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Abstract

Energy has been linked to economic growth and will play a vital role in therecovery

of the global economy in this post-COVID eraj ~{ ®! ©£z U2 §! §-£w« !
about eight billion, and is driving the mounting demand for energy. This is an issue

of great concern that is worsening the energy trilemma of affordability,
sustainability, and reliability. To this end, several ingenious attempts are being made

to advance the technologies for energy generation some of which have been tested

and deployed across the globe. Among these technologies, dcentralised energy

systems (DES) are becoming popular due to their prospects for minimising energy

wastage and ability to utilise local available clean fuels to drivehe energy conversion

processes in the system.

In this PhD thesis, three rew configurations of DES are modelled, optimised,
simulated, and analysed. The global aim is to enhance the efficiency and reliability as
well as minimise the cost and pollutant emissions of contemporary DES, by shifting
from the heavy reliance on fossil fuel to clean energy based solutions. First, a mult
carrier DES that comprises a combined cycle Stirling engine (ST) and organic
Rankine cycle (ORC) prime mover, biomass drier and combustor, single effect
absorption chiller and waste heat boiler has been proposed and will be powered by
woodchips. The proposed DES can produce cooling, heating, electric power and dry
woodchips, simultaneously. A comprehensive thermal model of the ST gime mover
~wd o x{{¥ z{-{£,8{z «; 8§O0{z y« wyy-Ow«{ ©Of%2
operational speeds. The enhanced model predicts the thermal efficiency and brake
power of the prototype engine with relative errors of + 0.3% and -4.02%,
respectively. Based on the developed model, overall primary energy savings and
carbon emissions reduction s of the multi -carrier DES have been examined and are
51% and 40%, respectively compared to a fossil fuel based separate cooling, heating
and power system. This is an improvement of 42.2% and 9.45%, respectively,

compared to a multi -carrier system utilising sole ST prime mover.

Further, another DES solution has been proposed to overcome the challenge of

heavy dependence on diesel generators (DG) to augment the rdiability of renewable
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energy systems. The proposed DES concept consists of wind turbine, solar
photovoltaic, and battery storage and will deploy wood chips biomass powered split
ST or combined ST and ORC as the backup to fulfill the electricity demand. The
optimal number and types of the components of the energy system that
simultaneously minimises the loss of power supply probability (LPSP), levelised cost
of energy (LCOE) and dumped power have been found using the genetic algorithm.
Obtained results show that the deployment of combined ST+ORC backup in load
following mode yields 60.70% and 33.7% reductions in the LCOE and CQ emissions,
respectively compared to the DG back-up system but with slightly higher LPSP.
While 61.46, 33% and 24.4% reductions in the LCOE, CQ emissions and LPSP have

been observed with the deployment of split ST in circuit charging mode.

The final DES proposed integrates the multi-carrier DES and the hybrid system and
deploys the ST+ORC as backup and prime mover in the system. Some modified
rule-based energy management strategies (EMS) are proposed to effectively
coordinate the simultaneous generation of energy vectors, while the optimal
number of system components and the best control strategy are found by deploying
a bi-level optimisation. Results indicate the best control strategy and system
configuration achieve slight reductions in dumped power and CO. emissions but
increases the number of start-ups of the back-up by 36%. Hbwever, it demonstrates
additional capabilities in handling complex systems bydoubling the generation of

heating and increasing the rate of cooling generation.

The results obtained highlight the capabilities of decentralised multi-carrier energy
systems in reducing primary energy consumption, energy cost and pollutant
emissions as well asin improving system reliability. Increasing cases of flooding and
other environmental issues linked to global warming and the mounting energy costs
are compelling arguments that favour their deployment, particularly in the remote

locations of developing countries.
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Fuel utilisation efficiency
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Heating value *fE C
PV cell current (A)

Cell reverse current (A)

Short circuit current temperature coefficient
Life cycle cost ($)
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Loss of power supply probability
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a Mechanical
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EMS
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GT
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IRENA

Dynamic viscosity 0 ij &

Absorption refrigeration system
Biomass combustor
Biomass drier

Battery storage system
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Combined heating and power
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Generation
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Human development index
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preference

Renewable energy

Rural electrification agency

Molten carbonate fuel cell

Multi -objective evolutionary algorithm
Multi -objective particle swarm optimisation
Multi -objective self-adaptive differential evolution
Micro turbine

