome these problems, two laboratory scale single fed
(SFR) and multi fed (MFR) UAF treating cheese whey wastewaters operated at OLR higher
than 20 kg COD/(m® day) were studied and compared [112]. The feeding policy had an effect
both on biomass concentration and activity. Specific activities of different trophic groups
were higher in MFR. Therefore, the MFR system operation was efficient, especially at high
organic loading rate and at the same time major problems inherent in this technology (filter

clogging and dead zones), are avoided.

Other treatment systems use FFR. For instance, Van den Berg and Kennedy [94], used a pilot
scale DFFR at an HRT of 4.9 days and at an OLR of 13 kg COD/(m?® day) and achieved 75%
COD removal and 0.28 m3/kg CODremoves Methane yield. With increase of HRT to 6.6 days
and reducing OLR to 8.3 kg COD/(m® day) the COD removal efficiency was slightly

increased (1%) and the methane yield rose to 0.33 m*/kg COD emoved.

Patel et al. [115], investigated AD of high strength cheese whey (70 g COD/L) using an
UFFR and the maximum COD removal achieved was 81% at an HRT of 2 days and with
charcoal support material. This type of reactor allows the effective digestion, both at low and
high strength wastewaters (in terms of the organic materials and suspended solids) in a low
HRT. The FFR was able to treat higher strength substrates (without nutrient additional and pH
control) and had higher COD removal efficiency than FBR. However, a longer HRT (at least

5 days) is needed, in the FFR [136, 137].
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Rodgers et al. [126], used a novel ABR with a vertically moving bio film system, called
AMMBR. At an HRT of 1 day and OLR of 11.6 kg COD/(m?® day), at mesophilic conditions
(~35 °C), 89% COD removal efficiency was obtained. The decrease of HRT to 0.6 days and
the increase of OLR to 15.2 kg COD/(m® day), led to the reduction of COD removal
efficiency by 8%. The methane content in the produced biogas was 63% on average and the
methane yield was 0.33 m®kg CODyemoves, Very close to theoretical value (0.35 m*/kg
CODremoved). This drop in COD removal with increase in OLR appeared also in [6], where a
satisfactory COD removal efficiency (61-92%) achieved, using an AAFEB reactor at high
organic load rate [8.2-22 kg COD/(m® day)] and under mesophilic conditions (~35 °C).
However, increase of the influent strength from 5 to 20 kg COD/(m?>day) led to a drop in the
COD removal efficiency from 83% to 58%. This reactor has also proved to be suitable for
treatment at lower temperatures (28-31°C) succeeding in satisfactory COD removal efficiency

(77-93%).

A major problem during the cheese whey treatment is the usage of cheese whey to growth the
yeast. Methods such as hydrolysis of the cheese whey, yeast adaptation and pressure selection
are attempted to overcome this problem. A recent research [138], found that SMFBR is also a

suitable method to face this problem and to treat cheese whey as well as all dairy effluents.

In order to clarify some of the above discussed aspects, the COD removal efficiency rate
versus HRT (day) and OLR [g COD/(L day)] are presented in Figure 2-3. It is observed that
Hakannson et al. [125], achieved the highest COD removal efficiency (97%) using AF for
low strength cheese whey treatment, at the lowest OLR compared with the other studies.

Wildenauer and Winter [98], using UFFLR with similar HRT but at much higher influent
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COD and at higher OLR achieved slightly lower COD removal by 2%. It is also noteworthy
that Boening and Larsen [103], using FBR and Switzenbaum and Daskin [6], using AAFEB
achieved slightly lower COD removal (~5%), but at a much lower HRT (about %) compared

to the other two studies [98, 125].

100 100 @ Van den Berg et

al, 1992 [94]

95 B 95 B W Wildenauer &

Winter, 1985 [98]

90 A X Switzenbaum et

al, 1982 [6]

85 Rodgers et al,

2004 [126]

Patel et al., 1995

[111]

75 < 75 4 A Boening et al,
1982 [103]

X Punal et al, 1999
[112]

® Hakannson et al,
1977 [125]
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Figure 2- 3 Maximum COD removal versus HRT (day) and OLR [g COD/(L day)] using

anaerobic filters, fluidized bed reactors and fixed film reactors for CW treatment.

The works mentioned up to this point, have been carried out with pH adjustment (pH control)
in order to stabilize the operating conditions. The pH can be adjusted by adding bicarbonate

[139, 140] and NaOH [123].

Another method of pH adjustment is the co-digestion of cheese whey with manure (poultry,
cow, etc.). Co-digestion has been proved to be possible, without addition of any chemicals,
with up to 50% participation of whey (by volume) in the daily feed mixture. With this method
the specific biogas production remained roughly unchanged at the various whey fraction

added in the feed mixture mainly because of the lower COD of cheese whey compared to that
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of manure [54, 65, 117]. The cheese whey anaerobic treatment is affected by the drop in pH.
This effect can be handled with buffering action in a hybrid reactor, which is not possible in

an UASB reactor without proper startup [42].

Due to the risk of strong acidification, the startup of the reactor is always a critical step [24].
The UASB reactor [141], can cope with preacidificated cheese whey wastewaters (pH of
about 4) even at elevated OLR that eliminates the necessity of alkalinity supplementation by
ensuring a proper startup. The COD removal efficiency reached up to 90% at an OLR 28.5 kg
COD/(m® day) and 9.5 kg COD/(m?® day) for mesophilic (~35 °C) and psychrophilic (20-30
°C) conditions respectively, under a stable operation regime [99]. Further exploitation of the
reactor with the designed OLR of 6.5 g COD/(L day) showed sufficient operational stability

with COD removal close to 95% on the basis of total COD.

COD removal close to 90%, at a high OLR of 31 kg COD/(m® day) and HRT of 1.7 h and
methane production with an average value of 0.32 L CH4/g CODemoveq Obtained for cheese
production wastewater (influent COD 2.05 g/L) using a laboratory scale UASB reactor under
stable operating conditions [108]. Increase at OLR of about 30%, [higher than 45 kg
COD/(m? day)] had as a result a reduction of the COD removal rate by 11-26%. This is a
common problem in cheese whey treatment. As the substrate loading increases the acidogenic
region extended into the methanogenic region in the upper part of the reactor until the whole

region was acidogenic, leading to the failure of the reactor [100, 142].

Gavala et al.[29], using a laboratory scale UASB reactor (10 L useful volume) for cheese
producing industry wastewaters (influent concentrations between 12 and 60 g CODI/L),

achieved a maximum COD removal efficiency of 98% at an HRT of 6 days with an influent
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COD concentration of 37 g/L [OLR 6.2 g COD/(L day)]. The increase of influent COD
concentration to 42 g/L (OLR to 7.5 g COD/(L day)) led to reduction of the COD removal
efficiency (85%-90%). Further increase of HRT to 30-40 days and reduction of the OLR to
1.5-1.9 g COD/ (L day), led to decrease of COD removal to 81%. The maximum biogas
production rate, during the conducted experiment was approximately 45 I/day with a methane

content of 68%-74%.

Because of the instability caused by the strength of the influent in UASB reactor, the optimum
influent substrate concentration for the proper system operation is determined to be between
25 and 30 g COD/1 at an HRT of 5 days [142]. In general UASB reactors are suitable for
treatment of dairy wastewaters containing high concentrations of fat and grease with COD
removal of about 90%, as has been reported by Cammarota et al. [143] and are the most
common reactors for cheese whey treatment, since they can treat large volumes of
wastewaters in a relatively short time [22]. However, the performance of the UASB system
has not been yet discussed in detail. Systematic analysis of the reactor characteristics such as
the operation stability, HRT, sludge granulation and the sludge discharging is still necessary.
One of the most serious limitations of the UASB process is the relative long time that is

required for the startup and for the granulation (even several months).

To overcome these limitations, a modification is required [5, 144]. A new model UASB
reactor called one dimensional dispersed plug flow model was developed by the Kalyuzhnyi
et al. [145]. This model focuses on the granular sludge dynamics along the height of the
reactor, based on the balance between the dispersion, sedimentation and conversion with the

use of one dimensional (with regard to the height of the reactor) equations.
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Figure 2-4, presents the technology status based on the data of the works described so far,
through COD removal rate versus HRT (day) and OLR (g COD/(L day)). It is observed that
the highest COD removal was obtained both by Yan et al. [97, 100] for cheese whey
treatment (influent COD concentration 28.8 g COD/L) and Gavala et al. [29] for diluted
cheese whey treatment (influent COD concentration 37 g COD/L), proving the UASB
reactors suitability to treat also high organic load raw wastewaters. In both studies there were
no significant deviations regarding the influent COD concentrations as well as the OLR and

the operating conditions (pH and temperature).

In addition to AF, FFR and UASB reactors, hybrid and ASB reactors are also used for dairy
wastewater treatment. The UASFF reactor is a hybrid reactor which is a combination of an
UASB reactor and an UFFR and it was developed in order to shorten the startup period. This
reactor was used for the rapid biological conversion of organic matter of cheese whey to
biogas. At HRT 48 h and temperature 36 °C, a COD removal rate of 97.5% in a sort startup
time was observed. The highest biogas production rate of 3.75 L/d occurred at HRT of 36 h

[66].
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Figure 2-4 Maximum COD removal versus HRT (days) and OLR [g COD/(L day)] using
UASB reactors for CW treatment .

The COD removal rate ranged from 90% to 97% at an OLR 0.82 to 6.11 kg COD/(m?® day)
and at an HRT 4.1 to 1.7 days has been obtained using mesophilic laboratory scale HAR
(combining UASB and fixed bed design) [109], for cheese whey treatment with an influent
substrate COD concentration of 10 g COD/L. The methane yield was 0.354 m® CH./kg
CODremoved at an HRT of 1.7 days. The anaerobic treatment of high strength acidic cheese
whey using a laboratory scale UHR [113] resulted in a COD removal higher than 95%, at
HRT of 2 days and at OLR of about 11 kg COD/(m® day). McHugh et al [107] used two
laboratory scale reactors, R1 and R2, to treat low (1 kg COD/m?®) and high-strength (10 kg
COD/m®) whey wastewaters, respectively, under psychrophilic conditions (<20 °C) and
obtained a high COD removal efficiency. The COD removal efficiencies of the R1 reactor
varied in the range 70-80%, at OLR 0.5-1.3 kg COD/(m>day), and temperature between 20

and 12 °C. The COD removal efficiency of the R2 reactor was higher than 90%, at OLR up to
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13.3 kg COD/(m®day), between 20 and 14 °C. The decline in performance and granule
disintegration was reversed by decreasing the OLR of R2 to 6.6 kg COD/(m* day). In the R2
reactor the biogas volumes generated throughout the study were about 20-25 L/day with
biogas methane content between 55-65%, while in the R1 reactor the biogas methane content
remained in the range 63-77%. Figure 2-5 depicts the COD removal rate achieved versus

HRT and OLR for each reported study on hybrid reactors.

It should be mentioned that all the works on hybrid reactors for cheese whey treatment
achieved high COD removal rates. However, a slightly better COD removal obtained by
Najafpour et al. [66], at a short HRT of 2 days similar to that of Calli and Yukselen [113], but
with almost double influent COD concentration and OLR, at 35 °C. High COD removal rate
also achieved by McHugh et al. [107], by high organic load influent treatment, at 20 °C,

proving that satisfactory COD removal can be achieved at low temperatures.

ASBR has also been studied for cheese whey treatment. The results have been promising,
showing the real potential of this system as an alternative to continuous flow [139, 146].
Moreover, ASBR with mechanical stirring proved to be stable and efficient in removing

organic matter at influent concentrations varied from 0.6 to 4.8 mg COD/(L day).
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Figure 2-5 Maximum COD removal versus HRT (days) and OLR [g COD/(L day)] using
hybrid reactors for CW treatment.

The COD removal rate for filtered samples was always up to 90%. The results were obtained
with optimized alkalinity supplementation [114]. Damasceno et al. [147] assessed the
behavior of a ASBBR containing immobilized on polyurethane foam for diluted cheese whey
treatment when submitted to different OLR [2, 4, 8 and 12 g COD/(L day)] and feeding
strategies (fill time of 10 min, 2 h and 4 h by a cycle time of 8 h). It was concluded that the
concentration of total volatile acids varies with the time of filling. For the higher fill times, the
highest concentrations were observed at the end of the cycle. Furthermore, no significant
differences were detected in the maximum concentration of total volatile fatty acids for any of

the conditions investigated.

Beyond the reactors mentioned up to this point, there are and some other alternative types of

reactors. In a cheese factory in Canada, a novel multi plate reactor has been tried for cheese
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whey wastewaters. The influent COD ranged between 20 and 37 kg/m® and the OLR between
9 and 15 kg COD/(m®-day). The maximum COD removal was quite high, 92%, and the
average methane production rate was 4m*/m?® day. Activity level of the biomass maintained or
increased during the research. The innovative design of the reactor seemed to be promising

for cheese whey treatment and functioned effectively for one year [124].

Recently, the use of UAPBR to treat cheese whey proved to be a great strategy to achieve
high COD removal efficiency in a short time. COD and lactose removals rose to 94.5% and
99%, repectively, at HRT of 16 h and room temperature (25 °C). The highest methane yield
was achieved at 16 h of HRT and the highest volumetric rate of biogas production was

achieved at HRT of 6 h [127].

ARBCR was used to treat anaerobically salty cheese whey. The optimum performance was
achieved at an HRT of 3 days and at 37 °C and the resulting COD removal was 85%. The
methane content in the biogas was close to 74% [110]. A similar COD reduction of 83% was
achieved using a MAB for the anaerobic treatment of salty whey diluted with dairy effluents,
at an HRT of 2 days and at 37 °C. The methane content in the produced biogas was 68%
[111]. Figure 2-6, illustrates the COD removal rate, versus HRT (days) and OLR [g COD/(L

day)], reported on certain alternative types of reactors.

It is clearly shown in Figure 2-6 that Najafpour et al. [127] achieved the highest COD
removal rate at lower HRT and the highest OLR compared with the other two studies. It is
also remarkable that this study was carried out at low temperature (25 °C), while the other

works carried out at mesophilic conditions (34-37 °C).
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In the conventional single reactor systems, as reported up to this point, there is a sensitive
balance between the acid-forming and methane-forming microorganisms which are kept
together, since both groups differ significantly in terms of physiology, nutritional needs,
growth Kinetics and parametric to environmental conditions. The problems of stability and

control in conventional design applications have led the researchers to new solutions [45].
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Figure 2-6 Maximum COD removal versus HRT (days) and OLR [g COD/(L day)] using

alternative types of reactors for CW treatment.

2.4.2 Two phase (two stage) anaerobic treatment of cheese whey

The idea of developing the anaerobic digestion as a two-step procedure came from the fact
that the process of the anaerobic digestion consists of two groups of different sets of activities
[4]. Pohland and Ghosh [148] were the first to suggest the physical separation of the two
groups of microorganisms, acid and methane formers, in two separate reactors. Optimum
environmental conditions for each microorganisms group should be provided, in the reactors

in order to enhance the overall process stability and control. The performance of acidogenic
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reactor (acid phase) is particularly crucial for the two phase anaerobic effluent stabilization,
since the acidogenic reactor should provide suitable substrate for the subsequent
methanogenic reactor (methane phase) [149]. Hall [150], summarized the advantages and

disadvantages of one and two phase anaerobic treatment.

In order to investigate the two stage anaerobic digestion of cheese whey, various
combinations of reactors have been used. UASB reactors were used as acidogenic and
methanogenic reactors [151], or CSTR and UAF were used for acidogenesis and
methanogenesis, respectively [122]. With the latter combination system, in the upflow
methanogenic filter, 95% COD removal was attained at 35 °C and HRT 4 days, with biogas
production rate of 0.55 m*/kg CODyemoved. Similar COD removal (93%) at an HRT of 5 days
was achieved by another combination system using AnRBC reactors one for each stage [104].
Saddoud et al. [4] investigated a system consisting of a stirred acidogenic reactor followed by
a methanogenic reactor coupled with a membrane filtration system for the removal of soluble
effluents and the preservation of solids. The average removals of COD, BODs and TSS were
98.5%, 99% and 100%, respectively, with daily biogas production higher than 10 times the
reactor volume and biogas methane content higher than 70%. However, the flux declined
because of the formation and compaction of a cake layer on the membrane surface caused by

the particles inside the pores of the membrane.

Yang et al. [123] comparing one and two phase thermophilic anaerobic digestion systems for
cheese whey treatment concluded that the two phase process was more suitable for the
management of cheese whey wastewaters, with maximum COD removal rate and yield of

methane production were 116%, 43% and 6% respectively, higher than those of the single
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phase system. This conclusion also follows from the evaluation of anaerobic digestion of
three different dairy effluents (cheese, fresh milk and powder/butter) using a laboratory scale
mesophilic two stage system. For effluents from the cheese factory at an OLR of 2.82 kg
COD/(m?® day), 97% of COD removal was achieved [116]. Cheese processing effluents were
also used to determine the biokinetics of mesophilic acidogens. At pH 7 and temperature
36.2 °C, the maximum microbial growth (umax), the half saturation coefficient (Ks), the
maximum microbial growth rate (YY) and the microbial decay rate (Kg) were calculated to be

9.9 days™, 134 mg COD/1, 0.29 mg MVSS/mg COD and 0.14 days™, respectively [22, 152].

Ghaly [101] used an UAR in order to investigate the effects of a two stage anaerobic
digestion, with and without control of pH at the methanogenesis stage. The results indicated
that by controlling the pH (by alkali addition) of the methanogenic stage, a significant
increase in the biogas production rate and methane yield have been obtained, as well as a
decrease in COD and solids concentrations of the cheese whey. For instance, at an HRT of 20
days and at 35 °C, with pH control the COD removal rose to 36%, while without pH control
was much lower (15.6%). However, Garcia et al. [118] suggested that recirculation of reactor
effluent of the methanogenesis reactor produces a dilution of the influent which allows a good
system stability, without the necessity of adding alkalinity for pH control. At an OLR of 30 kg
COD/(m?® day) and at an HRT of 0.45 days in the acidification reactor and at an OLR 15 kg
COD/(m® day) and at HRT 0.75 days in the metanogenesis reactor, higher than 99% COD
removal was obtained. One way to improve the performance efficiency of digesters for high

content wastewaters treatment especially the high rate anaerobic systems, such as UASB
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reactors or UAF, is to promote an adequate pretreatment of the substrate. Gannoun et al. [24]

used a combined system with ecological pretreatment before the anaerobic digestion.

The pretreatment step was based on the L. paracasei growth on cheese whey, the fermentation
of lactose into lactic acid and the precipitation of organic material after lime addition. With
ecological pretreatment of cheese whey the startup has been after four weeks without any
significant problem. Furthermore, the contained pollution was decreased and the BOD/COD
ratio was improved from 0.5 to 0.7, making the cheese whey wastewaters more suitable for
anaerobic treatment. CSTR with variable working volume was used to supply UAF with the
biologically pretreated cheese whey. The stable operation of the UAF is mainly due to the
liberation of ammonia from the degradation of the residual proteins in the pretreated cheese
whey and the synergistic interaction between the acidogenic and methanogenic bacteria. With
this combined system the highest COD removal of 98% was achieved at HRT varying from 2
to 5 days, OLR 4 g COD/(L day) and at stable operating conditions throughout the experiment
[24]. Figure 2-7, illustrates the percentage of COD removal versus HRT and OLR for two

phase anaerobic digestion systems which have been reported up to this point.
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Figure 2-7 Maximum COD removal versus HRT (days) and OLR [g COD/(L day)] with
the use of two phase anaerobic digestion system for CW wastewaters treatment.