Naturally determined contr ibution
Negative ideal solution

Non-dominated sorting genetic algorithm
Organic Rankine cycle

Proton exchange membrane

Primary energy saving

Positive ideal solution

Photovoltaic
Separate cooling, heating and paver

State of charge
Solid-oxide fuel cell
Stirling engine

Standard test condition

Technique for order of preference by similarity to ideal solution

Unit commitment

Wind turbine

Xii



Table of Contents

(DT od £= T - 11 0] 1 1= iL.
AKnowledgement........ ... e jii
2 0 1] > o [V,
RESEAICH OULCOMES. ... c.ieiieiieieei e irrerms s e saeresensnnrassnressnsensnssnsnnsnns Vi....
NOMENCIATUIE ... ieiieieiereenresresrensensensensensensenssnssassensansensensensensassanses VI
L1 o1 (S 01 H O 0] 01 =] g | £ Xiii
LiSt Of FIQUIES ....ccere it rrers e e rr s s rrms s e rna e s e s nnnn e eenns XiX
IS A0 B 1= 1 0] == XXVi
(@4 gF=T o1 (=1 g I 11 oo [F[ox i [ ) R 1...
1.1. Transition in the global energy miX............ccccooo it 1.
1.1.1. Pathways to expanding €nergy SECUNLY...........uuveeeriiuvrricammmmeeeeee e e 2....
1.1.2. Carbon emissions reduction pathways.............ccooccvirtmmmmmmme e 3.....
1.1.3. Nigerian energy mix and future direction .............cccccoevivimmmceemsciveeeenee A,
1.2. Challenges facing decentralised energy Systems..............cccceee v eemmmmeeeeenee 6..
1.2.1. Improving decentralised energy system CONCEPLS..........ceeeeerrrerersemmmmnnid
1.2.2. Modelling challenges and optimisation of DES components................ 9..
1.2.3. Energy management challenges in decentralised systems................. 10.
1.3. Aim and objectives of the present study ..............cccuvimiimmmecce e 11

1.4, THESIS OULING......con e et e e e e e e s e e e eee e L3

Chapter 2 Decentralised Energy Systems........cccccovveeieviirecncenreennnnnn. 15.
2.1, INrOTUCHION .....oeiiiiiiiii et et et e e 15...
2.2. Trend in micro -decentralised energy system COnCepts.............cccccuvveerieuns 16

2.2.1. Hybrid renewable energy SyStems............oocuvviviesimmemem e e emmeeenel 8
2.2.2. Cogeneration decentralised energy SyStems..........cccceeeeeriinvemmccmme e 21
2.2.2.1. Single prime mover cogeneration SYStEMS.........ccuuviiiiieiriiieassrmeeeeeeeeeeeens 22..
2.2.2.2. Multiple prime mover cogeneration SYStEMS ..............uueeeeeeeiinmaeeeererenenenen. 23.
2.2.3. Tri-generation decentralised energy SyStem............ccccuvuunimmmmmmmeeeenen. 25
2.2.3.1. Single prime mover tri-generation SYSteM.............uuuuiiiiiiieccceeeiiaae e 26..
2.2.3.2. Multiple prime movers tri -generation SYStem ..........c.ooeeeeeiiiieeeeeeneeeeeeeenn. 28
2.2.4. Multi-carrier decentralised energy SyStem .........cccceeeeeiiiivemmccmme e 30

Xiii



2.2.5. HRES integrated decentralised energy SyStemsS........ccccccvvvveeeescmmmmennn. 32

2.3. Modelling and simulation of decentralised energy systems....................... 34...
2.3.1. Hybrid renewable energy systems modelling.............cccevvverricccccmeenn. 34
2.3.2. Modelling of prime movers of decentralised energy systems............. 36

2.3.2.1. Thermodynamic modelling of the Stirling engine ...............ccooeviivieeieeeee. 36
2.3.2.1.1. Zero-order Stirling engine Models ..............ouviviiiiicccccceiiiec e 38
2.3.2.1.2. First-order Stirling enging modelsS ..............vvuiiiiiiiccccceeiee e 39
2.3.2.1.3. Non-ideal Stirling engine second-order models .........ccccoevviiiiieiieeeeeenn.. 39
2.3.2.1.4. Third and fourth -order Stirling models ..............ccceeviiiiieiiieeee i, 45..

2.3.3. Modelling the organic Rankine cycle engine.............ccccoevvcceemecee e 46.

2.4. Optimisation of decentralised energy SyStems.............ccccoouvviiimeeeceecieeeens 49.

2.4.1. Design optimisation of components and subsystems of DES.............. 49
2.4.1.1. Sizing optimisation of hybrid renewable energy systems...............cccevve... 50..
2.4.1.2. Design optimisation of other DES components..........cccceeeeiiiieiccceceeneeenennn. b4

2.4.2. Parametric optimisation of decentralised energy systems.................. 56.
2.4.2.1. Parametric optimisation of the ORC engine................vvviiicccciinnnnnnenn. 56.
2.4.2.2. Parametric optimisation of other decentralised energy systems .............. 57

2.5. Management of decentralised energy Systems..............cccocuvviiimeeeccieeeene 58.
2.5.1. Heuristic energy management Strategies...........ccceeevruvvrimmmmmmeveeeeeeens 58..
2.5.2. Unit commitment problem based energy management...................... 59...
2.5.3. Fuzzy logicbased energy management..............coooouvvememmmmeeeeeeeeeeeeennn 6l..

2.6. Summary of the literature review and knowledge gap............ccccceevvvviommee 63

Chapter 3 Proposed Decentralised Energy System Concepts............ 67

B 300 N 411 o o (1T o3 1o} o PP PPRPR PPN 6.7...
3.1.1. Proposed configuration hybrid renewable energy system.................. 68.
3.1.2. Proposed configuration of multi -carrier energy system...................... 70..
3.1.3. Proposed HRES integrated multicarrier energy system..................... 75..

3.2. Energy resource asSeSSIMENL..............ccouuuuuiimmmmmmmieaseeeeeeeeeeeesemmmmmemseseesnnnnnns e
3.2.1. Description of the test loCation ..............coeeeiiiiiemmcmem i e o
3.2.1. Weather and load data of the design location.................c.....ccceeeecmee.. 48

3.3. Summary of the chapter .............cooo e 85

Chapter 4 Second-order Thermal Modelling of the Stirling Engine......87

4.1. Simple adiabatic Model..............c.ooiiiiiiee e e eeeen B

Xiv



4.2. New non-ideal thermal model with various I0SSes ............covveeiviioceeeen. an

4.2.1. Formulating the modified non -ideal thermal model .........................cc. 91
4.2.1.1. Mass conservation in the engine.............cecooviiiiiieeeieeee e 94
4.2.1.2. Energy conservation in the eNgine...............cooovviiiieeeeer e e 96

4.2.2. Modelling the second and third category losses in the engine............ 99
4.2.2.1. Thermal losses in the enhanced Stirling secondorder model .................. 99.
4.2.2.2. Work transfer losses in the enhanced Stirling engine model.................... 102

4.3. Model solution algorithm .............ccuiiiiiii e e 105
4.4. Summary of the Chapter .............cccuviiiiiiimmeeeme e e 108
Chapter 5 Simulation of a Kinematic Stirling Engine Performance Based
on an Enhanced Thermal Model.............ccoooriiiiiiiiin s 109
5.1. Enhanced model validation...................coommmie e 109
K D HNaodel predicted results of engine dynamic performance ......................... 121.
5.2.1. Simulation of change in the mass and volume of the engine fluid......122
5.2.2. Simulation of the dynamic variation of energy in the engine.............. 124
5.3. Analysis of the engine work and heat transfer processes..............c.......... 125.
5.4. Effect of varying key parameters on the engine performance.................. 128
5.5. Summary of the chapter ... e 135

Chapter 6 Simulation and Parametric Optimisation of a Multi-carrier

ENErgy SYSIEML... ..ot e e e e 137
6.1. Multi-carrier decentralised energy system modelling ...................coovieeeee 137
6.1.1. Modelling of the subsystems of the multi-carrier energy system....... 138
6.1.1.1. Aspen modelling of wood chips drying...........ccccceiieeiiiiiecccceeiieiee e 138
6.1.1.2. Aspen modelling of wood chips combustion ..............ccccoeviivieeeeeeen e, 139
6.1.1.3. Aspen modelling of the organic Rankine cycCle..........cccccccoiiiiiiiinnccnnneen. 140
6.1.1.4. Aspen modelling of the absorption refrigeration system ......................... 140
6.1.1.5. Aspen modelling of the water heater..............c.eeveviiiieeeeeeeiiiie e 141
6.1.2. Multi-carrier system performance iNdeX .........cccccceeviivvviemmmmivneeeeeennn 141
6.1.3. System integration and solution approach............ccccuvvviiirmeemceeeenns 144
6.1.4. Validation of the subsystems of the micro-CCHP..............ccccoovivieeeee 146
6.1.4.1. ORC VAlALION......euiiiiiiiiiiiiiie et eneeeeee e 146
6.1.4.2. Validation of the single-effect ARS...........ccooi i e, 147

XV



6.2. Simulated results of multi -carrier system and discussion........................ 148.

6.2.1. Results of the dynamic performance of the hybrid prime mover ...... 148
6.2.2. Parametric analysis results of the ST+ORC driven micreCCHP........ 149
6.2.2.1. Impact of cooling ratio on the multi -carrier EUF ...........ccccooviiiiiiiceeeeeenn. 150
6.2.2.2. Impact of the cooling ratio on the multi -carrier exergy efficiency ............ 152
6.2.2.3. Cooling ratio versus multi-carrier system PES..............ccevviiiiieeeeeecinenne. 154
6.2.2.4. Cooling ratio and frequency versus the multi-carrier DES ATE............... 156
6.2.2.5. Cooling ratio and frequency versus the multi-carrier DES CO ER........... 157
6.2.3. Proposed multi-carrier system versus other system concepts.......... 159
6.3. Parametric optimisation of multi -carrier system ..............ccccoviiimeeeeenee. 160
6.3.1. Formulating optimisation problem ............cccoiiiiime e 160
6.3.2.  Optimisation MEthOd ............ooiiiiiiiiie e e 161
6.3.3. Decision making proCedure ............ccceeeeeiiummmcccmeseveieeeee e e emmmmmme s LB2
6.4. Multi-carrier system parametric optimisation results .....................cceeceeee 164
6.5. Summary of the chapter ... 169