Figure 2-7 shows that the COD removal rate does not vary significantly from one study to
another regardless of HRT and OLR. This proves, as already mentioned, that the two phase
anaerobic digestion system is an effective solution for cheese whey treatment, attaining high
COD removal rates in a short HRT. Garcia et al. [118] succeeded in achieving the highest
COD removal rate at the lowest HRT and relatively low influent organic loading. However,
the value of OLR is relatively modest compared with the other studies. Saddoud et al. [4]
obtained the next highest COD removal rate (98.5%) with the highest influent COD. It is also
noteworthy the high COD removal rate was achieved by Gannoun et al. [24], with ecologic
pretreatment reducing the wastewaters pollution content before entering the reactor for
anaerobic digestion. The pretreated cheese whey which used as substrate in anaerobic
digestion by UAF has quite lower organic loading (influent COD) and OLR compared to

others [4, 5, 104].
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2.4.3. Anaerobic/Aerobic reactors

Two steps are usually required for the complete treatment of CW wastewaters. The anaerobic
degradation of the main fraction of organic matter and then the aerobic treatment of the
partially treated wastewaters, in order to reduce the final organic load of the effluent and to
fulfill the discharged requirements [106]. The aerobic treatment step can be provided by

aerated ponds [121, 140] or using aerobic jet loop membrane reactors [23].

Malaspina et al. [93], reported that during an anaerobic — aerobic biological process, 98%
COD reduction was achieved at an OLR of 10 g COD/(L day) in the anaerobic DUHR. Post
treatment was subsequently performed with the use of SBR resulting in higher than 90% of
COD and nutrients removal rates. The main objective was to reduce the high concentration of
nitrogen and phosphorus still remaining in the anaerobic treated cheese whey. The nitrogen

and phosphorus removals were 66-93% and 35-93 %, respectively.

Full-scale anaerobic/aerobic cheese wastewaters treatment by a system containing a grease
trap, UASB type pond, aerated pond, effluent polishing pond, achieved reduction rates in

BODs, COD, TSS, oil and grease, 98%, 96%, 98% and 99.8%, respectively [121].

Regarding the temperature of digestion, most research works on cheese whey wastewater
treatment have been conducted under mesophilic and thermophilic conditions, although
psychrophilic digestion can lead to lower cost treatment and can become more suitable for
small scale cheese producers [107]. A preliminary study on sequential anaerobic and aerobic

treatment of cheese whey wastewaters, at psychrophilic temperatures in a single digester SBR
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of 0.5 L volume, was carried out by Frigon et al. [153]. The SBR operated at cycles of 48 h,
with different levels of aeration after the initial incubation of 30 h. By adding 54 mg O./g
CODinsiient OVer 16 h, they achieved the best performance of the system, with soluble COD
removal of 99% and a residual soluble COD of 104 + 22 mg/L. Recently, the same research
group [106], in order to reduce the cost of the investment, evaluated in a single digester the
potential of psychrophilic anaerobic digestion, for the most of the biodegradable materials,
followed by aerobic polishing sequence. The concept of coupling anaerobic and aerobic steps
inside one digester is promising. The total cycle time (Tc) must be longer than 2 days for the
efficient biodegradable fraction of cheese whey removal, at 21 °C. Moreover, the sequential
anaerobic and aerobic degradation of the cheese whey wastewaters can be enhanced by
improving the compartmentalization of the anaerobic and aerobic biomass inside the reactor.
The integrated anaerobic and aerobic degradation in a single reactor is able to improve the
overall degradation efficiency. The reported COD removal rates obtained by anaerobic/
aerobic digestion, versus HRT (days) and OLR [g COD/(L day)] are shown in Figure 2-8. It
can be seen that Frigon et al. [106] obtained the highest COD removal at the shortest HRT
and at psychrophilic conditions (20 °C) in a single digester of anaerobic and aerobic
treatment. Therefore, the use of integrated reactors (anaerobic/aerobic digestion) with stacked
configuration in treating high strength industrial wastewaters is advantageous in terms of

minimal space requirements, low capital cost and COD removal efficiencies obtained.
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Figure 2-8 The highest COD removal versus HRT (days) and OLR [g COD/(L day)]

using two steps anaerobic/aerobic digestion system for CW treatment.

However, most integrated reactors reported and described by Chan et al. [154] have not been
applied on a large industrial scale and further research is required in order to evaluate the

performance of these promising reactors on a larger scale.

2.4.4. Dairy industries using anaerobic digestion systems

Despite the fact that numerous studies have been carried out on a laboratory or pilot scale, the
number known industrial scale applications of anaerobic digestion is limited. A sample of
factories producing cheese and dairy products having implemented anaerobic digestion
systems in order to reduce the effluents pollution load and to produce biogas covering part of

their energy needs, are presented below.
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HydroThane STP [155] is one of the known companies installing anaerobic digestion
systems. One of its projects is the anaerobic digestion system installed in Tyras SA dairy
industry (in service since 2010), which is located in Trikala, Greece. The facility is designed

to treat:

e 2500 m*/day of washwaters
e 220 m*/day of lactose

e 90 m¥day of by-products (market return, concentrated whey, waste sludge etc.)

The anaerobic system consists of one ECSB reactor and three SWD reactors. The system
efficiency after three weeks of operation rose to 98%. The influent COD concentration is
55,000 mg/L, while after cheese whey anaerobic digestion treatment, the effluent COD
concentration is 1,100 mg/L. The biogas produced is reaching at its peak the 600 Nm®/h

(almost 4 MW), covering a large part of the thermal energy requirements of the factory.

Valbio SAS [156] company is another known company in the anaerobic digestion field. One
of its systems is in use in the Blackburn Cheese Dairy, in Jonquieres, Quebec, Canada,
treating anaerobically 0.7 million L whey/year using a UASB reactor (Valbio’s Methacore) of

30 m® since 2007 (Figure 2-9).
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Figure 2-9 Valbio’s Methacore anaerobic digestion system (fluidized bed) with
anaerobic granular sludge used in different units of effluent treatment[156].

Post treatment of treated cheese whey follows the anaerobic digestion, including aerobic,
nitrogen and phosphorous treatments. Through this process 28,000 m®/year biogas (170,000
kWh/year or 580 Btu/year) are produced covering factory’s energy needs, while at the same
time 98% and 99% COD and BOD removal are obtained, respectively. A similar system is
operated since January 2010 at Port Joli Cheese Dairy in Quebec (Canada), which treats 0.35
million L/year of cheese whey and 0.63 million L/year wash waters. The total COD of
effluents is 27,000 kg/year. A sequential biological reactor for nitrogen and phosphorus
treatment follows the anaerobic UASB reactor of 12 m* volume. The system produces 91,000
kWh/year (310 MBtu/year) biogas, achieving 95% of COD and BOD removal. At La Vachea
Maillotte Cheese Dairy (La Sarre, Quebec — Canada) a similar system, operating since June
2010, treats 2.5 million L/year of cheese whey with total COD 175,000 kg/year (Figure 2-10).
The produced biogas is 94,000 m® (640,000 kWh/year), with the COD and BOD removal

being 91% and 94%, respectively.
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Figure 2-10 Treatment unit of anaerobic digestion of the Dairy industry La Vachea
Maillotte Cheese Dairy [156].

The same COD and BOD removal rates are achieved by anaerobic treatment of wastewaters
with total COD of 127,000 kg/year (4.9 million liters washwaters per year and 1.6 million
liters whey per year) in Charlevoix Dairy (Baies St Paul, Quebec — Canada). The system has
been in service since March 2011. The system consists of a UASB reactor of 60 m?, followed
by aerobic post treatment and eco machine (phyto) with nitrogen and phosphorus treatment.
The produced biogas is 90,000 m®/year (equivalent to 537,000 kWh/year or 1,650

MBtu/year).

Naskeo Environment [157] is another company dealing with the installation of anaerobic
digestion systems. One of its projects is the installation of valorization of the soluble
industrial effluents (white water and whey) of the cheese diary of the Pays de Maroilles
(North of France) using Proveo anaerobic digestion (Figure 2-11) and aerobic completion
SBR systems. The average thermal power during the process is estimated 45 kW,
approximately corresponding to 175 m®day biogas production and the average effluent

purifying output is approximately 99%.
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An anaerobic treatment unit has also been installed by Hager + Elsasser Company [158] at
Landfrisch Molkerei, located in Austria. This project involved the treatment of whey and
wastewater from cottage cheese production using anaerobic treatment in a Mixed Sludge Bed
reactor which is designed to treat 180 m*® whey/day and 11,000 kg COD/day with COD
removal efficiency higher than 90% and electrical and thermal energy production of 12 and

13 MWh/d, respectively.

Montchevré is the first goat cheese manufacturer in United States (located in Belmont, WI) to
use this type of wastewater treatment. The anaerobic digestion system installed by Procorp
Enterprises LLC [159] has been in service since October 2010. The daily energy generation is

5,270 kWh, capable of providing power to 200 — 240 local homes.

Biogaz

Recirculation Sortle

i

Alimentation

Figure 2-11 High efficiency anaerobic digestion for effluents — Proveo [157].
The above mentioned anaerobic digestion systems which have been installed in various dairy

industries are summarized in the Table 2-5.
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Table 2-5 Anaerobic Digestion Systems in Dairy Industries.

Company’s Biogas -
Name Industry Country Waste Reactor Production Efficiency Ref.
2500 m*/day
washwaters, 220 1 ECSB o
Hydrothane E)g?s SA Greece m®/day lactose, &3 600 Nm*h ?fnf;\?a?[) [155]
y 90 m¥/day by-  SWD
products
1,1 milion
Blackburn g’ﬁgb“égres' \Illvtaesrfé zve;;"’g'te UASB 28,000 98% COD
1 L 3 3 0
Dairy Canada 0,7 million liters (30 m") m/year 99% BOD
[/ year whey
. 0.63milion liters
Saint Jean / vear white
Portdoli  Portdoli, 'Y UASB 14,000 95% COD
Dairy Quebec wastewater & (12m*  mPlyear 0
' 0.35million 95% BOD
Canada .
liters / year whey
Valbio SAS [156]
LaVachea Lasarme, g ionliters UASB 94,000 91% COD
Maillotatte  Quebec, / vear whe (60m’) ma/vear
Dairy Canada y y Y 94% BOD
Baie —
Charlevoix >3~ 2 4milion liters/ UASB 90,000 99,5% COD
Dairy Paul, year whey (60m%  mP®lyear 0
Quebec, 99% BOD
Canada
Bonitrex Asenovgra 8.5 million liters  UASB 330,000 92% COD
Dairy d Bulgaria  / year (200m®)  m’lyear 92% BOD
Pays de
Naskeo Maroilles ~ North 20 m¥/day SBR  175m¥day 99% COD  [157]
nvironment . France
Dairy
Electrical &
Mixed Thermal
Hager + Landfrisch . 3 Energy: 12 0
Elsasser Molkerei Austria 180 m® whey/day g;;jge & 13 90% COD [158]
MWh/d
respectively
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There are many economic analyses in the literature on anaerobic digestion systems for various
wastewater treatments, which have proved that this process is an economically viable method

for wastewater treatment. However, it is a process that requires a high investment.

The total capital costs of anaerobic digester plants may range from a few hundred thousand to
a few million euros. Typically, the capital and running costs of a biogas electricity generating
plant are $3,700 to 7,000/kW and $0.02/kWh, respectively [160]. Financing is therefore one
of the key elements in order to ensure project viability. The financing scheme of a biogas
plant project differs from country to country, but in general, low-interest, long term loans are
used. Some of the feasibility studies concluded that the payback period ranges from 5 to 16
years, when these facilities operate under optimum and worst conditions, respectively.
Government financial incentives for producing green energy can reduce the payback period

significantly [161].

The scale of the plant is a significant factor when evaluating the economic feasibility of the
anaerobic digestion systems. There is a general consensus that small-scale projects are not
going to be economically feasible until there are higher net metering rates (for more details

see [162]).

2.5 Conclusions from the literature review

Cheese whey is increasingly recognized as an important resource to produce value added
products and “clean” energy, rather than as a waste stream with a high pollution load. The
bioactive whey proteins gradually find applications not only in food products, but also in

cosmetics and in the pharmaceutical sector. After recovery of proteins and other nutrients, a
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stream rich in lactose remains, imposing a major environmental problem that imperatively
requires further treatment. Lactose is used as a component in foods and as filler or coating
agent for tablets (pills) in the pharmaceutical industry. However, its use in food products is
limited because of low digestibility and poor solubility (ability to crystallize). In addition,
lactose is used as chemical feedstock for the production of lactose products and as substrate

for production of valuable compounds by fermentation (ethanol, biogas, hydrogen etc.).

Regarding the production of biogas from cheese whey effluents the anaerobic digestion is an
effective method, because of its advantages compared with other methods, such as process
simplicity, high energy efficiency and low operating cost. Simultaneously with the biogas
production, a high removal rate of pollution load, expressed as COD and BODs removal, is
obtained using various types of reactors, from simple to more complex (anaerobic filters,
fixed film reactors, UASB, hybrid reactors etc.). The UASB reactors are the most common
reactor configuration employed for cheese whey wastewater treatment, mainly because of

their ability to treat large volumes of effluents at a relatively short period of time.

In conventional single (one phase) reactors, the acid forming and methane forming
microorganisms are kept together and lead to instability and control problems. Moreover, high
concentration of suspended solids in the cheese whey can also affect adversely the
performance of the conventional anaerobic treatment processes, especially the most
commonly used UAF. These problems can be overcome with a two-stage anaerobic digestion
process, and, therefore this system should be considered as a better treatment system for
cheese whey wastewater. However, the full-scale two-phase applications for dairy effluents in

literature are scarce. In this type of anaerobic system the kinetic and microbiological aspects
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of the acidogenic reactors operating with preferably different complex type substrates should
also be evaluated in more detail with focus on adverse effects that organic substrates might
cause. Additionally, the subsequent methane reactor should be another substantial area for

further investigation.

Nevertheless, after the anaerobic digestion process a percentage of pollution load remains in
the treated effluent resulting in the necessity of subsequent processing. Anaerobic/aerobic
digestion is a complete system for wastewater treatment. In addition, the use of integrated
reactors (anaerobic/aerobic digestion) with stacked configuration in treating cheese whey
wastewater has been proved advantageous, because of minimal space requirements, low
capital cost and excellent COD removal efficiencies. Consequently, it is a very promising
treatment method. Further work is required to evaluate the performance of these promising
reactors on a larger scale including the biogas capture system and utilization of the suspended

carrier or packing medium.

Another important factor in the anaerobic digestion is the start-up phase, which is considered
to be the most critical step in the operation of an anaerobic digester. High microbial loading of
inoculum material needs to be added in the mixture of biomass during the start-up stage of the
anaerobic digester. So far, only few reports can be found about the inoculums and their
proportion used on anaerobic digestion of cheese whey. Similarly, there is lack of information
on the detailed composition of the anaerobic digestion effluent, which is very important for
either direct discharge or the following treatment (anaerobic or aerobic digestion). Both of

these considerations should be taken into account in the future research.

75

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34



Chapter 2 Literature review

In order to evaluate the state of technology concerning the COD removal rate ability for
different type of reactors and systems in use, an effort to establish a common comparative
basis has been made. It was observed that most studies dealing with anaerobic digestion of
cheese whey show no significant differences in the COD removal rate. The differences being
mainly on HRT, OLR and influent organic loading, in which these COD removal rates were
achieved. Generally, it is quite difficult to compare the systems operating in different
laboratories due to differences in the anaerobic sludge characteristics and the operating
parameters (temperature of reactor’s operation, HRT, OLR and others). Therefore it would be
useful for the future research efforts to attempt referencing where possible to similar operating
conditions in order to get a clearer and more complete picture of the anaerobic digestion

systems technology on a comparative basis.

In the literature, there is a very limited number of industrially-scale operating anaerobic
digestion systems, especially in cheese industries. However, the increasingly stringent
regulations for the wastewater disposal and the need to cover energy requirements necessitate
the continuous improvement of technology and the investigation of more complex and
optimized two stage systems, anaerobic/aerobic digestion reactors at full industrial scale to be
applied in the near future. Moreover, it is understood that the interest has shifted to the
nitrogen and phosphorus removal from dairy waste due to more strict environmental
regulations and therefore current research efforts clearly seem to focus on this particular topic.
Analysis and optimization of complete industrial scale anaerobic digestion systems of cheese

whey (from biogas production to its combustion) is essential.
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Chapter 3 Technological Background — Micro

turbines

This chapter describes the main method of converting the biogas produced from anaerobic
digestion treatment of cheese whey into electrical energy; thus in this chapter the

characteristics of the main components and the auxiliary equipment are described.
3.1 Micro turbines

The micro turbines are miniatures of larger gas turbines engines which are started to be
developed commercially in 1930s. Any micro turbine is constructed of the following main
parts [163]: a turbine that transforms pressure of hot gas after it is expanded through it into
motion, an alternator that generates electricity, a compressor that compresses the inlet air to
high pressures, a combustor at which combustion begins between the heated compressed air
and the fuel after they are mixed and burned, a recuperator which is used as a heat exchanger
to transfer heat from the exhaust gas to air before it enters the combustor and a power

electronics section (Figure 3-1).

Micro turbines can be divided into two types, turbo shaft and turbojet. The turbo shaft type

micro turbines operate similarly to the conventional, larger gas turbine engines as described
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above. Their operation is usually based on the recuperated Brayton thermodynamic cycle in
the case of the distributed generation applications. The turbojet type is simpler than the turbo
shaft, since they do not utilize the recuperator component. The air is compressed in a
centrifugal compressor, is burned in an annular type or reverse flow combustor and is partially
expanded in an axial type turbine to produce power for the compressor. The hot and
pressurized gases that exit the turbine are expanded to atmosphere though a convergent nozzle

and produce thrust.

Figure 3-1 Schematic diagram of a micro turbine [164].

Micro turbines operate at very high rotational speed. The turbo shaft type can have either a
single shaft or a dual shaft configuration. In the single shaft configuration the turbine
generates power to drive the compressor and the generator, mounted on the same shaft. In this
design, the produced electric power has a very high frequency, which is variable as the
generator speed varies during the part load operation. The output power of the generator is

adjusted to the desired voltage and frequency values with AC/DC/AC power controller.
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On the other hand, in the dual shaft configuration the hot gases exiting from the combustor

expand partially on the high pressure turbine and produce power for the compressor. Then the

gases exit from the high pressure turbine and fully expand on the low pressure turbine (power

turbine) and produce power for the generator. In this configuration the rotating speed of the

power turbine remains constant. Some designs incorporate a gear box to reduce the shaft

speed and to transmit the power to the generator. The generator produces the desired

frequency without the use of a power converter. Table 3-1 presents a comparison of these two

types of micro turbines.

Table 3-1 Comparison of single shaft and dual shaft micro turbines [165]

Difference item Single shaft Dual shaft
Speed of rotation (rpm) 50000-120000 3000 or 3600
Alternator frequency 1500-4000 50 or 60

Coupling

Turbine and alternator are directly
coupled

Gear box is used to couple
turbine shaft with alternator
shaft

Power electronics

Power electronics section is needed
to convert the high frequency AC
output voltage into DC and then
into AC with frequency of 50 Hz or
60 Hz

No need for power electronics

Alternator type

Usually permanent
synchronous generator

magnet

Usually induction generator

Maintenance

Less maintenance

Higher maintenance because of
additional moving parts

Cost

Usually higher cost because of the
power electronics section and type
of generator used.

Lower cost

Changes of failure

Higher chances

Lower chances as gear box is
more robust than complex
power electronics section.

Dimensions and weight

Lower

Higher because of gear box and
the lubricating system.
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Micro turbines offer many potential advantages in comparison to other conversion
technologies used for uCHP applications [166-168]. These include compact size and high
specific power, small number of moving parts, low vibrations and noise and low maintenance
requirements. All the above advantages may lead to low investment and maintenance costs,
possibly short delivery time, and modularity. A major advantage of micro turbines is the
ability to operate with various fuels, such as natural gas or diesel [169], biodiesel [170], pure

biofuels [171] and biogas [172-175].