Chapter 7 Optimal Sizing and Simulation of New Hybrid Renewable

Energy System Configuration...........cccceceeiiiiiiinrensnsnnnissssssssssssssssnnns 170
7.1. Mathematical modelling of the components of the HRES......................... 170.
7.1.1. Modelling the performance of the photovoltaic modules .................. 170
7.1.2. Modelling the performance of wind turbines ............cccccoiiiiiemeeemnnee. 172
7.1.3. Combined ST+ORC backup modelling...........cccccovruiiiiemmmmmmiiieeeeee 174

7.1.4. Modelling the diesel generator...........c.cccoouvvivimemmmrieeee e e 174
7.1.5. Battery storage system modelling...........ccceveeeiiiimmmeccm i seeeee 175

7.2. Rule-based control of system components ..............cccueeeisimmmcemeeeeeesinne 176

7.3. Problem formulation .........ccoooooeniini e e emmmeeen 182
7.3.1. EVvaluation MeETIICS. . ccu e e s v e n e e e e e e e ) 82

7.3.2.  Optimisation problem ... 186.
7.3.2.1. Optimisation fUNCLONS .........coiiiiiiiiiiiii e 186
7.3.2.2. DefiniNg CONSIFAINTS.......coiiiiii e e 187

7.4. HRES solution @appoach...............c.ooiiimmocec e e 189
7.5. Results and diSCUSSION...............ccooiiiiemmremeice et mmmmeee e emmeee LD 2

7.5.1. Results of optimal hybrid system configurations.......................vvvcmmmnes 192
7.5.1.1. Optimal system configurations in load following............ccooevviiiiiccccccennns 194
7.5.1.2. Optimal system configurations in circuit charging ............ccccccuvvvirieeeeeennns 197

XVi



7.5.1.3. Impact of deploying ST+ORC on optimal system in circuitcharging........ 201
7.5.2. Simulated results of optimal HRES configuration......................osceeeee 203

7.5.3. Results of sensitivity analysis.............ccooecuurrimmmmmmmeeeeeeeeeeeeee e s smmmmmemen0 208

7.6. Chapter SUMMANY ..........ccooiiiiiiiiiiimmmmmenreee e e e esiteee e s smmmmmens e e e e s nnsse e s emmmmmee e e s LD

Chapter 8 Bi-level Optimisation and Dynamic Simulation of an

Integrated Energy SYSteM..........cccviiiiiiiiiissinisrnesnsis s seessssssssseseennns 216
8.1. Formulation of the proposed control strategies ...............cccoovvviecmmecenneee. 216
8.1.1. Load following strategy without battery ...........cccccvvvviiimmmcemee e 218
8.1.2. Load following strategy with battery storage ...........cccccceeeiiiiemmeecceene 219
8.1.3. Circuit charging without battery ...........cccccceevvviiimmmmecce s ieeeeeen 219
8.1.3.1. Case 1: One STH+ORC DAGKP .......evvviiiiiiiiiiiii i 220
8.1.3.2. Case 2: 2split STHORC DaCKUP ........ccoeeiiiiiiiiieee e e ees b ee e e 220
8.1.3.3. Case 3: 4split STHORC backup.........ooooviiiiiiiiiie e 221
8.1.4. Circuit charging with battery ...........cccccooiiiiiemmcem e e, 222
8.1.4.1. Case 1: one big ST+ORC baekp with battery storage ..........cccccccceceennnee 223
8.1.4.2. Case 2: 2split ST+ORC backup with battery ...............coooiiieeeeeeens 223
8.1.4.3. Case 3: 4split ST+ORC backup power with battery ............ccccoeoeiiiieeens 224
8.2. System optimisation Problem ..............ccocuiiiiimmmeces e 224
8.3. Bi-level optimisation solution method .................ccooviimmeem i e 225

8.4. Results and diSCUSSION.............c.coooiuiiimmmcmmiiiieeee et eeen 22
8.4.1. Results of optimal system configuration..................cccvvemmmmmmeeeeeeeennn. 228

8.4.1.1. Comparison of electricity generation and dispatch from the control

LS (= LT 0 ST TP SSS 234
8.4.1.2. Impact of dispatch strategies on the cooling generation......................... 238.
8.4.1.3. Impact of dispatch strategies on the heating generation ........................ 240.
8.4.2. Impact of split back-ups on optimal multi-carrier system................. 242
8.4.2.1. Effect of split Stirling back-up on electricity production ........................ 242.
8.4.2.2. Effect of split Stirling back-up on cooling generation ............cccccceeeeiiueees 246
8.4.2.3. Effect of split Stirling back-up on heating generation..............ccccc.cccoeueeee 247

8.5. Chapter SUMMArY ............cccooiiiiiiimeee e 249

Chapter 9 Conclusions and Plans for Future Work.............ccccccvveeu.e.. 251
9.1. Summary of research findiNgs..............ccoooiii e 251
9.2. Original contributions to scientific knowledge ...............cccvvvviiecccceee e, 259

XVii



9.3. Recommendations for future WOrk .............coooveeniicmeeem e . 202

ReferenCes ... 264
Appendix A MATLAB codes for Stirling engine simulation................ 297
A.1l. Function for Stirling numerical integration ................ccoovviimmmcee e 297
A.2. Function for the RK SOIVET...............ccoiiiimmee e e 301

A.3. Function for com puting the change in the variables.......................cce......301

Appendix B MATLAB codes for modelling multicarrier system ........ 303
B.1. Function for the parametric analysis of multi -carrier system .................. 303
B.2. Function to open and run Aspen models.................coooii e 307
B.3. Function for parametric optimisation of CCHP .....................ovceeeeeme e 308

Appendix C MATLAB codes for HRES optimisation...................... 308
C.1. Function for implementing the dispatch strategies and computing the
performance indicators of the HRES .................ocuiiimeeeee e 308
C.2. Function for multi -objective optimisation of HRES.....................ccoeeeeeen.. 326

Appendix D Scoring criteria and decision matrix for TOPSIS decision
MAKING oo s s e e e r e e e e nr e e annnn 329

XViii



List of Figures

Fig. 11. Global energy production and consumption (source: BP Energy outlook
(=T 0T T w2 12 R 1 ) R i 5 RSP SOP 2.....
Fig. 21. Schematic dagram of a standalone micro-grid system [102]...................... 18..
Fig. 22. Schematic of a Stirling engine driven combined heating and power system
[DA]- et eeeeeeeeeeeeeee et ecemamee et et r e st emmmmen ettt venmement et r e et et en e semmemnme et enenennnen e 2
Fig. 23. Schematic of the SOFCST dual prime mover combined heating and power

£ 21 (= . 510 OO
Fig. 24. Schematic of a tri-generation system driven by an internal combustion
engine to co-produce cooling, heating and power [138]............cooeiiiii i cememeemreeeeeeen. 26
Fig. 25. Schematic of a typical tri-generation system deploying multiple prime
movers to produce cooling, heating and power [147]...........coooioiiirtemmmmmme e 29..
Fig. 26. Schematic of renewable-based multi-carrier energy system for generating
heating, cooling, power, hydrogen, fresh water and hot water [150]........................ 31..
Fig. 27. Schematic of HRES integrated decentralised energy systems producing
many different gOOAS [B7] ....uuurrrriiiiiieiieee s s e e e e e e e e s vmmmmmnnr e e D0
Fig. 28. Solar cell model predicted results of (a) current a gainst voltage and (b)
POWEr aQaINST VOIAGE.........cco oot e e e e e e e e e smmmmmmms e e e e e e e e s emmmmmmm e e DD
Fig. 29. Working cycles of an ideal Stirling engine presented on a thermodynamic
01 F= T TS T PRSP ORPPPRRP: | o
Fig. 210.The Stirling engine configurations (a) " x type with crank drive (b) i xtype
with crank drive (c) * xtype with crank drive (d) | xtype with rhombic drive and (e)

h x type with ROSS YOKE drive [159].....ccciiuiiiiiiiiiee e e 37...
Fig. 211. Stirling engineontrol volumes [157]........cccccoiiciivvvimmmmeer e v B0
Fig. 212. Schematic diagram of the betatype Stirling engine with rhombic drive
MECNANISIM [L57] i s e e e e e e eeen e mmmmmmms e e e e e e e e e s emnFD)
Fig. 213. Schematic of a typical organic Rankine cycle and its-Ts (temperature -
entropy) diagram [1O5].....ccoiiiiiiiiiiiiii e e e e e e e e e eeannne AT..
Fig. 31. Schematic of hybrid WT-PV-battery storage and split ST+ORC backup

POWET ENEIJY SYSIEIML....iiiiiiiiiiiiiiii s cmmnmm e e e e e eete e e s smmmmmmms s e e e e eesn e e e e s emmmmmmm e e e e e snnn e e OO