Although, in the literature a plethora of studies can be found dealing with applications of
micro turbines fed by biogas generated in the wastewater treatment process, only Coskun et
al. [14] studied the energy production through biogas utilization from whey anaerobic
digestion treatment and provide information pertaining to the anaerobic digestion system.
More specifically, this study conduct energy analyses of hydrogen production process driven
by electricity generated from biogas resources with anaerobic digestion of whey in an
industrial wastewater treatment plant in Turkey. The reactor used was UASB and its volume
was 19,600 m®. The loading capacity was changing between 1,000 and 1,200 m*/day with 8
kg COD/m® day. Daily average biogas production achieves about 10,000 m*/day and the
system has a 330 kW of electricity generation capacity produced via micro turbines while
simultaneously with the PEM electrolyzing system installation in the plant can achieve a 110
kg/day H, production. The electricity generation capacity of 330 kW is very close to the

maximum electricity production of this thesis (scenario 2).

Caceres et al. [21] studied the grape pomace anaerobic digestion for biogas production and

then a dynamic model of a biogas fueled micro turbine for distributed generation applications
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was derived. The results shown that it is possible to obtain 93,784 kWh per 1,000 tons of
grape crushed. Considering that the biogas micro turbine electric efficiency is on average
33%, 30,948 kWh as electric energy can be generated. Moreover, the winery can cover up to
45% of its energy requirements for the wine — making time utilizing the grape pomace that it
generates itself. Basrawi [176] investigated the appropriate electricity output of micro gas
turbine cogeneration systems depending on scale of the sewage treatment plant. The
performance and effectiveness of micro turbines were investigated with electrical power
generating capacities of 30 kW, 65 kW and 200 kW. The system examined concern an actual
middle-scale sewage treatment plant that produces monthly average of 130,000 m® of biogas
from a population of 100,000 and the model plant was scaled down to 0.5 and 0.25. The
micro turbine — cogeneration system with an output of 200 kW had the highest electrical

power efficiency when heat demand of the plant does not greatly throughout the year.

Furthermore, when micro turbines are utilized in micro cogeneration applications they
generate high — grade residual thermal energy (suitable for supplying a variety of building and
light industrial thermal needs), and they are characterized by low emissions and relatively
high efficiencies that can exceed 80% [167, 177]. On the contrary, micro turbines still exhibit
low electrical efficiencies and suffer from lower output and efficiency at high ambient
temperatures and at part load operating conditions. Further technological developments led to
commercialization of advanced combustion turbine power generator, compressor intercooler,

gas reheater and turbine blade cooling, which allowed for a higher operating temperature.

The main pollutants resulting from the operation of the micro turbines are CO, NOy, unburned

hydrocarbons and negligible amounts of SO [166]. CO and unburned hydrocarbons are due
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to the incomplete combustion process that may be due to various reasons as the bad fuel — air
mixing ratio, the low residence time and bad maintenance. NOy emissions are mainly

depended on the high flame temperature and the residence time.
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Chapter 4 System Description and Modeling

In this section the operating principles of the main components of the anaerobic digestion
system of cheese whey treatment combined with a micro turbine for cogeneration production

of heat and electricity are presented and discussed.

4.1 Methodology

In this thesis a simulation model has been developed of a biogas production system through
the anaerobic digestion treatment of cheese whey wastewaters. The system model was
developed using the commercially available process simulator EES [178]. The data and
operational characteristics of the anaerobic digestion system used for the simulation have
been selected from an anaerobic treatment system of cheese whey installed in one of the
biggest dairy industries in Greece. Thus, the goal of this part of the thesis is to develop a

simulation model of cheese whey wastewater anaerobic digestion treatment on a real basis.

The simulation system developed is based on the quantity of the steam delivered to the plant
from the burning of the biogas produced. Two scenarios are considered here in order to
extend the system for electricity generation. The first scenario refers to the incorporation of a
commercially available gas micro turbine to the system for electricity production from the

burning of part of the biogas produced. In this case, the selection of the appropriate micro
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turbine is based on obtaining the maximum electricity generation, while the plant
requirements in steam are fully covered. The second scenario examines the case for the

maximum electricity production without any limitation in the steam production.

The system modeling in general includes energy and exergy analysis of the system. In energy
analysis, energy balances are applied to the system and its components to find the
thermodynamic properties of each state and work and heat transfers within those components.
Exergy analysis is a method that uses the conservation of mass and conservation of energy
principles together with the second law of thermodynamics for the analysis, design and
improvement of energy systems. Using this method, the locations and magnitudes of the
exergy destructions and exergy losses may be found. Then, an economic analysis of these
systems is carried out through the NPV method. This includes capital and installation costs
and operating and maintenance costs. The objective is to maximize the economic performance
of the whole plant while satisfying all design and operational constraints. Finally, a techno-

economic optimization through a parametric analysis has been carried out.
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4.2 EES software

For modeling a cogeneration system using biogas produced through anaerobic digestion
treatment of biomass and its operation various software can be applied. Each of them has its
advantages and disadvantages. Most software applicable for such a simulation is not user

friendly in the way of non-defined properties of refrigerants and other media.

EES (Engineering Equation Solver) was primarily developed for mechanical engineering,
thermodynamics and heat transfer at the University of Wisconsin by Dr. Beckman and Dr.
Klein. It can solve various non-linear algebraic equations as well as various differential and
integral equations. It finds the equations that must be solved simultaneously even when one

does not follow another which makes the whole solution process easier.

It can be used for doing optimization, carrying out uncertainty analyses, and it is suitable for
doing linear and non-linear regression, conversion of units and generating publication-quality
plots. EES has a database of the high accuracy thermodynamic and transport properties for
many substances and mathematical and thermophysical functions which enables a quick
solution of problems in thermodynamics, fluid, mechanics, and heat transfer. This database is

extensive.

In addition to the solving equations and providing uncertainly analyses, the EES professional
version also provides animation possibilities. Graphical objects and text placed in a diagram
window that have attributes such as location, size angle and color specified can be controlled
with EES variables. Text items can be assigned to string variables that are specified
dynamically in an EES program. As the values of these variables change, the displays in the

Diagram and child Diagram windows are automatically updated [179].
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EES has a large built-in data bank of thermodynamic and transport properties, which is
helpful in solving problems in thermodynamics, fluid mechanics and heat transfer. EES can
be used for many engineering applications; it is ideally suited for instruction in mechanical
engineering courses and for the practicing engineer faced with the need for solving practical

problems.

EES may be used to solve design problems in which the effects of one or more parameters
must be determined. EES’s parametric table, which is similar to a spreadsheet, provides this
capability. The user identifies the independent variable by entering their values in the table
cells. EES will calculate the values of the dependent variables. EES also provides plotting

capability to display the relationship between any two variables.

EES can also be used to illustrate plant set-ups as there is a built in flow diagram function
where it is possible to illustrate the components of the plant, the flows and change the input

variable in order to obtain other costs and gas yields for example.
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4.3 System layout

Figure 4-1 depicts the flow diagram of the cogeneration system. The anaerobic plant has been
designed to treat 150 m*/day of whey, produced with the use of ultrafiltration membranes.
The introduction of the ultrafiltration membranes in the cheese and the cream cheese making

processes is due to the need to minimize the production cost.

Figure 4-1 Flow chart of the system examined.
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The ultrafiltration membranes are used to concentrate milk or whey before cheese or cream
cheese production, respectively. The diameter of the pores of the membranes is such that it
allows molecules of water salts, sugars and low molecular weight compounds to pass, but
block molecules of proteins and fats, as it is illustrated schematically in Figure 4-2. Thus, the
permeate obtained, which is whey, consists mainly of water by 95% and lactose (C12H22011)

by 5%, while protein content is minimized to less than 0.1% [13, 60].

Figure 4-2 Ultra —filtration schematic process [13].

The COD of cheese whey has been measured equal to about 60,000 mg/L. The composition
and the characteristics of the cheese whey considered in this work are presented in Table 4-1

(as given by the dairy industry).
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Table 4-1 Composition and characteristics of cheese whey.

Constituent Percentage (%)
Water 94-95
Protein 0.8-1.0
Lactose 4.5-5.0

Fat <0.1
Minerals <0.1
pH 4.5-5

The filtered whey is collected at ambient conditions in a stainless steel tank, having a capacity
of 125 m®, which serves as a buffer tank. Then it is pumped with the use of a centrifugal pump
(PU1) at a constant flow of 6.25 m*/hr to the reactor (UASB REACTOR). The untreated
whey is heated in the first heat exchanger (HE1) from the treated whey, which exits the
reactor and then it is mixed with a recirculated whey is taken from the top of the reactor.
Because the recirculated whey is taken very close to the outlet of the treated whey it can be
assumed that it has the same characteristics with it. The mixed flow is then pumped to the
reactor after it passes a second heat exchanger (HE2) where it is heated to the desired
temperature of 35 °C. The type of the reactor in this system is of type UASB (Figure 4-3) and
its volume is about of 1,200m®. The choice was based on the fact that UASB is a reactor
where high organic removal efficiencies are aobtained with quite low HRT of the waste in the

reactor, as it has been previously discussed in Chapter 2.

The heating in the second heat exchanger (HEZ2) is done using hot water heated by the steam
produced from the biogas combustion. As the mixed whey passes upwards throughout the

reactor, the microorganisms attack to the feed while generating biogas. The biogas rises
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through the liquid emerging in the gas — liquid interface just beneath the membrane cover. An
insulated floating membrane cover is used to collect biogas and to minimize the heat loss. The

biogas produced in the reactor is collected from the top and then it is stored in a tank.

In this thesis it is assumed that the whole biogas produced in the UASB reactor is directly
supplied to the CHP unit with a constant rate. Consequently, the tank for the biogas storing is

not taken into account for the model development.

In the existing AD system which operates in the dairy industry there is a burner where the
biogas is burned with ambient air in order to produce only steam through steam boiler to

cover the thermal needs of the plant.

Figure 4-3 UASB reactor scheme [180]
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In the first scenario examined in this thesis the biogas collected from the top of the reactor is
directed to a splitter (SPLIT 1), where it separates into two parts: one part is directed to the
burner for steam production and the other to the micro turbine for electricity production. The
splitter solution was adopted because the analysis performed suggested that both burner and
micro turbine are required in order to meet the existing standards and requirements of the
plant, such as the biogas production ability and the steam consumption. The choice of the
most suitable commercial available micro turbine is extensively discussed. The gases from the
burner accompanied with the gases from the micro turbine are directed to the steam boiler and
then are exhausted to the environment in a low temperature. The steam produced in the steam
boiler is directed to the plant in order to cover part of its thermal needs. A small part of the
steam produced is used to heat up the condensate in the deaerator to the temperature of
102 °C. Because of the losses taking place in the plant, the condensates returning to the
deaerator are not equal to the steam delivered to the plant. The rest of the quantity needed is

covered through the addition of fresh water.

In the second scenario, the goal is the maximum electricity production without any limitation
regarding the steam production. In this situation the system configuration is much simpler
than in the first scenario, as the entire quantity of the biogas produced and collected from the
top of the reactor is directed only to the micro turbine. The selection of the most suitable
micro turbine among the commercially available micro turbines is also examined. Similar to
the first scenario, the gases produced from the micro turbine are also directed to the steam
boiler and then are exhausted to the environment in a low temperature. The steam produced in

the steam boiler is directed to the plant in order to cover part of its thermal needs. A small part
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of the steam produced is used to heat up the condensate in the deaerator to the temperature of

102 °C. Because of the losses taking place in the plant, the condensates returning to the

deaerator are not equal to the steam delivered to the plant. Also in this case, the rest of the

quantity needed is covered through the addition of fresh water.

4.4 Theory for the System Modeling

Thermodynamic models are developed for the Kalina and LiBr/H,O cycles [181]. In these

models, each component of the system is treated as a control volume and the principle of mass

conservation and the first and second laws of thermodynamics are applied to the component.

In order to simplify the system analysis the following assumptions have been made:

Steady state operation is considered.

The reference environment is considered to be at 1.013 bar and 25 °C.

The untreated whey is consisted only of water (95%) and lactose (5%).

The whole biogas produced is directly supplied to the CHP system with a constant
rate.

Ideal - gas principles apply for the air, combustion products and biogas.

Whey which is in liquid form (untreated, recirculated or treated) is incompressible.
The combustion reactions are complete.

There are no gas leakages from the system.

The only heat losses in the system are from the burner and combustion chamber.
The turbine operates at a full load.

In the steam boiler are considered no heat losses.
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e The distributions of temperature, pressure and gas compositions are neglected.

e The fuel is considered desulfurized.

e The fuel compression work is not taken into account.

e The calculation of the thermodynamic properties (enthalpy, entropy, pressure etc) at
each state is performed with equations used for incompressible fluid and mixtures of
ideal gases.

e The basic molar composition of air consists of 77.48% N,, 20.59% O,, 0.03% CO,
and 1.90% H,O while the other gases (argon, carbon monoxide etc.) are assumed to

be negligible.
4.4.1 Thermodynamic properties

The Thermodynamic Properties of Whey (untreated, recirculated and treated) are calculated

by the following relations:
e The specific enthalpy of whey is given by:
h= XH,0* l_1H20 t Xs° Hs )

e The enthalpy of water for any temperature and pressure is given by the following

equation:

hy,o(T,P) = hey,o(T) + Vep,0 * [P — Psar(T)] 2
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The enthalpy, hy, of the solute is taken for the reference state (T(=298.15 K and Po=1.013 bar)
and is assumed to be constant for the range of temperature and pressure of the examined

system.
e The specific entropy of whey is given by:
S = XH,0 * SH,0 T Xs " Ss (3)

e The entropy of water for any temperature and pressure can be estimated according to

the following relation:
St,0(T,P) = 8¢y,0(T) (4)

The entropy, 5, of the solute is also taken for the reference state (T(,=298.15K and
Po=1.013 bar) it is assumed to be constant for the range of temperature and pressure of the

examined system.

Regarding the thermodynamic properties of the biogas and the air calculation the following

considerations apply:

It is assumed that both of them biogas and air are mixtures of ideal gases. So, the

thermodynamic properties of both mixtures are given by the following:
e The partial pressure Py for each of the components of the mixture is
Pe="1P (5)

e The enthalpy of the mixture is taken by:
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H = ¥i_q ng - hy (6)

Since each of the components is treated as ideal gas, its enthalpy is a function only of the

temperature, which is the same as the temperature of the mixture.
e The entropy of the mixture is taken by:
S = Yikeq Nk " 5k (7

The entropy of an ideal gas is a function of its temperature and pressure. The temperature of
the component is the same again with the mixture temperature but its pressure corresponds to

the partial pressure of the component.
In addition the mass flows can be calculated according to the following equation:
m=Q-d (8)
e The mass balance equation

The conservation of mass principle is a fundamental principle in analyzing any
thermodynamic systems. This principle is defined for a control volume, as given by the

following equation:
Yk Minjet — 2k Moytler = 0 9)
4.4.2 Pipes

The pipes used in the plant examined are considered of stainless steel. Various diameters

pipes from DN 50 mm to DN 200 mm and various types of parts such as tau, angles etc. are
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used. In order to determine the pressure loss or flow rate through pipes knowledge of the
friction between the fluid and the pipe is required. The equation of Colebrook — White is used
in order to determine the friction factor. This equation was developed taking into account
experimental results for the flow through both smooth and rough pipe [182]. The Colebrook

equation is taken by:

ks
1 _ D 2.51
i 2 * log (3.7 + Re*\/?) (10)

where the ks is roughness of pipe and D the pipe diameter.

The definition of the Reynolds number, Re, is as follows:

uxD

\Y

Re = (11)

where u is the mean fluid velocity and v the kinematic viscosity

Thus the pressure drop for the various pipe types used in the modeling can be determined by:

o (1) (22 @

In this equation AP is the pressure drop, p is the density of the fluid, D is the hydraulic

diameter of the pipe.

4.4.3 Heat exchangers

Heat exchangers are devices where two moving fluid streams (Figure 4-4) exchange heat
without mixing. The outlet conditions can be estimated by taking into account the following

relations for the mass balances:
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Figure 4-4 Counter flow heat exchanger

r.nhot,inlet = Ihhot,outlet (13)
r.ncold,inlet = rhcold,outlet (14)
rhhot(hhot,inlet - hhot,outlet) = Ihcold(hcold,outlet - hcold,inlet) =Q (15)

4.4.4 Mixing unit

The mixing unit is used to premix the untreated whey with recirculated whey. For the
modeling of the mixing unit of the system, the conservation of mass requires that the sum of
the mass flow rates into the mixing unit equal the mass flow rate out of the mixing unit. The

continuity equation and energy balance are expressed by following equations:

Y Mjpjer — Moyier = 0 and ¥, Mypjechinier — Moutiethoutler = 0 (16)
The mixing of the untreated and the recirculated whey, results to flow given in state 4 has the
same pressure as flows 3 and 7, while temperature T, is given by:

rh3 'T3 +m7'T7

T, = a7

97

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34
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4.4.5 Reactor dimensioning and methane produced during anaerobic digestion

According to Metcalf and Eddy [183], the volume of the reactor is given by the following
equation:

V = HRT % Q (18)

Taken into account that the data listed in the previous chapter and obtained from the factory,

the volume of the reactor is calculated 1,200 m® with an upflow velocity of 1 m/hr.

The theoretical amount of CH,4 produced in anaerobic digestion can be calculated by assuming
that the removal of COD is the amount of oxygen needed to oxidize CH,4 to H,O and CO; [13,

183] as shown below:

CHg + 20, — CO; + 2H,0 (19)
From equation (18) the required oxygen needed, per mole of CH,4 produced, is 2 x 32 ¢
Oz/mol CH,4 = 64 g O,/mol CH,4. At standard conditions (0 °C and 1 atm) the volume of CH,4
is 22.414 m® so the CHy4 equivalent of COD converted under anaerobic conditions is
22.414/64 = 0.35 m® CH,/g COD removed. At 35 °C and 1 atm, the volume of 1 mole of
methane is 25.29 m®; the production of CHy is 25.29/64 = 0.4 m® CH,/kg COD removed.
Thus, the volumetric flow of methane is calculated by:

m3CH,

Kg CODremoved

QCH4 = Qwhey * CODcontent * CODcontent—efficiency * 0. (20)

The treated whey exits the reactor with a COD of 1200 mg/L, which corresponds to a COD

removal efficiency of 98%. The CH, content in biogas is considered equal to 60% and the rest
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is CO,. So, given the densities of CH4 and CO; at the state of the UASB reactor outlet, the

mass flow of biogas is calculated.

The TOC of the inlet flow and the biogas can be calculated by equations:

g *Xg 1

TOC, = EYTIONRS Ay X (Carbon Atoms in Lactose) (21)
1
TOC,p = My (Carbon Atoms in CH,) + M0z (Carbon Atoms in CO,) (22)
MCH4_ MC02

From the equations above, it can be found that TOCypiogas/ TOCcw,iniet = 90%. The rest of TOC
goes to the biomass and the treated flow and it is assumed that 5% of TOCcw,inlet goes to the

treated flow and the rest 5% to the biomass.