XiX



Fig. 32. Proposed multi-carrier decentralised energy system driven by Stirling
engine with several stages of waste heat recovery (a) the woodchips drying and
combustion, domestic hot water production and combined power and (b)

=Y 050 11 0] T o] 11 T OO PPPPPPSRSRY 4. §
Fig. 33. T-s diagram of the theoretical hybrid Stirling and ORC engine cycle......... 74
Fig. 34. Proposed HRES integrated multicarrier energy system driven by the
Stirling engine in combined power mode with the ORC. ................coo oo ceeeeeeervveenn A B

Fig. 35. Solar map of Nigeria showing the long term average global solar irradiance

IN the teSt I0CALION [237]..ciiiiiiieeeee e cemmmmmmr ettt e e e e s e et oD
Fig. 36. Hourly electricity consumption at the design location [23]......................... 79...
Fig. 37. Hourly solar irradiation at the design location [238].................cccccvvvceeeeennn .80
Fig. 38. Heat map of average solar irradiance;O&(W/m ?) at the test location. ....... 81

Fig. 39. Heat map of average daily hourly ambient temperature,”™A(3 ) at the test

[oTor= o] o TR OO PP PR OUUPPURTPPRPRPRPPRRY - X
Fig. 310. Hourly wind speed at thedesign location [238]............cccceevviiiiivemmmeemeeenee. 82
Fig. 311. Weibull distribution of wind speed probability at the test location for one
YA ettt ettt e————— ettt —— 11114t mmm———— 41111t e ettt mmmmmm— ettt e et e DD e
Fig. 312. Heat map of the average daily hourly wind speed at 50m hub height at the
LC3S1 0 (o0 11 (o] o 1R OO UP PP PPPPPRRY = 7.
Fig. 313. Estimates from different sources of biomass in Nigeria [239].................. 35

Fig. 41. Schematic diagram of the control volumes of the Stirling engine [65]......88
Fig. 42.Schematic diagram of the control volumes of a non-ideal Stirling engine [65].
92
Fig. 43. Representation of the gaps for the leakages of the engine fluid68].......... 92
Fig. 44. Solution algorithm deployed for implementing the solution of the developed
enhanced thermal model of the Stirling engine. ..........ccooeiiiiiicemmeeee e 106
Fig. 51.Evaluating the prediction accuracy of the Present Model by comparing it with
«~{ { 8{ 0O w{¥«wf zw«w W¥z | «={.Q@.¥28{101 ywE o
Fig. 52. The performance of the Present Model in estimating the brake power of the
Prototype engine at various engine frequencies and comparing it to other thermal
models (Simple [65], Simple Il [181], CAFS [242], PSM87], PFST[176], PSMLq L)N s

XX



and experimental data [169] at Thr = 922 K, k= 286 K and MEPs of (a) 4.14 MPa, and
(D) 276 MPB..eeeeeeeeeeeeseeeeeemecemesseseeeeeres e svemamemesseseseeseses s svmmmees e eeseneneeessesoenmecnes L 15
Fig. 53. Comparing the relative error in the predicted brake power of the Present
Model at different engine frequencies with other models (Simple [65], Simple Il [181],
CAFS [242], PSV[67], PFST[176] PSMLq L)NasThy = 922 K, k= 286 K and MEPs of
(@) 4.14 MPa, and (D) 2.76 MP@iu....cvevevreeeeesroeemememesreseeeseeressssemmememseeesenesesessenesennenl 17
Fig. 54. The precision of the Present Model in estimating the thermal efficiency of
the prototype Stir ling engine at different engine frequencies and comparing it to
previous models (Simple [65], Simple 1l [181], CAFS [242], PS8l], PFST[176] PSML
g L)Musd experimental data [169] at Thr = 922 K, k=286 K and MEPs of (a) 4.14 MPa,
AND (D) 2.76 MPe.vveeeeeeeeeeeeeee e eememeces et eeeee e s vemememee et et s ee e st eoemmmmes e et e eeeeesom 119
Fig. 55. The relative error incurred by the Present Model in estimating the thermal
efficiency of the prototype Stirling engine at different engine operating frequencies,
with previous models (Simple [65], Simple 1l [181], CAFS [242], PSMl], PFST[176]
PSMLQ L)Nis Ty = 922 K, k= 286 K and MEPs of (a) 4.14 MPa, and (b) 2.76 MPa.
=121

Fig. 56. Variation in the mass of the working fluid in the main components of the

=T 01 = OO SPEPPPPRRN 197”2
Fig. 57. Variation in the volume and pressure of the working fluid with the crank
=T 0 ][ PP PPPRRPRPRRN 2
Fig. 58. Pressure drop in the heat exchangers of the Stirling engine..................... 124
Fig. 59. Heat and work flow as a function of the crank angle in the engine.......... 125
Fig. 510. Pressurevolume diagram of the working processes in the engine......... 126

Fig. 511. Energy audit of the engine showing the semd and third category losses.
127
Fig. 512. The impact of the gap dimensionless number on the brakepower of the
prototype Stirling engine, operating at different engine frequencies, T hr =977 K, &
= 286 K, MEP of 4.14 MPa and utilizing helium or hydrogen as the working fluid130
Fig. 513.The impact of the gap dimensionless number on the brake-power of the
prototype Stirling engine operating at different engine frequencies, Thr = 977 K, T=
286 K and MEP of 2.76 MPa and utilizing helium or hydrogen as the working fluid.
..131

XXI



Fig. 514. The impact of the gap dinensionless number on the prototype Stirling
engine, operating at different engine frequencies, Thr = 977 K, k= 286 K and MEP of
1.38 MPa and utilizing helium or hydrogen as the working fluid........................ccee 132
Fig. 515. The impact of the dimensionless gap number on the thermal efficiency of
the prototype Stirling engine, for different engine frequencies, T nr = 977 K, k= 286
K and MEP of 4.14 MPa and utilising helium gas or hydrogen as the working ftlii133
Fig. 516. The impact of the dimensionless gap number on the energetic efficiency of
the prototype Stirling engine, for different engine frequencies, T nr = 977 K, k= 286
K and MEP of2.76 MPa and utilising helium gas or hydrogen as the working fluidL34
Fig. 517. The impact of the dimensionless gap humber on the thermal efficiency of
the prototype Stirling engine, for d ifferent engine frequencies, Thr = 977 K, k= 286
K and MEP of 1.38 MPa and utilising helium gas or hydrogen as the working fluiti35
Fig. 61. Algorithm for the integration of the MATLAB ad Aspen plus models of the
subsystems of the multi-carrier DES...............coooiiiimmeememee e e e e e e e e 145
Fig. 62. Assessing the impact of retrofitting a ST with an ORC on the brake power
and efficiency of a standalone ST............cooiiiiiiteeemeem e e eeen 149
Fig. 63. Evaluating the impact of cooling ratio on the EUF of ST+ORC fired OO"Y
using wood chips of (a) 10%, (b) 15% and (c) 20% moisture compositions.......... 151
Fig. 64. Evaluating the impact of the cooling ratio on the MDES exergy efficiency
using wood chips of (a) 10%, (b) 15% and (c) 20% moisture compositions.......... 153
Fig. 65. Evaluating the impact of the cooling ratio on the PES of the ST+ORC fired
- $ %Bing wood chips of (a) 10% (b) 15% and (c) 20% moisture compositions154
Fig. 66. Evaluating the mpact of the cooling ratio on the ATE of the ST+ORC fired
0 'O'0Oiiging woodchips fuel of (a) 10%, (b) 15% and (c) 20% moisture compositions.
..--156
Fig. 67. Evaluating the impact of the coolng ratio on the COz ER of the ST+ORC fired
0 'O'0Oliging wood chips fuel of (a) 10%, (b) 15% and (c) 20% moisture compositions.
=158
Fig. 68. Pareto frontier of the optimised results and the TOPSIS best solution...165
Fig. 69. Optimised exergy efficiency plotted against the decision variables and
showing the TOPSIS best for dry wood chips fuel..............oeeeiiiiiemmeeem e 166.

XXIi



Fig. 610. Optimised results of primary energy savings plotted against the decision
variables and showing the TOPSIS bESL.........cccccvvviiiiimmmce e e e e e e vmmmmmnneseeeeee. LOB

Fig. 611. Optimised results ofenergy utilisation efficiency plotted against the

decision variables and showing the TOPSIS best for dry wood chips fuel............. 167
Fig. 612. Optimal results of artificial thermal efficiency plotte d against the decision
variables and showing the TOPSIS best for dry wood chips fuel...........ccccceeeeee 167
Fig. 71. Power curve of the Enercon E18 wind turbine [261].........cccceeeeeeiiiiiimcenee. 173
Fig. 72. Algorithm for load following control strategy. .........cccceeeeeeeeeescemmmmme e 178
Fig. #3. Algorithm for circuit charging rule -based dispatch strategy with split Stirling

=T To L L= 0] o110 o TP PPEPPRPRP U 4
Fig. 7#4. Algorithm for implementing the power dispatch from four small Stirling

L= 0L = P PPUSPUSOPI & - 3
Fig. #5. Algorithm for the HRES system sizing optimisation........................ceeeeeen.. 191