A relation between TOC, chemical exergy and free energy of organic matter in wastewater is
presented in Tai et al. [184]. The chemical exergy and the free energy of the treated flow will
be reduced by 95% relative to these of the untreated whey. It is assumed that the reduction of
the free energy of the treated flow by 95% corresponds to the reduction of enthalpy and
entropy of the treated flow by the same amount, 95%. Thus, the following equations are

resulted:

hS,8 = BS,7 = O'OSHS,I (23)
§S,8 = §S,7 = 0.0555'1 (24)

It is further assumed that the decomposition of lactose is approximated by the reaction:
C1oH2,011—A-CH4+B-CO»+C,Hp 0, (25)

where C;H,Oc is the hydrocarbon left in the treated flow. From the reaction above it can be

seen that 1 mol of lactose gives 1 mol of C4H,Oc. So:
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M *Xs 1 nig*Xs g

MBractose - MBS,8 (26)
where
_ nmg*Xs g (27)

%58 = “MB,
And taking into account that 5% of TOC will go to the treated flow and 5% will be consumed

by biomass the following equation is obtained:
2-Mgg = Mgy — Myg (28)
4.4.6 Biogas & Air compressors

The isentropic efficiencies of the biogas and air compressors are defined as follows:

houtlet,isentropic_hinlet (29)

N.. =
SC
houtlet—hinlet

4.4.7 Biogas combustion in the burner

The biogas is mixed with the air and the mixture is burned in order to produce thermal energy
for use to cover the thermal needs of the plant. As it has been referred in the assumptions the
combustion process is considered complete and the burner adiabatic. The combustion

equation of the biogas is described by the following chemical reaction:

A % [0.6CH, + 0.4C0,] + [0.7748N, + 0.20590, + 0.0003C0, + 0.019H, — (1 +

Mny,N; + 1,0, + n¢,CO, + Ny, o H, 0 (30)

The molar fractions of each component in the products can be calculated as a function of A

and are equal to:
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ny, = == (31)
Nco, = O'Ofiiﬂ (32)
Ny,0 = % (33)

ho, = o.zosli—;.z*x (34)

The molar fraction of O, has been considered equal to 0.04. If A* corresponds to complete

combustion, i.e. np;=0, the excess air used for the combustions is given by:

*

ExcessAir = % (35)
The heat loses, from the burner and the combustion chamber are taken equal to 2% of the low

heating value (LHV) of the biogas. The energy conservation equation becomes:

—0.02 * A * LHV + hyyp + A # hpjogas — A+ 1) * hgages = 0 (36)
4.4.8 Micro turbine
Micro turbines are composed of four major components as air compressor, combustion

chamber, gas turbine and recuperator.

According to Stamatis [185] the turbomachinery components (compressor, turbine) could be

modeled through following equations:

Definition equations: These are the pressure ratio and isentropic efficiency relations for the

compressor (Eg.36) and turbine (Eq. 37) components.

{PRC — Pout Nic . = houtis~hin (37)

» His,c
Pin hout_hin
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— Pin _ hin_hout
{PRt =5 oMist = (38)
out

hin_hout,is

Conservation equations: The mass balance and the energy balance are taken by the following

equations respectively:
Moyt — Mjp =0 (39)
Q — P = hgueoye — hinhiy (40)
The compressor and turbine devices are considered adiabatic, so the heat transfer rate Q is

equal to zero. Also, the power output P is negative in case of the compressor and positive in

case of the turbine.
4.4.8.1 Combustion Chamber

In the combustion chamber of the micro turbine the part of the biogas produced from the
splitter (first scenario) or the whole produced biogas (second scenario) is burned with air. The
gases produced are used to cover part of the plant thermal needs. In the first scenario
examined the produced gases from the burner are mixed with the gases from the micro turbine

and lead to steam boiler in order to cover the plant thermal needs.

In the second scenario the gases produced also lead to the steam boiler in order to cover part
of the plant thermal needs. The outlet properties of the combustion chamber are a function of
air mass flow rate, biogas lower heating value (LHV) and combustion efficiency and are

related as follows:

riAlairhair + I’hbiogasLHV = I’hgaseshgases + (1 - rlcc)r.f’lbiogasLI_IV (41)
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The combustion chamber outlet pressure is defined by considering a pressure drop across the

combustion chamber as follows:

JEes _ g _ AP, (42)

Pbiogas

Where AP, is the pressure loss across the combustion chamber and n.. is the combustion

effieciency.

The combustion reaction occurring and its species coefficients can be expressed with the same

relations expressed above in the burner description.

4.4.8.2 Gas Turbine

The isentropic efficiency of the gas turbine can be expressed by:

houtlet_hinlet (43)

Ngsturb =
houtlet,isentropic_hinlet

The gas turbine mass flow rate is calculated as:
Ihgases = rhbiogas + My (44)

Here, the energy balance is obtained through the following equation:

. m. Mgases

—Wer + =25 x (hy — hg miet) + 2= (h -

GT air comp ,outlet air comp ,inlet ases turb ,outlet
MBgir p p MBgases 9

hgases turd, inlet=0 (45)
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4.4.8.3 Recuperator

The recuperator is a heat exchanger which is used to recover heat from the hot exhaust gases.
The heat is supplied to the compressed air before it enters into the combustion chamber

contributing to lower biogas consumption.

For a counter flow heat exchanger the mass balance between the two fluids is taken under the

following equation:
Q = Ihcoldcpcold(Tcold,out - Tcold,in) = rilhotcphot(Thot,in - Thot,out) (46)
4.4.9 Steam boiler

The steam boiler is treated as a heat exchanger, in the sense that all the heat from the gases is

transferred to condensate for the production of steam, with no losses taking place:

e For the first scenario examined the gases from the burner accompanied by the gases
from the micro turbine are leaded to the steam boiler for steam production. The energy

and mass balances are described by the following equations:

mgases turb,inlet * hgases turb,inlet + mgases burn,inlet * hgases burn,inlet + M¢ondensate,inlet *

hcondensate,inlet = rhgases,outlet * hgases,outlet + rillsteam,outlet * hsteam,outlet (47)
where

rillsteam,outlet = rillcondensate,inlet (48)

I’hgases,outlet = ri1gases turb,inlet + Ihgases burn,inlet (49)

furthermore, the new composition of the gases in this state has been calculated from the above

relations:
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ngases outlet = Dturb gases + Npyrn gases (50)

Ntyurb gases,02 T Nburn gases,02 (51)

Xgases outlet,02 — n
gases outlet

Ntyurb gases,CO2 tNburn gases,CO2 (52)

Xgases outlet,CO2 = n
gases outlet

Ntyrb gases,N2tNpurn gases,N2 (53)

Xgases outlet,N2 n
gases outlet

Ntyurb gases,H20 TNburn gases,H20 54
Xgases outlet, H20 = ( )

Ngases outlet

e For the second scenario examined the gases from the micro turbine are guided to the
steam boiler for steam production. The energy and mass balances are described by the

following relations:

Mgases turb,inlet * hgases turb,inlet + M¢ondensate,inlet * hcondensate,inlet = Mgjses,outlet *

hgases,outlet + Mgteam,outlet * hsteam,outlet (55)
where

Mgteam,outlet = Mcondensate,inlet (56)

mgases,outlet = mgases turb,inlet (57)

4.4.10 Total power production of the modeled system

In the approach of the first scenario, the total spent power in the system resulted mainly from

the pumps and compressors movement and is taken by the following equation:

w total, spent:WP1+WP2+WP3+WP4+Wcomp1+Wcomp3+Wcomp4 (58)
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The power of the micro turbine is taken by:
Wt = Weomp2 +W b (59)
The net output power can be expressed as:
Whet = Wtotal,spent — Wyt (60)
In the second scenario, the total spent power in the system is calculated by:
W total, spent=Wp1+Wp2+Wp3+Wps+Weomp1 (61)

and the power of the micro turbine used and the net output power are calculated as presented

above in the first approach.

4.5 General approach for the system modeling

The model of the system as described by the equations above could be represented by a

general relation of the form:

Y = (X, u)
where,
Y = [W, mgeam, yi]T, yi: thermodynamic variable (p, T, h, s, m) at state i

Mgeam: St€am production

W: power production
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X= [x]-]T, Xj: device j (pumps, compressors, heat exchangers etc)

parameter (efficiencies, pressure ratios etc)

u=/[r mecw ul”, Uk: input parameter (ambient conditions, compositions etc)

r: amount of the biogas guided from the splitter to the MGT

As it has been referred above, with the use of the model two scenarios are examined in this

study.

The first scenario concerns the selection of the suitable commercially available micro turbine
for matching the existing system requirements and production capacity with the specifications

of the micro turbine as given by the manufacturers.

In the second scenario was investigated the case of variant steam requirement, the target being

the highest possible electric power production.

These two scenarios are expressed as optimization problems with the use of the previous

formalism:

Maximize W under the following constraints:

W e {W, W, W, } (kW) where W; power rate of commercially available micro turbines,
yi = z;, where z;: MGT specifications (exhaust gas temperature etc)

Mgieam = constant (scenario 1)0r Mgieam = 0 (scenario 2)
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Chapter 5 Analysis of a cogeneration CW AD

treatment system based on existing components

Based on the relations in Chapter 4, a model of a cogeneration of heat and electricity system
through the anaerobic digestion treatment of cheese whey is developed based on existing
devices. It can be seen from a literature review that there are many papers on whey anaerobic
digestion systems focusing mainly on the parameters which affect the process of anaerobic
digestion, the COD removal and the biogas production rate (for more details see [9]).
However, the number of studies on the utilization of biogas systems to produce energy (heat
and electricity) from whey is limited [13, 14] in comparison to other waste types [15-21]. In
this chapter two approaches are examined. In the first scenario, the target is the selection of
the most suitable micro turbine to match with the anaerobic digestion treatment system of
cheese whey based on existing operational data, respecting the constraints of the system and
the technical specifications and features of the chosen micro turbine as given by the

manufacturer.

In the second scenario was investigated the case of the highest possible electric power
production. Thus, the most suitable micro turbine for incorporation to the modeled cheese

whey anaerobic digestion treatment system is obtained.
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5.1 Model development for the first scenario examined

The model developed for the anaerobic digestion treatment system as it has been referred in
previous chapters is based on existing devices. The operational data for the modeling has been
taken from a corresponding plant which is operating in cheese making industry in Greece.
Thus, certain limitations and requirements are arisen such as the quantity of the cheese whey
for anaerobic digestion treatment and following the amount of the biogas produced, the
quantity of the steam produced which is used in order to cover the plant thermal needs and
other operational characteristics such as the temperature and pressure of the cheese whey in

the tanks etc.

These limitations and requirements have to be taken into account during the selection of the
most suitable micro turbine. In order to select the most suitable micro turbine for its coupling
into the system five commercially available micro turbines have been examined. The
technical specifications and features of the micro turbines as these are given by the
manufacturers constitute further parameters which should be also respected during the model

development.

The five engines were selected: C30 and C60 manufactured from Capstone Turbine Corp., the
Parallon 75 kW, the T100 from Turbec and the Ingersoll Rand’s MT250. The characteristics
of each engine are presented in Table 5-1. Thus, five different approaches of the system
design have been obtained and compared in order to reach in the most efficiently coupling of

micro turbine and anaerobic digestion treatment system.
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Table 5-1 Parameters of micro turbines at design point [186].

Capstone Capstone Parallon Turbec Ingersoll
Parameters C30 C60 75 TI0 S0
Rotational speed (rpm) 96,000 96,000 65,000 70,000 45,000
Pressure ratio 3.6 4.8 3.5 4.5 3.5
Air flow (kg/s) 0.31 0.48 0.75 0.79 0.79
(T}‘g)rbi”e inlet temperature 1117 1228 1148 1223 1125
Turbine exit temperature (K) 866 908 912 923 922
Exhaust gas temperature (K) 546 578 511 543 515
Compressor isentropic 0.83 0.77 078 078 0.79
efficiency
Turbine isentropic efficiency 0.85 0.85 0.84 0.83 0.82
Electric power (kW) 30 60 75 100 250
Electric efficiency 0.26 0.28 0.285 0.30 0.30
*[187, 188]

In each approach, the pressure ratio, the turbine inlet temperature, the compressor and the
turbine isentropic efficiencies are considered as data input to the model. The validation of
each approach of the system was carried out by checking the values resulting for various
parameters such as the steam mass flow for factory energy needs, the electricity capacity, the
turbine exit temperature, the exhaust gas temperature, the temperature of the compressed air.
One of the most important factors which is predicted and affected significantly the system
operation and therefore the outputs from the modeling is the amount of the biogas separated
through the splitter and guided to the micro turbine and to the burner. The predicted design

point’s results are summarized in Table 5-2.
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Table 5-2 Results from five different approaches of the modeling system.

Miicro turbine Biogas guided to Electric_ity power Amount of steam
MT(kg/hr) production (kKW)* produced (kg/hr)
C30 18.7 30.12 1701.4
C60 36.7 59.14 1644.2
Parallon 75 42.7 74.60 1617.1
T100 S57.7 100.8 1566.6
MT250 151.7 250.17 1241.8

It is obvious that the total power produced increases significantly with the size of the micro
turbine. On the other hand, the total steam production is considerably decreased with the
increasing of the biogas quantity that is fed to the micro turbine, as expected. The results
shown that the selected engines can be combined with the cheese whey anaerobic digestion
treatment system except the MT250 which is not satisfied the requirements in steam
production. However, smaller size of the micro turbines contributes to lower values of
electricity and to higher values of steam production. Thus, from the above analysis resulting

that the best solution for the micro turbine selection is the engine model T100.

5.1.1 Analysis results

The single shaft micro turbine T100 by Turbec manufacturer constitutes an excellent solution
for the extension of the cheese whey anaerobic digestion treatment system with significant
electricity generation. From the analysis carried out in the frame of the first scenario

examined, it is concluded that the resulting system is quite marginal without any alternative
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solution in terms of the micro turbine selection due to the limitations referred above and

especially due to the required amount of the steam production. The values of the input

parameters to the modeling of the micro turbine are presented in Table 5-3:

Table 5-3 Parameters of micro turbine T100 at design point.

Name Parameters Values
Micro turbine efficiency NmT 0.83
Compressor efficiency Nsc 0.78
Air temperature at the output of recuperator (K) T3 900
Gases temperature of the MT combustion chamber (K) Tog 1223
Compressor Pressure ratio PR¢ 45

As it can be seen in Table 5-4, there is a good agreement between expected and calculated

performance parameters for the micro turbine T100 at design points conditions.

Table 5-4 Micro turbine model validation

Name Parameters  Manufacturer  Calculated  Error (%)

Electricity capacity (kW) Wwert 100 100.8 0.8

MT Exhaust Temp (K) T14 543 542.44 -0.11

Turbine Exhaust gas (K) Tog 923 924.34 0.15

Compressed air (K) To7 487.15 497.37 2.09
112

Institutional Repository - Library & Information Centre -

17/06/2024 16:59:59 EEST - 3.147.48.34

University of Thessaly



Chapter 5 Analysis of a cogeneration CW AD treatment system

In this point, the mass flow, temperature, enthalpy, entropy and fluid condition at each state of

the system are given in Table 5-5.

5.2 Model development for the second scenario examined

In this scenario, as it has been referred in previous chapter (Chapter 4), the maximum
production of electricity with no constraints on the steam production is studied. So, in this
case the study starts opposite to the first scenario. More specifically, the target was to
calculate the maximum electricity which can be obtained of the whole biogas produced and

then to select the most suitable micro turbine.

In this case there is not a splitter component and the whole biogas produced by cheese whey
anaerobic digestion treatment is guided directly to the micro turbine. The power production

has been calculated by:

—Qur + %Zr (hy; —hyp) + M;:Zes (hyg —hyg) =0 (62)
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Table 5-5 Mass flow, pressure, temperature, enthalpy, entropy and fluid condition at
each state of the system.

State  Fluid Condition m(kg/hr) P(bar) T(K) h(kJ/kmol) s(kJ/kmol)
1 Untreated Whey 6341.7 1.013 298.15 -8994 14.862
2 Untreated Whey 6341.7 1.569 298.15 -8992 14.862
3 Untreated Whey 6341.7 1.038 302.15 -8450 16.675
4 Mixture 11333.1 1.038 304.79 -2023 13.375
5 Mixture 11333.1 1.873 304.79 -2021 13.374
6 Mixture 11333.1 1.852 308.15 -1652 14.579
7 Recycled Whey 4991.4 1.038 308.15 2612 9.080
8 Treated Whey 6046.8 1.072 308.15 2612 9.080
9 Treated Whey 6046.8 1.013 300.58 2043 7.211
10 Biogas 272.7 1.038 308.15 -201964 203.721
100 Biogas 57.7 1.038 308.15 -201964 203.721
11 Biogas 57.7 1.163 318.37 -201585 203.984
12 Air 2315.4 1.013 298.15 -4713 199.130
13 Air 2315.4 4.331 900.00 13816 223.205
14 Gases 2373.1 1.066 542.44 -14710 217.957
15 Gases 4300.2 1.013 370.00 -47686 208.050
16 Steam 1697.1 10.013  453.10 50044 118.647
17 Condensate 1697.1 10.013  375.15 7714 23.938
18 Steam 66.8 4.013 416.89 49339 124.224
19 Condensate 66.8 1.088 375.15 7702 23.951
20 Hot Water 4985.0 2.513 343.15 5282 17.202
21 Hot Water 4985.0 1.013 335.78 4724 15.566
22 Steam 1566.6 10.013 453.10 50044 118.647
23 Condensate 1100.0 1.088 375.12 7700 23.946
24 Condensate 1697.1 1.088 375.12 7700 23.946
25 Steam 63.7 1.088 375.12 48262 132.075
26 Fresh Water 5334 1.088 298.15 1889 6.611
27 Air 23154 4.558 497.37 1170 201.723
28 Gases 2373.1 4.114 1223.00 7904 231.928
29 Gases 2373.1 1.099 924.34 -2387 234.834
30 Biogas 215.0 1.038 308.15 -201964 203.721
31 Biogas 215.0 1.163 317.32 -201625 203.861
32 Air 1712.1 1.163 313.21 -4271 199.428
33 Air 17121 1.013 298.15 -4713 199.130
34 Gases 1927.1 1.066 1800.00  -29175 264.248
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The electricity production is estimated around to 350 kW. Thus, the micro turbine single shaft
model MT 350kW is selected to incorporate to the cheese whey anaerobic digestion treatment
system. In order to match the selected micro turbine into the cheese whey anaerobic digestion
system the technical data of this micro turbine as referred to the available literature should be
applied in the model. However a parametric analysis (Figure 5-1) regarding the unknown
value of the air temperature at the output of recuperator (T13 - 700 to 900 K) and the values

of the turbine and air compressor efficiencies has been made.

In order to find the best value of these parameters the values resulted for the micro turbine
electricity capacity and the temperatures of the MT Exhaust (T14), the air after compressor
(T27) and the recuperator inlet temperature of the gases (T29) are examined in order to be as

close as possible to those presented in [189].

The values of the other parameters which have been taking into account for the modeling of
the system are presented in Table 5-6. The model also in this approach of the second scenario

is developed through the method described in previous sections (Chapter 4).

Table 5-6 Micro turbine MT 350kW- Performance Parameters

Name Parameters Values
Compressor pressure ratio P 4
Gases temperature of the MT
combustion chamber (K) Tas 1223.15
Pressure drop in CC (%) dp 4
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Figure 5-1 Parametric analysis for the air temperature at the output of recuperator

(T13) and the isentropic efficiencies of compressor and turbine.

* The values of the axis x are referred to the number of run.

From the above graphs, it is obvious that the increase in the turbine isentropic efficiency value

(nst) leads to an increase in the micro turbine electricity capacity and to a drop in the

temperatures of the gases at the input (T29) and output (T14) of the recuperator without any
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Chapter 5 Analysis of a cogeneration CW AD treatment system

influence on the compressed air temperature at the state 27, as it is expected. An increase in
temperature of the compressed air at the output of the recuperator (T13) has as a result a
decrease in the temperatures of T29 and T14 and an increase in the electricity capacity of the
micro turbine without any other effect in the temperature of T27. Finally an increase in the
compressor isentropic efficiency value (ng as it is expected, leads to a reduction of the

temperatures of T27, T14, T29 and to an increase in the micro turbine electricity capacity.

5.2.1 Model validation

Through the parametric analysis it has been decided that the most suitable values of the
examined parameters of the air temperature at the output of recuperator is 800K and the
values of the turbine and compressor efficiencies are 0.79 and 0.80 respectively.
Following the model developed was validated with the data presented from the available

literature [189] and the results are presented in Table 5-7.

Table 5-7 Validation of the model - scenario 2.

Name Parameters Manufacturer Calculated
Electricity capacity (kW) Wwert 350 355
MT Exhaust Temperature (K) Tia 589 658.52
Compressed air (K) To7 333.15 476.55
Recuperator inlet temperature Tag 949.15 951.63
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Chapter 5 Analysis of a cogeneration CW AD treatment system

As it can be seen from Table 5-7, the model shows quite good agreement with the data from
the literature although, there is a significantly difference to the compressed air temperature at
state 27. This stemming from the fact that, the system is quite marginal in terms of biogas
production and the technical characteristics of the anaerobic digestion treatment system which

are based on realistic data, so the coupling is a quite difficult case.

The below Table 5-8 presents the thermodynamic properties of the new system as they have
been resulted from the modeling of the system with the use of the selection micro turbine MT

350.
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Chapter 5 Analysis of a cogeneration CW AD treatment system

Table 5-8 Mass flow, pressure, temperature, enthalpy, entropy and fluid condition at
each state of the system in scenario 2.

State E:Ictjrllgl tion m(kg/hr) P(bar) T(K) h(kJ/kmol) s(kJ/kmol)
1 wg;;at‘*d 6341.7 1.013 208.15 -8994 14.862
2 \L/Jv”;:,ated 6341.7 1.569 208.15 -8992 14.862
3 \lfv”rfgiated 6341.7 1.038 302.15 -8450 16.675
4 Mixture 11333.1 1.038 304.79 2023 13.375
5 Mixture 11333.1 1.873 304.79 22021 13.374
6 Mixture 11333.1 1.852 308.15 -1652 14579
7 \Ff\fﬁg’;'ed 4991.4 1.038 308.15 2612 9.08
8 Treated Whey ~ 6046.8 1.072 308.15 2612 9.08
9 Treated Whey  6046.8 1.013 300.58 2043 7.211
10 Biogas 272.7 1.038 308.15 -201964 203.721
100 Biogas 272.7 1.163 308.15 -201964 203.984
11 Biogas 272.7 1.163 318.37 -201585 199.13
12 Air 8096.8 1.013 208.15 4713 220.16
13 Air 8096.8 3.849 800 13816 224.439
14 Gases 8369.5 1.066 658.52 -14710 209.498
15 Gases 8369.5 1.013 400 47686 118.647
16 Steam 995.1 10.013 453.1 50044 23.938
17 Condensate 995.1 10.013 375.15 7714 124.224
18 Steam 66.8 4.013 416.89 49339 23.951
19 Condensate 66.8 1.088 375.15 7702 17.202
20 Hot Water 4985 2513 343.15 5282 15.566
21 Hot Water 4985 1.013 335.78 4724 118.647
22 Steam 893 10.013 453.1 50044 23.946
23 Condensate 625.1 1.088 375.12 7700 23.946
24 Condensate  995.1 1.088 375.12 7700 132.075
25 Steam 35.3 1.088 375.12 48262 6.611
26 Fresh Water  334.7 1.088 208.15 1889 201.424
27 Air 8096.8 4.052 476,55 1170 233572
28 Gases 8369.5 3.657 1223.15 7904 236.319
29 Gases 8369.5 1.099 951.63 -2387 234.834
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Chapter 6 Exergy analysis

In this chapter an exergetic analysis of the model of the two different systems developed in
Chapter 5 has been made. The target of this chapter is to evaluate the irreversibilities and
thermodynamic inefficient after examining the exergetic performance and estimating the

amount of exergy destruction and the efficiency of each system component.

6.1 Theoretical background

According to Bejan [190] the energy crisis of the ‘70s and the focusing on efficiency of fuel
resources conservation has led to a complete overhaul of the way in which power systems are
analyzed and improved thermodynamically. The exergy analysis and its optimization
component (thermodynamic optimization or entropy generation minimization) constitute a
new methodology which is based on simultaneous application of the first and second laws of
thermodynamic in analysis and design (Figure 6-1). The exergy of the system is defined as the
maximum theoretical work obtainable when the system interacts with the environment to
reach equilibrium. This maximum theoretical work is obtained when all processes involved

are reversible. According to Kotas [191]:

“Exergy of a system is the amount of work obtainable when the system is brought to a state of
unrestricted equilibrium (that is, thermal, mechanical and chemical) with the environment by
means of reversible processes involving thermal and chemical interaction only with the

environment”.

121

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34



Chapter 6 Exergy analysis

Figure 6-1 The interdisciplinary field covered by the method of thermodynamic

optimization.
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Chapter 6 Exergy analysis

In all real processes some exergy will be destroyed (second law of thermodynamic). In an
exergy analysis of a process, thermodynamic inefficiencies can be identified. Thus, the exergy
analysis is able to detect the position, the type and the magnitude of irreversibilities losses on
a thermal system [192, 193]. This information is useful either in designing or upgrading
existing (energy) systems, since it can help to improve the performance by making the
appropriate modifications leading to reduction of irreversibilities. There are three ways that
the energy is transferred: with work, with heat and with mass flow. The exergy of a flow is

the sum of four quantities:
e=eX +eP + &P + " (63)

Usually the components of the Kinetic and potential exergy are considered negligible and are

not taken into account.

The physical exergy at a given state is given from the following equation:
P =i+ [(h — ho) + Py(5 — $5) (64)

The chemical exergy of a gas mixture at a given state is defined as:
et =+ Txp * 8SH + R+ Ty * X xp * In () (65)

The overall exergy of a stream flow is calculated from the following relation:
E = n(eP" + M) (66)

The exergy destruction rate in a control volume at steady state conditions can be calculated

from the difference between the inlet and exit exergy flows.

Baes = Zk(1 = 12) Qi+ Wey + Zicic = Ze B (67)
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Chapter 6 Exergy analysis

The exergy balance and exergetic efficiencies for the basic components can be found in
references [191, 194]. Apart from the burner and combustion chamber, all other components
are treated as adiabatic. Table 6-1 concerns both of two scenarios which are described and
analyzed in the previous chapter. The only difference relates to the second scenario where

there are not the burner, air compressor 2 and biogas compressor 2.

For the first scenario examined:
The overall exergy balance of the system is written as:

Edessys = E1 + E1z + Ez6 + E23 + E33 — Eg — E15 — Ezp — (Weotarspent + W) (8)
The total exergetic efficiency is expressed through the above equation. It is the ratio of the net

power output to the exergy supplied to the system.

Ezo—Ez3+Wur

e = — e . 9
€XSYS  Ei+Eqp +E33+E26+Weotalspent ©)

Similarly for the second scenario the above equations for the overall exergy balance and the

total exergetic efficiency are converted as presented to the following relations:

Overall exergy balance:
Edes,sys = El + E12 + E26 + E23 - E9 - 1:315 - EZZ - (Wtotal,spent + V.VMT) (70)
Total exergetic efficiency:

Ezp—Ez3+Wur
E;+E12 +Ez6+Wiotal,spent

(71)

€ex,sys —
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Table 6-1 Exergy destructions rates and exergy efficiencies

Pump 1

Heat Exchanger 1
Mixing unit
Pump 2

Heat Exchanger 2
UASB reactor

Biogas compressor

Air compressor 1

Edes,pl
éex,pl
Edes,HEl
‘éex,HEl
1:-':des,MIX
e:ex,mix
Edes,pZ
) éex,pz
Edes,HEZ
. éex,HEZ
Edes,uasp
_éex,UA.S‘B
Edes,compl
'éex,compl
Edes,compz

€ex,comp?2

—W,, +E; — E;

(E; —E))/(=Wpy)
E, + Eg —E3 — Eg
(Es — Ez)/(Eg — Eo)
E; +E;, —E,
(Ea)/(Es + E7)
—sz +E4; — E;

(Es — E&)/(=Wp2)
Es + Ezo — Eg — Epy
(E6 — Es)/(E2o — E21)
Ee —Eg — E1o — E;
(E7 + Eg + E10)/(Es)
—Weomp1 + E100 — E11
(Ell - ElOO)/(_Wcompl)
_Wcompz + E12 - E27
(E27 - Elz)/(_wcompz)

*Burner Edes,burner ]:331 + E‘:32 - E34
ee.x,burner (E34)/(E32 + ESl)
Combustion Chamber Egdescc Ei1; + Eq3 —Egg
~Cexcc (E28)/(E1q + Eq3)
*Ail’ CompI'ESSOf 2 Edeslcompzl- _WCOl’l’lp4— + E33 - E32
ée.x,comp4 (E32 - E33)/(_Wcomp4)
Recuperator Edespu (Eg9 + Eg7 — Eq3 — Eqy
_ 'éex,PH (E13 - E27)_/(E29 - E14)
Turbine Edes tur ~Wiur + E2g — Ego
. Ceox, tur __Vvtur/(EZ‘)_ - EZ{S)
*Biogas compressor 2 Edes,comp3 —Weompz + Ezo — E3q
.éex,comp3 (E31 - ESO)/(_Wcomp3)
Boiler Eges boiler ]_314 + ]_334 + E17 - ]?:15 - Els
_éex,boiler (E16 - E17)/(E14 + E34 - E15)
Steam Separator Edes st sep Eio —Eig —Ey —Epc
.éex,st sep '(E18 + E22 + Ezs)/.(Ew)'
Heat exchanger & Pump 3 EdesHE P3 —Wp3 + Eig + E;; —Eig — Ey
_éex,HE P3 (Ego - E2'1)/(—.WP3 + Eig - Ei9)
Deaerator Edes,deaer Ej9+Ezy3 + Exs + Eyg —Epy
ée_x,dearer (E24)/(E_19 + B3 + Eps + Eze)
Pump 4 Edes,ps '_Wp4- + Eos — ]?17
éex,p4 (E17 — E24)/(_Wp4)
*only for the first scenario studied.
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6.2 Exergy analysis results for the first scenario

The analysis described in the previous paragraphs is applied to the developed model of the
coupling micro turbine and cheese whey anaerobic digestion treatment plant in order to locate
the main exergy destructions and identified inefficiencies. The exergy of each station of the
system examined in this approach through the thermodynamic properties shown in the above

Table 5-5 has been presented in the Table 6-2.

Figure 6-2 presents the exergy destruction rate of each component of the modeled system. It is
obvious that the burner, the boiler and the combustion chamber contribute to the
irreversibility of the system. This is due to the chemical reactions as well as the mixing

processes taking places in these devices.
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Figure 6-2 Exergy destruction rate of main devices at design point
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Table 6-2 Exergy at each station — scenario 1

State Fluid Condition E(kW)
1 Untreated Whey 1526.21
2 Untreated Whey 1526.30
3 Untreated Whey 1526.40
4 Mixture 1579.58
5 Mixture 1579.84
6 Mixture 1581.00
7 Recycled Whey 63.65
8 Treated Whey 77.11
9 Treated Whey 76.02
10 Biogas 1387.21
100 Biogas 293.48
11 Biogas 293.65
12 Air 0.03
13 Air 254.85
14 Gases 50.42
15 Gases 30.19
16 Steam 387.17
17 Condensate 18.42
18 Steam 12.80
19 Condensate 0.71
20 Hot Water 21.56
21 Hot Water 16.15
22 Steam 357.39
23 Condensate 11.66
24 Condensate 17.99
25 Steam 8.85
26 Fresh Water 0.37
27 Air 114.74
28 Gases 475.44
29 Gases 218.39
30 Biogas 1093.73
31 Biogas 1094.39
32 Air 5.96
33 Air 0.10
34 Gases 704.45
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Figure 6-3 Exergetic efficiencies of main devices at design point — scenario 1

The exergetic efficiencies of the main components, i.e. the ratio of the exergy recovered to the
supplied exergy, are presented in Figure 6-3. The lower exergetic efficiencies values are for
the heat exchangers 1 & 2. This is due to the temperatures differences between the fluids and

the pressure losses.

At this point, it is also should be mentioned that the introduction of the micro turbine system
into the cheese whey anaerobic digestion treatment system has positive effects since the
exergetic efficiency is now increased significantly (about of 30%) compared to the exergetic
efficiency of the cheese whey anaerobic digestion system which has been calculated to 24%

approximately.

This increase in exergetic efficiency is due to the reduction of the exergy losses in the boiler
and the direct work production. The exergetic efficiency of the coupling system is quite high

despite the high amount of the exergy losses. Figure 6-4 illustrates the exergy loss and the
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destruction balance for the whole system. There is a large amount of exergy loss to the burner

and steam boiler which reaches to 76% of the total exergy destruction of the system.

Figure 6-4 Exergy destruction in percentage of total exergy losses

6.3 Exergy analysis results for the second scenario

In this approach an exergetic analysis has been also carried out on the system modeled as has
been presented in Chapter 5.2. For the exergetic analysis the relations presented in Chapter
6.1 have been used. The exergy of each flow is calculated at all states and the changes in
exergy are determined for each major component. The exergy destruction rate and exergetic
efficiencies are also calculated for each state according to the relations presented in Table 6-1

above.

The exergy of each station of the system examined in this scenario through the

thermodynamic properties shown in the above Table 5-5 has been presented in the Table 6-3.
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The exergy analysis results are summarized in Figure 6-5 and show that the highest exergy
destruction occurs in the combustion chamber, mainly due to the irreversibilities associated
with combustion and the larger temperature difference between the air entering the
combustion chamber and the flame temperature. The recuperator exhibits the next largest

exergy destruction, mainly due to the temperature difference between two fluid streams

passing through it, but also due to the pressure drop across the device.
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Exergy destruction rate (kW)

Figure 6-5 Exergy destruction rate of main devices at design point (Scenario 2)
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Table 6-3 Exergy at each station — scenario 2

State Fluid Condition E(kW)
1 Untreated Whey 1526.21
2 Untreated Whey 1526.30
3 Untreated Whey 1526.40
4 Mixture 1579.58
5 Mixture 1579.84
6 Mixture 1581.00
7 Recycled Whey 63.65

8 Treated Whey 77.11

9 Treated Whey 76.02
10 Biogas 1387.21
100 Biogas 1387.21
11 Biogas 1388.04
12 Air 0.67

13 Air 706.85
14 Gases 333.35
15 Gases 46.01
16 Steam 227.02
17 Condensate 10.80
18 Steam 12.80
19 Condensate 0.71

20 Hot Water 21.56
21 Hot Water 16.15
22 Steam 203.73
23 Condensate 6.63

24 Condensate 10.55
25 Steam 4.90

26 Fresh Water 0.23

27 Air 358.62
28 Gases 1666.73
29 Gases 832.20
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Figure 6-6 shows for each component the dimensionless exergy destruction ratio. This

measure is useful for prioritizing exergy losses in an intuitive manner. Both exergy

destruction and the dimensionless exergy destruction ratio are higher in the combustion

chamber than in the other components, suggesting that it would be worthwhile to focus

improvement efforts on this component.

Turbine

Preheater

Combustion...

Pump 4
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Figure 6-6 Dimensionless exergy destruction ratio for the components of the whole CHP

modeled system — scenario 2

The exergetic efficiencies of the main components, i.e. the ratio of the exergy recovered to the

supplied exergy, are presented in Figure 6-7. Also in this approach, the lower exergetic
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efficiencies values are for the heat exchangers 1 & 2. This is due to temperatures differences

between the fluids and the pressure losses.

Turbine
92,02
Preheater
69,81
Combustion
Chamber
79,56
Pump 4

75,25

Figure 6-7 Exergetic efficiencies of main devices at design point — scenario 2

The total exergy efficiency of the system examined in this scenario 2, is increased
significantly compared to the model developed in scenario 1 and the initially system without
the incorporation of micro turbine and reaches to 36.26%, as expected using the micro turbine

with higher electricity capacity.
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6.4 Conclusions of the exergy analysis of both scenarios examined

From the previous results of the exergy analysis of the two scenarios examined it is obvious
that the two micro turbines (T100 and MT350) selected for both case studies examined can be
combined effectively with the cheese whey anaerobic digestion treatment plant. Furthermore,
in order to obtain a clearer picture about the exergetic effectiveness of the systems examined
in both cases; it has been decided to compare these systems with the initially cheese whey
anaerobic digestion system without micro turbine using. For this target the above graph

(Figure 6-8) has been made.
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80,00 -
70,00 -
60,00 -
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30,00 -
20,00 -
10,00 -

0,00 il 1 1 1 1 1
Power Steam Biogas to MT  Biogas to Burner Exergy
Production Production efficiency

mT100 m M350 M existing

Figure 6-8 Results from the exergetic analysis*

* The power production (kW) is divided by 10, the steam production is in kg/min, the biogas to MT and to burner is a
percentage of the total biogas amount (%), the exergy efficiency (%).
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As it has been discussed in the previous sections of exergy analysis in the first scenario
examined, only a part of the biogas produced through Anaerobic Digestion of cheese whey is
guided to the micro turbine while the rest part is used for steam production in order to cover
the industry heat requirements. From Figure 6-8 it is obvious that in this case the steam
production is quite higher and the electricity production is quite lower comparing to the

second scenario examined in which the whole biogas produced is used for energy production.

The Anaerobic Digestion system coupled with the micro turbine T350 operates efficiently and

could produce peak energy production with simultaneous noticeable steam production.

Moreover from this graph, it is obvious that the exergetic efficiency of the system of the
second scenario examined is increased significantly compared with the initially system
without micro turbine, as it is expected. Thus, the bigger (between the two consider) the micro
turbine coupled with the cheese whey Anaerobic Digestion plant, the more exergetic efficient
is the corresponding system obtained, while the smaller size of the micro turbine contributed

to lower values of total power output.

Through exergetic analysis, it is concluded that the micro turbines is an attractive solution to
be coupled with Anaerobic Digestion systems in order to obtain electricity production. The
choice of the engine depends on the installation requirements, as it has been discussed in the

previous chapter 5.

Moreover, by the analysis described in the previous sections of this chapter which is applied
to the developed systems of two scenarios examined the main exergy destructions are located.

At this point Figure 6-9 has been made in order to present the overall exergy destruction rate
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of each component of the systems examined both in two scenarios along with this of the

initially anaerobic digestion system without micro turbine using.

It is obvious that for the system without micro turbine using and for the system coupled with
micro turbine T100, the burner contribute the most significant exergy destructor. This is due
to the chemical reactions and the large temperature difference between the burner and
working fluid as well as the mixing processes taking places in the burner, are the main source
of irreversibility. Additionally the high differences between the fluids which are occurred in
the boiler they are constituted another important reason for irreversibilities in both of these

systems.

Regarding the system obtained from the second scenario, the micro turbine’s combustion
chamber contributes the most to the irreversibility. This is also due to the chemical reactions,

the large temperature differences and mixing processes taking places in this device.

Taking into account the previous results, certain improvements may be suggested in order to
reduce the system exergy destruction. A possible improvement refers to the utilization of the
exhaust gas heat carrying an exergy amount which can be used further for energy production.
A heat recovery steam generator or/and an absorption chiller may could be used for this
reason. Another improvement would be the operation at higher fuel utilization factor as it
results in reduced irreversibilities at the system and fuel utilization factor will be regulated
simultaneously in order to achieve the optimal performance. Finally, as large amounts of
exergy are destructed in the boiler, an optimization concerning the matching of the

temperature levels on this device could probably reduce irreversibilities
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Figure 6-9 Exergetic Destructions for each scenario examined
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Chapter 7 Economic analysis

From the previous sections, it was established that the system modeled is an exergetic
efficient system. However, the exergetic efficiency alone does not give much justification to
approve whether a system is worth execution or not. Hence, to fully establish whether the
system is worth execution, it is customary to evaluate also its economic viability through
economic analysis. In this chapter the economic analysis of the system model developed in
previous sections in both of two scenarios is performed using the method of Net Present
Value (NPV) [11]. Thus, the economic analysis of the system described in the present chapter
includes purchased equipment cost (PEC) of all the components, installation cost, material

cost etc and operation & maintenance (O&M) costs.

7.1 Theoretical background

There are many profitability assessments methods in the available literature to evaluate
investments [195]. Among others the NPV method is one of the most common method in
investment evaluation [196]. Alkaraan and Northcott (2006) [197] have analyzed the use of

conventional investment appraisal techniques such as payback period, return on assets, return
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on investment, internal rate of return, NPV and risk analysis approaches such as parametric

analysis, adjustment of the payback period, or discount rate.

The Net Present Value was used as an evaluation criterion. This value calculates all incomes
and outgoings in the economic life of the project [195]. The net present value can be either
positive or negative. A positive NPV presents a net gain corresponding to the cash flow, while
a negative present value indicates a net loss. Projects with negative NPV are usually rejected,
while those with the highest NPV among various alternatives are always given the highest

preference.

The NPV is calculated as the difference of the net cash flows minus the investment capital

and is given by the relation:

NCF
(1+i)t

NPV =3

— TCI (72)

The sum refers to the number of years that the investment will last.

TCI or Total Capital Investment constitutes the total cost of the system presented in previous
sections in both scenarios 1 & 2. The costs have been considered in the analysis are the

following and presented in detailed in Table 7-1 below:

Equipment: Buffer tanks, pumps, heat exchangers, piping, reactor, compressors,
burner, boiler deaerator, biogas buffer tank and micro turbine system

= Measuring and sampling devices

= Electrical connections, boards and cables

= Civil works

= |nstallation
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In this study has been considered that the incoming cash flows come from the saving in

natural gas and from the selling of the generated electricity to the national grid.

Natural gas, usually, is the fuel used by industries to cover their thermal needs. So the same

amount of steam produced by biogas would have to be produced by natural gas.

7.2 Parametric values and assumptions for the economic analysis of the
modeled system

In order, to carry out the economic analysis the following parameters and costs are taken into
account [11]:
1. The anaerobic digestion system for the cheese whey treatment has been on operation
since 2009.
2. The installation of the micro turbine in the anaerobic digestion system has been made
4 years later on 2013.
3. The operation of the anaerobic treatment is 270 days per year or 6480 h per year.
4. The maintenance cost of the GT is assumed to increase annually by 3%.
5. The present value of the sold electricity to the network is 0.253 €/kWh and it is
assumed invariant according to Government Gazette 85/A/04.06.2010.
6. The annual increase rate of the consumable cost (such as soda which is used for the
pH regulation into the reactor) is 3%.
7. Electricity consumption: it is the cost for the operation of pumps and compressors.
The total power of these equipment is 21.55 kW and the cost electricity is 0.08 €/kWh.

The electricity cost is assumed to increase annually by 7%.
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8. The maintenance cost is divided into the below categories:

Pumps and Compressors maintenance cost which is assumed to be equal to 4% of

the purchase cost

- Measuring, sampling and electronic devices maintenance cost which refers to the
devices used in the subsystem extends up to the biogas compressor without the
buffer tank which is assumed to be equal to 2% of the purchase cost

- Rest of the equipment maintenance cost, such as the reactor, the steam boiler, the
deaerator, the mixing and separation unit, the heat exchangers, the piping and the
valves which is assumed to be equal to 5% of the purchase cost.
The increase in maintenance cost is 3% per year.

- Micro turbine maintenance cost which refers to the devices of the micro turbine

system such as the turbine, compressor, recuperator etc.

For the cost calculation the system modeled has been divided into three subsystems.
The reason is that the system was executed by more than one supplier who had
different cost accounting policies. The costs of three subsystems are presented in the
Tables 7-1 to 7-3. Two of these subsystems (Table 7-1 and 7-2) are common for the

two examined scenarios.

The cost of the third subsystem is varied for the two scenarios examined due to the

different type of the micro turbine used.
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1. 1% Subsystem: extends up to the biogas compressor without the buffer tanks. The

costs of each component are presented in the above table (Table 7-1).

Table 7-1 Data for the equipment cost of Subsystem 1 [13]

Components Cost (€)
Pump 1 5,000
Heat Exchanger 1 15,000
Mixing Unit 3,000
Pump 2 5,000
Heat Exchanger 2 15,000
UASB reactor 440,000
Biogas compressor 80,000

Subsystem 1
Piping valves and their

installation 237,000
Cost of equipment (PEC) of 800,000
Subsystem 1

Measuring and Sampling

devices (6% of PEC) 48,000
Electric works, boards (19%

of PEC) 152,000
TCI of Subsytem 1 1,000,000
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2. 2nd Subsystem: starts from the air compressor and goes up to the steam delivery
to the plant. The costs of each component are presented in the above table (Table

7-2).

Table 7-2 Data for the equipment cost of Subsystem 2 [13]

Components Cost (€)
Air compressor 5,000
Burner 55,000
Steam boiler 150,000
Steam Separator 2,000
Euera:]tpE;changer 3and 5,000
Deaerator 60,000
Subsystem 2 Pump 4 3,000
Buffer tanks for whey 120,000
Piping, valves, racks 165,000
gl?;; ;;‘tgg]uizpment (PEC) of 565000
IIDnEsg\)llation cost (~45% of 254 000
TCI of Subsytem 2 819,000

The civil cost for two subsystems is equal to 250,000 €, so the total TCI of the subsystems 1

&2 is equal to 2,069,000 €.
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3. 3rd Subsystem: this subsystem refers to the micro turbine systems which have

been selected in the two examined scenarios presented in the previous chapters. In

the following table (Table 7-3) the costs of the various micro turbines systems are

presented.

Table 7-3 Data for the micro turbine cost

Estimated Capital Cost for MGT [198]

Micro turbine c30® ces? MT250@ | T100¢) MT350)
Nominal Capacity (kW) 30 65 250 100 350
Equipment

Gen Set Package(€) 981 980 1,081

egﬁ?;rigﬁ?‘(’g yandother | 44, 260 146

Total equipment (€) 1,311 1,240 1,226

Labor/Materials (€) 544 276 269

Total Process Capital (€) 1,855 1,516 1,495 1508 1233
mﬂ]?gte?;‘gn(t:(‘g)‘m”c“o” 161 153 146 14520 * | 145.88
Engineering and fees(€) 161 153 146 145.20* 145.88
Project Contingency(€) 69 62 61 61.20* 61.40
et m | @ | @ |aa |a
Total Plant Cost € KW | 2,269 1,907 1,871 1,882.80 | 1,609.16
kWh/year 648000 2,268,000
Qo See oo JourJoute oo oms
Total Cost (€) 188,280 563,206

*Values which have been evaluated approximately based on the other MGT values of the Table due to their unavailability in
the literature. @) Capstone Turbine Corp manufacturer, @) Ingersoll Rand manufacturer, ©) Turbec manufacturer, “referred

in EPA [199]. The values obtain after conversion of dollars to euros (1 dollar=0.766 euros).
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For the economic analysis it has been assumed that the company has been taken a first loan
from a bank in 2009 for the Subsystems 1&2 investment costs in 2009 and a second loan from
the same bank in 2013 for the investment cost of Subsystem 3. For both of these two loans the

interest rate is 7%.

The annual amount of the installment can be calculated by the following relation:

p = £+ g (73)

(1+e)v-1

Moreover, it has been considered that the first loan will be paid back in ten years and the
second one in seven years in order the company pay back together the two loans in the year of

2020. The installments will be constant over these years.

As already stated above the incoming cash flow comes from the saving in natural gas for the
first year (2009) amounts to 317,829 €. The mean cost of natural gas in 2009 was 0.31879
€/m® and it was assumed to increase annually by 7%. It is assumed that the company
purchases the electricity from the national grid in order to cover its thermal needs in lower
price (0.08 €/kWh) and sells the generated electricity through micro turbine to the national
grid at a higher price as it has been referred previously (0.253 €/kW). Moreover, the discount

rate or rate of return is assumed to be 5%.
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7.3 Economic analysis of scenario 1

From the individual profitability assessment method of NPV and the parameters and data
presented above, the economic analysis of the system described in the first scenario is carried
out. As it has been refereed, the examined system is a coupling system of the cheese whey
anaerobic digestion system and the micro turbine T100. The results of the economic analysis
are presented in Table 7-4. It is shown that the total NPV of the system in this approach
reaches to 1,767,434 €. The cash flow and the incomings resulting through the economic

analysis of the system are illustrated in the below diagram (Figure 7-1).

The incomings are calculated as the sum of the incomings of natural gas and the incomings of
the selling of the micro turbine’s electricity generation to the national grid for each year. The
cash flows for each year constitute a result of the difference between the incomings minus the

maintenance and the operation costs.
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Table 7-4 Incoming and outgoing flows and NPV calculation (in Euros) for the system examined in scenariol.

Operational Costs

Maintenance Costs

Incoming

Incoming

Cal. - Pumps- Installments cash flow cash flow Incomings Cash flow - Cash flow
Year Year Labor cost Consumables Electricity Compressors Instruments  Other MT for MIT Installments from natural from for extended extended based on
gas electricity system System Present Value
0 2009 2,257,280 -2,257,280
1 2010 70,000 53,000 5,614 6,320 1,000 4,610 294,615 317,829 317,829 -117,330 -111,743
2 2011 72,100 54,590 6,007 6,510 1,030 4,748 294,615 340,077 340,077 -99,523 -90,270
3 2012 74,263 56,228 6,427 6,705 1,061 4,891 294,615 363,882 363,882 -80,307 -69,372
4 2013 76,491 57,915 6,877 6,906 1,093 5,037 10,368 34,936 294,615 389,354 163,944 553,298 59,060 48,589
5 2014 78,786 59,652 7,359 7,113 1,126 5,189 10,679 34,936 294,615 416,609 163,944 580,553 81,099 63,543
6 2015 81,149 61,442 7,874 7,327 1,159 5,344 10,999 34,936 294,615 445,772 163,944 609,716 104,870 78,256
7 2016 83,584 63,285 8,425 7,546 1,194 5,505 11,329 34,936 294,615 476,976 163,944 640,920 130,501 92,744
8 2017 86,091 65,183 9,015 7,773 1,230 5,670 11,669 34,936 294,615 510,364 163,944 674,308 158,126 107,026
9 2018 88,674 67,139 9,646 8,006 1,267 5,840 12,019 34,936 294,615 546,089 163,944 710,033 187,892 121,117
10 2019 91,334 69,153 10,321 8,246 1,305 6,015 12,380 34,936 294,615 584,316 163,944 748,260 219,955 135,033
11 2020 94,074 71,228 11,044 8,494 1,344 6,195 12,751 625,218 163,944 789,162 584,032 341,472
12 2021 96,896 73,364 11,817 8,748 1,384 6,381 13,134 668,983 163,944 832,927 621,202 345,908
13 2022 99,803 75,565 12,644 9,011 1,426 6,573 13,528 715,812 163,944 879,756 661,206 350,652
14 2023 102,797 77,832 13,529 9,281 1,469 6,770 13,934 765,919 163,944 929,863 704,251 355,694
15 2024 105,881 80,167 14,476 9,560 1,513 6,973 14,352 819,533 163,944 983,477 750,556 361,030
16 2025 109,058 82,572 15,489 9,846 1,558 7,182 14,782 876,900 163,944 1,040,844 800,356 366,652
17 2026 112,329 85,049 16,573 10,142 1,605 7,398 15,226 938,283 163,944 1,102,227 853,905 372,556
18 2027 115,699 87,601 17,734 10,446 1,653 7,620 15,683 1,003,963 163,944 1,167,907 911,472 378,736
19 2028 119,170 90,229 18,975 10,759 1,702 7,848 16,153 1,074,240 163,944 1,238,184 973,347 385,187
20 2029 122,745 92,936 20,303 11,082 1,754 8,084 16,638 1,149,437 163,944 1,313,381 1,039,840 391,905
NPV 1,767,434
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Through the graph below it can be easily understood that both of the incomings and cash
flows increase considerably every year. As it is expected a significant increase of the cash
flow is presented in the year of 2020 when the company will have pay back the two loans.
Moreover, in the incomings a significant increase occurs in the year of 2013 when the micro

turbine is incorporated to the system of the cheese whey anaerobic digestion treatment.

1.220.000
1.020.000
820.000
620.000
420.000
220.000

20.000

-180.000

Cash flow system with T100 (€)

== « e|ncomings system with T100 (€)

Figure 7-1 Incomings and cash flows diagram for the system in scenario 1

7.4 Economic analysis of scenario 2

In this case the total cost is constituted by the coupling system of the cheese whey anaerobic
digestion treatment system and the micro turbine T350, as it has been selected in previous
Chapter. The method of NPV as presented above has been used. The results from the

economic analysis of this case are presented in the below table (Table 7-5).
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Table 7-5 Incoming and outgoing flows and NPV calculation (in Euros) for the system examined in scenario 2.

Operational Costs

Maintenance Costs

Incoming Incoming Incomings Cash flow

Cal. . Pumps- Installments cash flow cash flow for Cash flow - based on
Year Year Labor cost Consumables Electricity Compressors Instruments  Other mMT for MT Installments from natural from extended extended Present

gas electricity system System Value

0 2009 -2.632.206 -2.632.206
1 2010 70.000 53.000 1.767 6.320 1.000 4.610 294.615 317.829 317.829 -113.483 -108.079
2 2011 72.100 54.590 1.891 6.510 1.030 4.748 294.615 340.077 340.077 -95.407 -86.537
3 2012 74.263 56.228 2.023 6.705 1.061 4.891 294.615 363.882 363.882 -75.903 -65.568
4 2013 76.491 57.915 2.165 6.906 1.093 5.037 36.288 104.505 294.615 389.354 573.804 963.158 378.144 311.100
5 2014 78.786 59.652 2.316 7.113 1.126 5.189 37.377 104.505 294.615 416.609 573.804 990.413 399.736 313.203
6 2015 81.149 61.442 2.478 7.327 1.159 5.344 38.498 104.505 294.615 445.772 573.804 1.019.576 423.059 315.693
7 2016 83.584 63.285 2.652 7.546 1.194 5.505 39.653 104.505 294.615 476.976 573.804 1.050.780 448.242 318.557
8 2017 86.091 65.183 2.837 7.773 1.230 5.670  40.842 104.505 294.615 510.364 573.804 1.084.168 475.421 321.784
9 2018 88.674 67.139 3.036 8.006 1.267 5.840 42.068 104.505 294.615 546.089 573.804 1.119.893 504.745 325.363
10 2019 91.334 69.153 3.249 8.246 1.305 6.015  43.330 104.505 294.615 584.316 573.804 1.158.120 536.369 329.284
11 2020 94.074 71.228 3.476 8.494 1.344 6.195 44.630 625.218 573.804 1.199.022 969.581 566.894
12 2021 96.896 73.364 3.719 8.748 1.384 6.381  45.969 668.983 573.804 1.242.787 1.006.324 560.359
13 2022 99.803 75.565 3.980 9.011 1.426 6.573  47.348 715.812 573.804 1.289.616 1.045.911 554.669
14 2023 102.797 77.832 4.258 9.281 1.469 6.770  48.768 765.919 573.804 1.339.723 1.088.547 549.790
15 2024 105.881 80.167 4.556 9.560 1.513 6.973  50.231 819.533 573.804 1.393.337 1.134.456 545.693
16 2025 109.058 82.572 4.875 9.846 1.558 7.182 51.738 876.900 573.804 1.450.704 1.183.874 542.347
17 2026 112.329 85.049 5.216 10.142 1.605 7.398  53.290 938.283 573.804 1.512.087 1.237.058 539.724
18 2027 115.699 87.601 5.582 10.446 1.653 7.620  54.889 1.003.963 573.804 1.577.767 1.294.278 537.799
19 2028 119.170 90.229 5.972 10.759 1.702 7.848  56.536 1.074.240 573.804 1.648.044 1.355.827 536.547
20 2029 122.745 92.936 6.390 11.082 1.754 8.084 58.232 1.149.437 573.804 1.723.241 1.422.019 535.944

NPV 4.812.361
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As it can be seen from Table 7-5 the total NPV of the system is calculated of about
4.800.000€ during the years of 2009 to 2029. The incomings which are calculated as the sum
of the incomings of natural gas and the incomings of the selling of the micro turbine’s
electricity generation to the national grid for each year are increased significantly every year.
Similarly, the cash flows for each year which are calculated by the difference between the
incomings minus the maintenance and operation costs are increased too. Figure 7-2 presents
the diagram of the incomings and cash flows for the coupling system of the cheese whey

anaerobic digestion treatment system and the micro turbine T350.
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Figure 7-2 Incomings and cash flows diagram for the system in scenario 2

This diagram (Figure 7-2) illustrates a significantly increase of the incomings and cash flows
values for the system of this approach. More specifically, in the year of 2013 when the micro
turbine was integrated into the system of the cheese whey anaerobic digestion treatment the

values of both parameters were spectacularly increased, as expected. This fact is due to the
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incomings from the electricity generation selling to the public grid in a quite high price.
Further noticeable increase in the cash flow is observed after the year of 2019 when the

company’s investment loan repayment will have been completed.

7.5 Results from the economic analysis

Using the NPV method the cash flows and the incomings have been estimated for each year
from 2011 to 2029 for the systems described in both of two scenarios examined in this thesis.
The above economic analysis concluded that the systems examined in both of two scenarios

are viable investments with a high value of NPV.

However, in order to obtain a clearer picture about the economic viability of the systems
resulted; it has been decided to compare these systems with the initially cheese whey
anaerobic digestion system without micro turbine using. For this reason the above diagrams

(Figures 7-2 to 7-4) have been made.
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Figure 7-3 Comparing Diagram for the cash flows of the system with MT T100 & T350
and without MT
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Figure 7-4 Comparing Diagram for the incomings of the system with MT T100 & T350
and without MT

From the graphs above (Figures 7-3 & 7-4), it can be observed that the size of the micro
turbine has a significant impact on the economic viability of the cheese whey anaerobic

digestion treatment system. The system with the incorporation of the micro turbine T350
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presents almost double cash flows and incomings compared to those of the initially system
without micro turbine using (Figure 7-5). This is mainly due to the high selling price of the
electricity to the national grid. Both of these values incomings and cash flows are increased
every year. However in the year of 2013, it has been observed significantly increase due to
introduction of the micro turbines in the anaerobic digestion system, as it is expected. As it
can be observed from the below diagram the NPV of the system with the incorporation of the

T350 is significant higher than the system without micro turbine.
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Figure 7-5 Comparing Diagram for the total investment cost and NPV of the system
with MT T100 & T350 and without MT

From the economic analysis was revealed that both of these investments are profitable for the
company, with high savings and incomes from the first year of its operation. Thus, the

anaerobic treatment of high strength waste such as whey for biogas production and its further
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use for cogeneration of electricity and heat is a sustainable way for the factory to treat the
whey it produces covering its energy needs. Moreover the best economically profitable
solution for the factory constitutes the usage of the whole biogas produced through the
anaerobic digestion system only for electricity generation due to the present high value of the

sold electricity to the national network.
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Chapter 8 Parametric analysis and optimization

In this chapter a methodology to improve the performance of the CHP coupling system of the
cheese whey anaerobic digestion system and micro turbine for the whole operating range is
proposed. The method suggests a way for optimizing mainly the components of the micro
turbine system since the cheese whey anaerobic digestion system is consider steadily. It is
based on the search of the isentropic efficiencies of the biogas and air compressors, the air
compressor pressure ratio, the isentropic efficiency of the gas turbine, the air temperature at
the output of the recuperator and the gases temperature of the micro turbine combustion
chamber. The effects of these parameters on the system’s total exergy efficiency and total

NPV are studied.

8.1 Introduction

An important issue when designing a CHP coupling system of anaerobic digestion system and
micro turbine is the selection of design parameters (such as pressures, temperatures) in order
to achieve the optimal and efficient matching of the subsystems and to ensure the long

lifetime and the safe operation.
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The good matching between the two main subsystems (anaerobic digestion system and micro
turbine) can offer a lot of advantages for such CHP system through the wastewaters treatment,

such as:

e Safe operation, since the devices work within their operating limits and they are
resistance to faults.

e High efficiency, since the individual systems are designed to cooperate efficiency and
to ensure the best performance not only to design point, but also in other changes
conditions.

e Lower maintenance costs and increased lifetime as a result of the efficient operation
and the good operating conditions ensured for both of the two subsystems.

e Fuel saving and short payback period because by designing an economical system it
will be possible to complete the conventional power systems.

¢ Reliability and availability since the good matching of the subsystems contributes to

simpler system layouts.

In the present thesis the proposed optimization method is conducted through a parametric
study in order to assess the operating range of the CHP coupling system of the cheese whey
anaerobic digestion system and the micro turbine and select the desired operating parameters’
values for achieving the optimum system efficiency at various operating points. Thus, the
parametric analysis on various parameters of the systems developed in two scenarios

examined in this thesis has been carried out.
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Generally, the parametric analysis of an investment project involves the investigation of the
impacts of varying the main parameters affecting the project within their expected levels. Real
systems are always influenced by variations in some of the plant operating parameters. These
variations usually cause disturbance in the plant operating conditions and hence make plant

performance deviate from the nominal design conditions.

In the case of these systems of both scenarios examined, the parameters which have been
selected to assess their effects on the systems performance are the isentropic efficiencies of
the biogas and air compressors (for the first scenario both compressors of micro turbine and
burner), the air compressor pressure ratio, the isentropic efficiency of the gas turbine, the air
temperature at the output of the recuperator and the gases temperature of the micro turbine
combustion chamber. Each of these parameters is examined in the design point and their

effects on the system’s total exergy efficiency and the total NPV are arisen.

In Table 8-1 the variations of the parameters’ values examined are presented. These ranges

have been selected according to the available literature [200].

The values presented in Table 8-1 are applied to both of the systems examined in two
scenarios in this thesis. The results from the parametric analysis of the system of each

approach are presented in following sections.
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Table 8-1 Parametric values variation

Parameters Values variation
Biogas Comp. isentropic _ i

efficiency Mbiogas 0.75-0.9

Air Comp. isentropic efficiency N 0.75-0.9

Pressure ratio PR 2-5.4

Turbine isentropic efficiency Nturb 0.75-0.92
Turbine inlet temperature (K) Tog 1,100 -1,300

Air temperature at the output of Tis 790 - 900

recuperator (K)

8.2 Parametric analysis and optimization of scenario 1

The parametric analysis of the system described in the first scenario is carried out. As it has
been referred, the examined system is a coupling system of the cheese whey anaerobic
digestion system and the micro turbine T100. The values for the various parameters presented
in Table 8-1 are applied to the simulation model and their effects on the total exergy and NPV

of the system are described below.

8.2.1 Biogas compressor isentropic efficiency parameter

Figure 8-1 shows the graph depicting the effect of variation in the biogas compressor (comp3)

isentropic efficiency on the system’s total efficiency and NPV.

It is obvious that the higher values of the biogas isentropic efficiency have negative effects on
the system as the total exergy efficiency is slightly reduced. This is due to the fact that an

increase in the biogas isentropic efficiency value leads to an increase in the fuel supplied to
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the burner. This means that any consumption increase has an impact on the total exergy

efficiency.

However, the higher value of the biogas compressor isentropic efficiency leads to a reduction
of the consumed electricity used for the system operation which is expressed through an

increase in NPV, as illustrated in Figure 8.1.
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Figure 8.1 Effect of Variation in nypiogas ON Total Exergy Efficiency and NPV
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8.2.2 Air Compressor (comp 4) isentropic efficiency parameter

At this point the air compressor (comp 4) isentropic efficiency impacts in the system are
studied. The increase in air isentropic efficiency have also negative effects on the system
operation as the total exergy efficiency of the system is reduced as illustrated in the Figure
8.2. However, this increase leads to a reduction of the electricity consumed for the system

operation.

Thus, the increase in air compressor (comp4) isentropic efficiency has good effects on the

NPV of the total system, as it has been presented in Figure 8.2.
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Figure 8.2 Effect of Variation in nscaircomp4 on System’s Total Exergy Efficiency and

NPV
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8.2.3 Pressure ratio of the turbine’s air compressor

In this subsection the effects of the pressure ratio of the micro turbine’s T100 air
compressor is studied. It is obvious that the variation of this parameter affect significantly
the system operation. As it can be seen from the graph below (Figure 8.3) higher pressure
ratio leads to higher total exergetic efficiency of the system, which is a result by less fuel
supplied to the gas turbine cycle. This means that any saving in the fuel supplied has a

significant impact on the total exergy efficiency of the system.

Additionally, this increase in air compressor pressure ratio has positive impact on the

NPV value due to a reduction of the electricity used for the whole system’s operation.
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Figure 8.3 Effect of Variation in PR on System’s Total Exergy Efficiency and NPV
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8.2.4 Turbine isentropic efficiency

The results of the turbine isentropic efficiency values’ variation on the total exergy efficiency

and the NPV of the whole system are illustrated in the below graph (Figure 8.4).
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Figure 8.4 Effect of Variation in nsturb on System’s Total Exergy Efficiency and NPV

As it has been expected the increase in the turbine isentropic efficiency has positive effects on
the system operation. More specifically an increase in the turbine isentropic efficiency leads
to an increase in the system’s total exergy efficiency. This is due to the fact that higher turbine

isentropic efficiency results in less fuel supplied and furthermore less electricity consumption
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for system operation. Thus, as it has been illustrated in the Figure 8.4 an increase in the

turbine’s isentropic efficiency leads to an increase in the NPV.

8.2.5 Turbine inlet temperature (T28)

In this subsection the effects from the increase of the gases temperature at the output of the

recuperator (T28) on the total exergy efficiency of the system and the NPV are described.
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Figure 8.5 Effect of T28 on System’s Total Exergy Efficiency and NPV

As it is resulted from the above graph (Figure 8.5) an increase in the gases temperature Tog iS

effective for the system. It shows that an increase in the turbine inlet temperature leads to an
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increase in the systems exergy efficiency due to a rise in the output power of the turbine and a
decrease in the combustion chamber losses. As it has been discussed the temperature
differences have significant impact on the system operation. Moreover, the increase in the
turbine inlet temperature of the gases has as a result a reduction in the NPV because of the

increase in energy consumption for the system operation.

8.2.6 Air temperature at the output of recuperator (T13)

The variation of the air temperature at the output of recuperator has positive effects to the

system operation.
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Figure 8.6 Effect of T13 on System’s Total Exergy Efficiency and NPV
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As it is presented in Figure 8.6, an increase in air temperature at the output of the recuperator
leads to an increase in the system’s total exergy. This is due to the fact that the temperature
differences between the fuel and the air supplied in the combustion chamber for burning is
reduced which leads to a further reduction in combustion chamber’s exergy losses. Thus, the
irreversibilities in this device are reduced significantly resulting to an increase in the system’s
exergy efficiency. Since the turbine efficiency is increased through the increase of the air
temperature T13, the power electricity consumption for the system operation is reduced as

presented in Figure 8.6 through the increase in NPV value.

8.2.7 Micro turbine’s Air Compressor isentropic efficiency parameter

At this point the air compressor (Comp2) isentropic efficiency impacts on the whole coupled
system is studied. The increase in air isentropic efficiency has positive effects on the system
operation as the total exergy efficiency of the system increases significantly (Figure 8.7). By
increasing the air compressor efficiency, lower compressor work is needed. Therefore, lower
value of fuel must be burnt to produce the same value of net work with consequently reducing

of the electricity consumed for the system operation.

Thus, the increase in air isentropic efficiency has good effects on the NPV of the total system,

as it has been presented in Figure 8.7.
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Figure 8.7 Effect of Variation in Ngir on System’s Total Exergy Efficiency and NPV

8.3 Parametric analysis and optimization of the scenario 2

In this case also, the parametric analysis of the system described in the second scenario is
carried out. As it has been referred in previous chapters, the examined system is a coupling
system of the cheese whey anaerobic digestion system and the micro turbine MT350. The
values for the various parameters presented in Table 8-1 above are also applied to the
simulation model and their effects on the total exergy and NPV of the system are presented

below.
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8.3.1 Biogas compressor isentropic efficiency parameter

The total exergy efficiency, the power net, the electricity consumption, the produced steam

mass and the NPV of the system influenced by variations in the biogas compressor isentropic

efficiency are presented in the above Table 8-2.
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Figure 8-8 Effect of Variation in nschiogas on Total Exergy efficiency and NPV

As it can be seen (Figure 8-8) the increase in the biogas compressor isentropic efficiency is

not particularly sufficient because it leads to a slightly reduction of the system total exergy.

This is due to the increase in the fuel mass flow which is supplied to the turbine combustion

chamber for the system operati

on.
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Table 8-2 Effect of variation in Nspiogas 0N Various Parameters of the system

Nschiogas my; Wtotal net Coel
0,75 893,04 351,5 1812
0,77 893,02 351,5 1797
0,79 893 351,5 1783
0,81 892,98 351,5 1770
0,83 892,96 351,6 1757
0,85 892,94 351,6 1745
0,87 892,92 351,6 1733
0,88 892,91 351,6 1728
0,89 892,9 351,6 1722

0,9 892,9 351,6 1717

The reason is that any increase in the fuel supplied has significant impact on the exergy
destruction of the system, due to the chemical exergy of the fuel has a significant impact on
his total exergy when compared to the physical exergy. On the other hand it leads to a

reduction of the electricity consumption for the system operation resulting the NPV increase.

8.3.2 Air compressor isentropic efficiency parameter

At this point the effects of the air isentropic efficiency variation are described. As it can be
seen through the below Table 8-3 an increase in the air isentropic efficiency leads to an
increase both in the total exergy efficiency and the NPV of the system, as also presented in
Figure 8-9. This is due to the fact that the higher air compressor isentropic efficiency means

less work to drive air compressor and this leads to higher efficiency in gas turbine cycle.
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Thus, by air compressor efficiency increasing, lower fuel and air flow is needed to the gas
turbine which results in lower gas flow rate in bottoming cycle. The lower fuel value is guided
to a reduction of the electricity consumed for the system operation as presented by the NPV

graph.

Table 8-3 Effect of variation in nscair on VVarious Parameters of the system

Nscair my, wtotal net Coel
0,74 946,01 315,4 1795
0,76 927,42 328,1 1793
0,78 909,78 340,1 1791
0,8 893,01 351,5 1790
0,82 877,05 362,4 1788
0,84 861,84 372,7 1787
0,86 847,34 382,6 1786
0,88 833,49 392 1784
0,89 826,8 396,6 1784
0,9 820,25 401,1 1783

Table 8-3 shows that an increase in air isentropic efficiency leads to a further reduction of the
produced steam mass flow, as it is expected. This fact is due to the reduction in the air and

biogas mass flows which have as a consequent result a reduction in the gases mass flow.

The amount of the steam mass flow depends on the gases mass flow as calculated by the mass
balance equation applied in the steam boiler in Chapter 5. Moreover, an increase in the

system’s total power production is observed, as it iS expected.
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Figure 8-9 Effect of Variation in nscair on Total Exergy efficiency and NPV
8.3.3 Pressure ratio of the turbine’s air compressor

It is obvious that the variation of this parameter affect significantly the system operation. As it
can be seen from the graph below (Figure 8-10) an increase in the air compressor’s pressure
ratio causes a corresponding increase in system’s total exergy due to less fuel supplied to the

gas turbine cycle.

This means that any saving in the fuel supplied has a significant impact on the total exergy

efficiency which is a result by the exergy destruction reduction.
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As it has been referred in the previous chapter the exergy of the fuel is the sum of the physical
and chemical exergy. However, the chemical exergy has a significant impact on the total

exergy of fuel compared to physical exergy.

Additionally, the reduction of the fuel supplied means reduction in air mass flow and
moreover reduction in gases mass flow produced. However, the reduction of the gases mass
flow has a significant impact on the steam mass flow produced through the steam boiler and
used to cover the industry thermal energy needs (Table 8-4). The relation between these mass

flows presented in the previous Chapter 5.

Also, as it has been illustrated in Figure 8-10, the increase in air compressor pressure ratio
value has a good impact on the system regarding the NPV due to the reduction of the

electricity used for the system’s operation.

Table 8-4 Effect of variation in PR on Various Parameters

PR ny, Wtota_)l net Coel
2 1096,91 212,7 1809
2,4 1026,71 260,5 1802
2,8 976,64 294,6 1798
3,2 940,08 319,5 1794
3,6 913,05 337,9 1792
4 893,01 351,5 1790
4,4 878,22 361,6 1788
4,8 867,48 368,9 1787
5 863,35 371,7 1787
5,4 857,13 375,9 1787
171

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34



Chapter 8 Parametric analysis and optimization

38 — T T T T T T T " T T T T T T 1

] __n—g—n - 4811900
37 = /:/.

- l/ I
36 1 / L 4811800

35 — I/

1 / - 4811700
34 4

S _ 0)
= ] >
S 33- - 4811600 %
) ] . I

32

] - 4811500
—ml— etotal
31 - —m— NPV I I
30 - L 4811400

15 2,0 2,5 3,0 3,5 4,0 4,5 5,0 55
PR

Figure 8-10 Effect of Variation in PR on Total Exergy efficiency and NPV
8.3.4 Turbine isentropic efficiency

Table 8-5 shows the effect of the variation in turbine isentropic efficiency on the produced
steam mass flow, the total net power, the electricity consumption used for the system
operation. It is obvious that any variation in the turbine isentropic efficiency affect
significantly these parameters. More specifically, an increase in the ng leads to an increase in
the total net power and in a reduction both of the electricity consumption and the produced
steam mass flow. This is due to the fact that an increase in the turbine isentropic efficiency
value leads to a reduction of the fuel consumed for the system operation and furthermore to a

reduction of the gases mass flow produced. This reduction in the gases mass flow leads to a

172

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34



Chapter 8 Parametric analysis and optimization

reduction in the steam mass flow amount as calculated by the mass equation balance which is
applied in the steam boiler device in Chapter 5.Regarding the total exergy efficiency and NPV

it is observed an increase in both parameters, as it is expected (Figure 8-11).
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Figure 8-11 Effect of Variation in nst on Total Exergy efficiency and NPV

Table 8-5 Effect of variation in nst on VVarious Parameters

Nst my; Wiotal net Coel
0,75 954,31 309,8 1795
0,77 923,73 330,6 1793
0,79 893,01 351,5 1790
0,81 862,14 372,5 1787
0,83 831,12 393,7 1784
0,85 799,94 414,9 1781
0,87 768,6 436,2 1779
0,89 737,1 457,7 1776
0,91 705,42 479,2 1773
0,92 689,52 490,1 1772
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8.3.5 Turbine inlet temperature (T28)

At this point the turbine inlet temperature (T28) variation effects on the produced steam
mass flow, the total net power are presented in Table 8-6. As it is obvious an increase in
turbine inlet temperature of the gases causes an increase in produced mass flow and in

electricity consumption used for the system operation.

Table 8-6 Effect of variation in T28 on Various Parameters

Tas vy Wtotal net Coel
1100 709,9 369,9 1773
1125 758,24 365,1 1778
1150 799,71 360,9 1781
1175 835,67 357,3 1785
1190 855,04 355,4 1786
1215 884,23 352,4 1789
1240 910,12 349,8 1791
1265 933,24 347,4 1794
1290 954 345,3 1795
1300 961,73 344,5 1796

Figure 8-12 shows the effect of gas turbine inlet temperature variation on the system’s exergy
efficiency and NPV. It shows that an increase in the turbine inlet temperature leads to an
increase in the systems exergy efficiency due to a rise in the output power of the turbine and a
decrease in the combustion chamber losses. On the other hand, as the electricity consumption

is reduced the NPV is also reduced.
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Figure 8-12 Effect of Variation in T28 on Total Exergy efficiency and NPV

8.3.6 Air temperature at the output of recuperator (T13)

The variation of the air temperature at the output of the recuperator (T13) affects the system

operation. As it is presented in Table 8.7 an increase in this temperature leads to a reduction in

temperature differences between the burners and the working fluid. Thus, the exergy losses in

the combustion chamber are reduced.

Moreover, as it is expected the produced steam mass flow and electricity consumption using

for the system operation are reduced significantly.
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Table 8-7 Effect of variation in T13 on Various Parameters

Tis my, Wtotgl net Coel
720 1027,4 295,9 1802
740 997,79 308,2 1800
760 965,75 321,5 1797
780 930,95 335,9 1793
800 893,01 351,5 1790
820 851,45 368,6 1786
840 805,73 387,3 1782
860 755,16 407,9 1777
880 698,91 430,8 1772
900 635,91 456,4 1767
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Figure 8-13 Effect of Variation in T13 on Total Exergy efficiency and NPV
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Therefore, from Figure 8-13 it is presented that the increase in the air temperature at the
output of the recuperator has also positive effects on the system operasion, since the total

exergy efficiency of the system as well as the NPV are increased significantly.

8.4 Results from the parametric analysis

In this chapter for the simulation models obtained from the two scenarios examined a
parametric analysis has been carried out. The effect of main operating parameters on the

system exergetic efficiency and NPV value was studied and presented in relative graphs.

From the exergy analysis in the previous chapter 5 it is highlighted that the burner (for the 1%
scenario examined) and the combustion chamber (for both scenarios examined) are
constituted the most important exergy destructors in the systems. The parametric analysis is
carried out in order to find the optimal values of various parameters affect the system in order

to obtain optimized values of exergetic efficiency and NPV.

The parameters examined, it is decided to be the biogas and air compressor (for
scenario both of micro turbine and burner) and turbine efficiencies, the air temperature after
the recuperator and the turbine inlet temperature. The results show that an increase in the
micro turbine air compressor and turbine efficiencies leads to an increase in the systems
exergy efficiency due to a rise in the turbine output power and a decrease in the combustion
chamber. Similar results it has been obtained through the increase in the value of the
temperature of the air after the recuperator. Moreover the increase in the value of these

referred parameters leads to a corresponding increasing of the NPV value.
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On the other hand, for the system obtained from the first scenario examined the
increase in the air and biogas compressor have negative impact on the exergy efficiency of the

whole system as an increase of these values leads to the exergetic efficiency reduction.

Furthermore, the results from the parametric analysis highlight that any optimization
in the combustion chamber of the micro turbine which means a reduction of exergy

destruction leads to a more efficiently system.
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Chapter 9 Results and discussion

This thesis investigates mainly, the applications of micro turbines in conjunction with
Anaerobic Digestion treatment of cheese whey wastewaters obtained from cheese making
process in dairy industries. A special case of an anaerobic digestion system operated in a dairy
industry coupled with a gas micro turbine is examined both by exergetic, economic and

parametric analysis.

Although, in the literature a plethora of studies can be found dealing with whey anaerobic
digestion systems focusing mainly on the parameters which affect the process of anaerobic
digestion, the COD removal and the biogas production rate (for more details see the literature
review above in Section 2). However, the number of studies on the utilization of biogas
systems to produce energy (heat and electricity) from whey wastewaters is limited [13, 14] in
comparison to other waste types [15-21]. Also, these systems examined mainly the system of
the micro turbine fueled by the biogas without provide information pertaining the anaerobic

system as it is presented in this thesis.

Moreover, in order to evaluate the state of technology concerning the COD removal rate

ability and the biogas production from cheese whey anaerobic digestion treatment through
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different types of reactors and systems in use, a common comparative basis was established

and corresponding graphs are illustrated.
The main results coming from this work can be summarized as follows:

1. Through a thorough review of the literature pertinent to anaerobic digestion treatment
methods, which have been used on pilot and laboratory scale for cheese whey
treatment, it is concluded that the anaerobic digestion process is the most suitable
process for the cheese whey treatment with high biogas production and COD removal
rate. Moreover, a UASB type reactor is the most common reactor configuration
employed for cheese whey wastewater treatment, mainly because of its ability to treat
large volumes of effluents in a relatively short period of time.

2. A model was developed for the simulation of an Anaerobic Digestion system coupled
with micro turbine using the commercially available Engineering Equation Solver
process simulator.

3. Two scenarios examined. The first scenario examined the incorporation of a
commercially available gas micro turbine to the system for electricity production from
the combustion of a part of biogas produced. In this case the selection of the
appropriate micro turbine occurs in order to achieve the maximum electricity
generation while the plant requirements in steam are covered. Then in the second
scenario, the case for the maximum electricity production without any limitation in the
steam production is examined.

4. The matching of the Anaerobic Digestion system for cheese whey wastewaters

treatment coupled with five different micro turbines was studied in order to find the
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optimal configuration for the system of the first scenario. For the second scenario
firstly the maximum possible electricity production has been calculated and then the
most suitable micro turbine was chosen. Design point for each system examined was
determined based on the micro turbine data and the data comes from an existing
industry regarding the Anaerobic Digestion Plant. Moreover, for the second scenario a
parametric analysis has been carried out in order to find the best value of some
unknown parameters. The results have shown that the micro turbine T100 for the
system of the first case and T350 for the system of the second case constitutes the
optimum solutions among the others examined.

5. A validation of the models obtained for each of the two scenarios examined was also
performed. The results revealed that there is a rather satisfactory agreement between
expected (from the manufacturer) and calculated performance parameters for the
selected micro turbines at design point conditions. However, the systems obtained are
quite marginal in terms of biogas produced and the technical features of the Anaerobic
Digestion system which are based on realistic data, so the coupling is approved as a
quite difficult case.

6. Exergetic analysis was performed and shows that the burner for the system of the first
scenario and combustion chamber for the second scenario are the devices with the
highest destruction rates. Also in both systems, a large amount of exergy loss is
observed in the steam boiler device due to the high temperature differences of the
fluids. Suggestions were done in order to reduce the irreversibilities of both systems

studied.
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7. An economic analysis was carried out based on the NPV method, which revealed that
both of these investments are profitable, with high savings and incomes from the first
year of its operation. Moreover, the system with the incorporation of the micro turbine
T350 presents almost double cash flows and incomings compared to those of the
initially system without micro turbine incorporation.

8. A study to achieve an improved performance in the whole operating range of the
cheese whey anaerobic digestion system coupled with micro turbine for both of two
cases studied was carried out through parametric analysis. The results show that the
mainly parameters which affect positive the exergy efficiency and the NPV of both of
the two systems examined in two scenarios were the air compressor and turbine

isentropic efficiencies and the temperature of the air after the recuperator.

The system developed in this thesis is composed of two parts. The first part ends with the
production of the biogas produced through the anaerobic digestion system and the second part

deals with the use of the biogas with a micro turbine in order to generate energy.

Therefore, the system could be characterized as quite flexible since it could be coupled with
several other types of distributed generation technologies, such as fuel cells, hybrid systems,
internal combustion engines etc. At present, it seems that the internal combustion engine is
the most suitable technology with efficiencies exceeding those obtained with a micro turbine.
From the analysis presented in the Appendix 1, it can be shown that with the use of an
reciprocating internal combustion engine with efficiency of the order of 40%, replacing the
micro turbine in the system examined in scenario 2 (as described in Chapter 4.3), a maximum

energy production of about 800 kW can be obtained with a total exergy efficiency of about
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60%. Consequently, taking into account that the corresponding values for the system
examined in scenario 2 with the use of micro turbine T350 are significantly lower (350 kW
and 36%, respectively), the internal combustion engines appears to constitute the optimal

solution for energy production.

Although the micro turbine technology is not yet a mature technology and a viable option
(lower efficiencies per 20-25%) today compared with the thermal engines, this technology,
however, seems to be a promising method for generating both power and heat under certain

circumstances and their use is expected to increase in the near future.

The other alternative technologies of distributed generation (fuel cells, hybrid systems etc.),
mentioned previously but not covered in this thesis, may be considered for further elaboration

and investigation

The baseline system studied in this thesis operates at steady state, full load of the turbine.
However, the nature of this system, that is, the production of an intermediate energy carrier
(biogas) that can be conveniently stored in a tank, allows for an intermittent system operation.
Therefore, the micro turbine may be switched on and off according to the need to produce
electricity, or availability of biogas. This can constitute another approach that can be
examined in the future with the developed model, by raising the condition of biogas
production and micro turbine fuel consumption. Furthermore, the model developed can be
used to study the performance of different designs of cogeneration systems, such as
configurations with separate power turbine, arrangements incorporating, intercooling or

heating etc.
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The model by utilizing the experience gained from the present thesis, it will be a useful tool to
study critical operations such as emergency shutdown or startup under different control
methods and it could be applied to study other waste type treatment plants for energy

production.

In conclusion, since the cheese whey is a major pollutant, but simultaneously an important
energy source, utilization for clean energy (biogas, methane and hydrogen) production is of
paramount importance. Therefore, further research in the field of exploitation and
management of cheese whey, together with the development of new technologies for its
treatment, is necessary. To this end, the development of technologies for hydrogen production
from cheese whey wastewater, particularly by acidogenesis is currently worth investigating.
The dark anaerobic digestion processing for cheese whey treatment has been proved a suitable
method for direct H, production on lab-scale. Further research is required also to evaluate the
performance of this process on a larger scale. Also, the direct use of cheese whey in fuel cells

for production of electricity seems to be a promising option.
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Appendix 1- Case study

Appendix 1 - Case study

The system of cheese whey anaerobic digestion coupled
with an Internal Combustion Engine

In this Appendix, the use of the internal combustion engine (ICE) instead of the micro turbine
technology examined in the scenario 2 of this thesis, coupled with the anaerobic digestion
system of cheese whey is studied as an alternative solution of distributed generation
technology. Therefore the system presented in the scenario 2 is converted as illustrated in the
flow chart below (Figure 1). The efficiency of the internal combustion engine is considered

equal to 40% approximately.

The system was developed using EES program. For the system analysis the assumptions have
been made and presented in the above Chapter 4.4 are in valid. Moreover it is considered that
only 40% approximately, of the total heat supplied to the engine in the form of fuel is
converted into useful work while the remaining amount concerns the losses due to the friction
(as the internal parts of the engine move, they rub against each other and lose energy due to
friction) and the engine cooling system (30%) and the heat expelled to the environment

through exhaust gases (30%)[201]. Therefore, the exergy of the water for the engine cooling
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Appendix 1- Case study

(T=85° C) is considered as non exploitable. The biogas mass flow is equal to 7,700 kg/hr. The

exhaust gases immediately leaving the engine to the temperature of about 400° C.

COMP2 SPLIT.1

=S|

=

UASB REACTOR

UNTREATED WHEY BN vixep wHEy B grpaM === CONDENSATE BIOGAS
RECIRCULATED WHEY HOT WATER W \waTER EEEN GASES AIR

Figure - 1 Flow chart of the CW AD system coupled with an internal combustion
engine

201

Institutional Repository - Library & Information Centre - University of Thessaly
17/06/2024 16:59:59 EEST - 3.147.48.34



Appendix 1- Case study

Then the gases are guided to the steam boiler and following the system operation is remaining
as described in Chapter 4. Because the state of water in the exhaust is generally vapor in

internal combustion engine, the lower heating value (LHV) of the biogas is used.
The efficiency of the engine is given from the below equation (1):

Wnet _ WICE (l)

e = ==
ICE™ 4, — tpsLHV

From this relation (1), the maximum energy production is calculated equal to 800kW,
approximately. The plant produces electrical energy simultaneously with steam which is used
in order to cover part of industry’s thermal needs. The electricity is generated by the engine
actuated generator set. The biogas engine — generator sets produce of about 720 kW electricity

at 100% output and 657kg/hr steam through the steam boiler (Table — 1).

The model developed with the use of the equations given in Chapter 5 and Chapter 6.1.
Therefore, the mass flow, temperature enthalpy, fluid condition and total exergy at each state

of the system are given in Table 1.

For the exergetic analysis the relations presented in Chapter 6.1 have been used. The
differences which are observed in the system of this case study compared to that examined in
the previous Chapter 6 concern the calculation of the exergy efficiency and exergy destruction
of the engine and therefore for the whole system. Thus, the exergy efficiencies and exergy
destructions rates at each component of the system are calculated through the relations

presented in the Table 2 below.
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Appendix 1- Case study

Table 1 Mass flow, temperature, pressure, enthalpy, entropy, exergy and fluid condition

at each state of the system.

State Fluid Condition m(kg/hr) T(K) P(bar) h (kj/kmol) s(kj/kmol K) E(kw)

1 Untreated Whey 6341,7 298,15 1,013 -8994 14,862 1526,21

2 Untreated Whey 6341,7 298,15 1,569 -8992 14,862 1526,3

3 Untreated Whey 6341,7 302,15 1,038 -8450 16,675 1526,4

4 Mixture 11333,1 304,79 1,038 -2023 13,375 1579,58

5 Mixture 11333,1 304,79 1,873 -2021 13,374 1579,84

6 Mixture 11333,1 308,15 1,852 -1652 14,579 1581

7 Recycled whey 4991,4 308,15 1,038 2612 9,08 63,65

8 Treated whey 6046,8 308,15 1,072 2612 9,08 77,11

9 Treated whey 6046,8 300,58 1,013 2043 7,211 76,02

10 Biogas 272,7 308,15 1,038 -201964 203,721 1387,21

11 Biogas 272,7 317,53 1,163 -201617 203,886 1388,04

12 Air 7427,3 298,15 1,013 -4713 199,13 -0,59

13 Air 7427,3 312,15 1,163 -4302 199,328 24,74

14 Gases 7700 660 1,163 -58233 225,291 381,97

15 Gases 7700 450 1,013 -64697 214,576 136,71

16 Steam 743 453,1 10,013 50044 118,647 169,5

17 Condensate 743 375,15 10,013 7714 23,938 8,06

18 Steam 66,8 416,89 4,013 49339 124,224 12,8

19 Condensate 66,8 375,15 1,088 7702 23,951 0,71

20 Hot water 4985 343,15 2,513 5282 17,202 21,56

21 Hot water 4985 335,78 1,013 4724 15,566 16,15

22 Steam 656,8 453,1 10,013 50044 118,647 149,84

23 Condensate 500 375,12 1,088 7700 23,946 5,3

24 Condensate 743 375,12 1,088 7700 23,946 7,88

25 Steam 19,3 375,12 1,088 48262 132,075 2,69

26 Fresh water 223,6 298,15 1,088 1889 6,611 0,16
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Appendix 1- Case study

Table 2 Exergy destructions rates and exergy efficiencies

Component Relation Value
Pump 1 Egesp1 ~W,, + B, — E, 0,20 kw
Cex,p1 (B2 — E1)/(=Wp1) 31,42 %
Heat Exchanger 1 EdesHE1 E, + Eg — E; — Eo 0,99 kw
€ex,HE1 (Es — E3)/(Eg — Eo) 8,91%
Mixing unit EgesMIx E, +E, — E, 10,46 kW
éex,mix (E4)/(E3 + E7) 99,34%
Pump 2 Eges,p2 —Wp, + E, — Es 0,31 kW
Cexp2 (Es — E4)/(=Wp2) 44,92%
Heat Exchanger 2 Edes HE2 Es 4+ Eyp — Eg — By 4,25 kW
Cex HE2 (E6 — Es)/(Ez0 — E21) 21,42%
UASB reactor Edesuass E, — Eg — By — E, 53,03 kW
€ex,uASB (B, + Eg + E10)/(Ee) 96,65%
Biogas compressor Edes,comp1 ~Weomp1 + E10 — E1a 0,14 kW
éex,compl (Ell - ElO)/(_Wcompl) 85188%
Air compressor Edes,compz ~Weompz + E12 — E13 4,25 kW
éex,compz (E13 - ElZ)/(_WcompZ) 85,62%
Internal Combustion - : : : : 204,98 kW
Engine Edes,IcE E14+Wicg/E11 + Eq3
éex,ICE Ell + E13_E14 — WICE 85149%
Boiler Edes boiler By + By — Ejs — Eqg 83,82 kW
éex,boiler (E16 - E17)/(E14 + ElS) 65182%
Steam Separator Edes st sep B — Eg — Epp — Eoe 4,17 kW
Cex,st sep (Eqg + Ezz + Ez5)/(Eq6) 97,54%
Heat exchanger & Pum . . . . , . 7,26 KW
3 J P Edes HE P3 —Wp3 + E1g + Ez1 —E19 — Epp
éex,HE P3 (Ezo - E21)/(_Wp3 + E18 - E19) 42169%
Deaerator Edes deaer Eyo 4 Eys + Eys + Epg — Euy 0,98 kW
éex,dearer (E24)/(E19 + E23 + E25 + E26) 88197%
Pump 4 Edes,pa ~Wpy + Ezq — Ei7 0,74 kW
éex,p4 (E17 - E24)/(_Wp4-) 20,07%
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Appendix 1- Case study

The exergy analysis results are summarized in Figure 2. As it is expected for the system
examined in this case study the highest exergy destruction rate are observed in the internal
combustion engine, as a result of the combustion process. The fundamental sub-processes
which contribute to the combustion irreversibility include mixing, heat transfer and chemical
reactions. This value reaches to 55% of the total exergy destruction. The steam boiler exhibits
the next highest exergy destruction, mainly due to the temperature differences between two
fluid streams passing through it, but also due to the pressure drop across the device. Also, the
exergetic efficiencies of the main components, i.e. the ratio of the exergy recovered to the
supplied exergy are illustrated in Figure 2. The lower exergetic efficiencies values are

observed in the heat exchangers 1 and 2, as a result of the temperatures differences.

Pump4
Deaerator

Heat exchanger3...
Steam Separator
Boiler
ICE
Air compressor
Biogas compressor
UASB
Heat Exchanger2
Pump?2
Mix
Heat Exchangerl
Pumpl

A I I I I I

0 20 40 60 80 100

M Exergy Destruction (%) M Exergy efficiency (%)

Figure 2: Exergy destruction rates and exergy efficiency for each component of the

system.
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Appendix 1- Case study

In order to calculate the total exergy destruction and exergetic efficiency for the whole system

examined in this case study the below relations have been taken into account.
The overall balance of the system is expressed through:

Edes,sys =E; + Epp + Epg + Ep3 + E33 —Eg — Eq5 — Epp — (Wtotal,spent +Wicg)  (2)
and the total exergetic efficiency which is the ratio of the net power output to the exergy

supplied to the system is given by:

Ezp—Ex3+Wicg (3)
E1+E12 +E33+E26+Wiotalspent

€ex,sys —

Therefore, for the cheese whey anaerobic digestion system coupled with an internal
combustion engine, the total exergy destruction is calculated equal to 375 kW approximately

and the total exergy efficiency reaches to 62%.
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Curriculum Vitae

Appendix 2 - Short Curriculum Vitae

EDUCATION

1. PhD Candidate, Department of Mechanical, University of Thessaly (June 2011 —
today).

Subject: Energy and exergy analysis of combined heat and power systems - wastewater
treatment in dairy industries for energy production

Supervisor: prof. Stamatis G. Anastassios

2. Postgraduate Specialization Diploma (M.Sc. Degree): “Energy Systems, Industrial
Processes and Pollution-Abatement Technologies”

Department of Mechanical, University of Thessaly (09/2009-04/2011)
Diploma degree: Excellent

3. Diploma of Mechanical Engineering, Department of Mechanical Engineering —
University of Western Macedonia (former Aristotle University of Thessaloniki)
(09/2002-05/2008)

Diploma Degree: Very good

Direction of study: Environment and energy usage — Energy planning of buildings.
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Curriculum Vitae

AWARDS & SCHOLARSHIPS

Within the Diploma of Mechanical Engineering:

Award of Excellence from the State Scholarships Foundation (SSF).
Scholarship from the State Scholarships Foundation (SSF).

Within the PhD studies:

Scholarship from the Research Committee of the University of Thessaly

PUBLICATIONS

+ Chatzipaschali A. Aspasia, Stamatis G. Anastassios (2012): “’Biotechnological
Utilization with a Focus on Anaerobic Treatment of Cheese Whey, Current Status and
Prospects’’. Journal: Energies (5), p.3492-3525.

+ Chatzipaschali A. Aspasia, Stamatis G. Anastassios (2014): Exergetic and economic
analysis of a cheese whey wastewater anaerobic treatment plant with a cogeneration
system. Journal: Desalination and Water Treatment, 56 (5), p.1223-1230.

+ Chatzipaschali A. Aspasia, Stamatis G. Anastassios, Nikolaos Andritsos (2016):
Incorporating available micro gas turbine in an anaerobic digestion system: Matching
considerations and performance evaluation. Submitted for publication.

+ Chatzipaschali A. Aspasia, Stamatis G. Anastassios (2012): “Anaerobic Digestion of
cheese whey with focus on COD removal rate”, International Conference on New
Energy, Biological Engineering and Food Security, Published in Lecture Notes in
Information Technology (LNIT) ISSN: 2070-1918, Hong-Kong, September 4-5,
2012.

+ Chatzipaschali A. Aspasia, Stamatis G. Anastassios (2012): “Removal of polluting
load and energy production from cheese whey anaerobic digestion”, 1 Environmental
Conference of Thessaly, Skiathos, September 8-10, 2012.
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+ Chatzipaschali A. Aspasia, Stamatis G. Anastassios (2013): Exergetic and economic
analysis of a cheese whey wastewater anaerobic treatment plant with a cogeneration
system. 4™ International Conference on Environmental Management, Engineering,

Planning and Economics, Mykonos Island, June 24 to 28.

OTHER QUALIFICATIONS

1. English (ECCE Michigan degree)

2. Autocad (degree: European Computer Driving Licence CAD (ECDL CAD) )
3. Windows- office (degree: European Computer Driving Licence (ECDL)

4. Knowledge of 4M software (E/M Designs).

5. Good use of internet

6. Knowledge of Software: SUN CODE, Method of 5000, Aspen Plus, Engineering
Equation Solver (EES)

7. Seminar: ‘Saving of energy — Buildings energy efficiency’.

WORK EXPERIENCE

1. Dates: August 2010 - Present

Name of employer — type of business: URS INFRASTRUCTURE AND ENVIRONMENT
UK LTD - OMEK CONSULTING ENGINEERS SA

Central Greece Motorway (E65) Independent Engineer
Position held: Engineer of E/M works
Main activities and responsibilities

Supervision of E/M works. Monitoring and checking compliance with the design
requirements / specifications, quality program of testing materials, environmental terms and

construction time schedule.
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Translation of technical texts (Monthly Reports).
2. Dates: September 2010 — May 2015

Name of employer — type of business: PERMANENT COMMISSIONED OFFICERS
SCHOOL

Main activities and responsibilities:
Teaching of the following courses:

e Vehicle engineering,

e Internal Combustion Engines

e Technical Design.

e Piston and air turbine aircraft engines
3. Dates: January 2008 - January 2010
Xaopa: EAAGSQ
Name of employer — type of business: CYCLOTRON LTD - Consulting Engineers
Position held: Engineer of E/M works
Main activities and responsibilities:

Conducting of E/M studies. Monitoring and checking compliance of the Projects with the
design requirements / specifications. Some of the Projects:

e Four-story building of houses and shops in Aspropyrgos (street Agia Marina
29)

e New six-store residential building on pilots with basement and attic in
Keratsini, Athens (street Galen 25 and Bali).

e Internal fitting out of the Athinaiki clinic (street Dorylaiou 24).

e Space Rearrangement in an office building area 3.500sg.m of Drug Company -
SERVIE HELLAS LTD (National Resistance route 72 in Halandri).
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4. Dates: August 2007- August 2008

Name of employer — type of business: CONSTRAT LTD - Technical & Commercial
Company

Position held: Responsible of public tenders.
Main activities and responsibilities:

e Monitoring the Government Gazette and other sources, about the Public

Tenders conducted by Greek Municipalities & Municipal Water.

e Preparation of technical and financial offers and collecting the necessary

documents for participation.

e Representation of the company at more than 40 Public Tenders.
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