Fig. 76. Pareto front of the optimal system configuration found from the multi -
objective optimisation, for the load following with ST+ORC back-up case............ 193
Fig. #7. Comparison of the results obtained from the optimal system configuration
of the various system cases in load following for the normalised objective functions.
---196
Fig. #8. Comparison of the results obtained from the optimal system configuration
of the various HRES cases in circuit charging for the normalised objective functions.
..-199
Fig. 79. Comparing hourly power dispatch from one big ST and 4-split ST......... 200
Fig. 710. Comparison of the results obtained from the optimal system configuration
using biomass fuelled backup in circuit charging to the base case for the normalised
(0] o] (=101 1AV 7= (1] o 10 1SR 202
Fig. 711. Hourly generated power from the renewable generators in the optimal
energy System CONfIQUIALION. ..........ccoiuiiieiirimmmmmnr e e emmnenne2 04
Fig. #12. Hourly electric load and power dispatch from the programmable
(0= TCT = 10 £ RS PPPUPRRURRRIOY ! 0L
Fig. #13. Dynamic simulation of the optimal system configuration for two

consecutive days in the design location in (a) dry season and (b) wet season....206

XXiii



Fig. 7#14. Battery state of charge in the dryand wet seasons when deployed to
argument system reliability in the test location. .................ooo o ceeeeeemeeeeeeee e 208
Fig. #15. Dumped power from the energy system when deployed to meet the electric
load in the test load in the dry and wet SEaSONS...........cvvvvvveeeee e s 208
Fig. #16. Impact of changes in component and fuel price on the (a) dumped power
(MWh), (b) carbon emissions (kg CO>), (c) LPSP (-) and (d) LCOE (cent/kwWh) of

the best optimal configuration. .............c.eeveeeeiiicmeccme e e e e e e e e e e e e e e s emmmei2el O
Fig. #17. Impact of changes in component size on the (a) dumped power (MWh), (b)
carbon emissions (kg CQ), (c) LPSP (), and (d) LCOE (cent/kWh) of the best

optimal configuration in load fOllOWING. ........coviveiiiiiiiii e e 212
Fig. #18. Impact of changes in component size on the (a) dumped power (MWh), (b)
carbon emissions (kg CO), (c) LPSP (), and (d) LCOE (cent/kWh) of the best
optimal configuration in circuit Charging. ......cccccccceeeeiiiiisicmmmeemeeeeeeeeee e e 213

Fig. 81. Algorithm for the load following and circuit charging control strategy without

B DALEIY. oo e c———— s ——————rtt e 2222212 e s e s e D O

Fig. 82. Algorithm for implementing the control of the small split Stirling engines.
=220

Fig. 83. Algorithm for the bi-level optimisation of the HRES andEMS................. 227

Fig. 84. Pareto optimal solutions obtained from the bi-level multi-objective
optimisation of the ENEergy SYStEM.........uiiiiiiiiee e 229,
Fig. 85. Start-up frequency and costs from the back-up in the control strategies.
233
Fig. 86. Hourly commitments of system units in fulfilling customer electricity
demand by the load following mode (a) without battery and (b) with battery. ....235
Fig. 87. Hourly commitments of system units in fulfilling customer electricity
demand by the circuit charging mode (a) without battery and (b) with battery. ..235
Fig. 88. Hourly energy flow through the batteries for different control strategies.
.-.238
Fig. 89. Hourly generation of cooling and commitments of the dispatchable
generators in load following (a) without battery and (b) with battery. ................. 239
Fig. 810. Hourly generation of cooling and commitments of the dispatchable

generators in circuit charging (a) without battery and (b) with battery. .............. 239

XXV



Fig. 811. Hourly generation of heating and commitments of the dispatchable
generators in load following (a) without battery and (b) with battery. .................. 241
Fig. 812. Hourly generation of heating and commitments of the dispatchable
generators in circuit charging (a) without battery and (b) wit h battery. ............... 241
Fig. 813. Hourly commitments of thesystem units to fulfill the electric load in circuit
charging mode without battery for (a) 2 -split ST and (b) 4-split ST cases.......... 243
Fig. 814. Hourly commitments of thesystem units to fulfill the electric load in circuit
charging mode with battery for (a) 2 -split STs and (b) 4-split ST cases.............. 243
Fig. 815. Hourly energy flow through the battery storage in circuit charging mode.
e245
Fig. 816. Hourly generation of cooling and commitments of the dispatchable
generators in circuit charging without battery mode using (a) 2 -split ST and (b) 4-
SPIIt ST DACK-UPS...ceiiiiiieeee e cccmmmmee ettt e st e 22222 e e e e e e 246
Fig. 817. Hourly generation of cooling and commitments of the dispatchable
generators in circuit charging with battery mode using (a) 2 -split ST and (b) 4-split
ST DACKUPS...coiiiiieiee e ccmmmemmr ettt e s e s et st 2 222222 e e e e e e smmmmmmns s OO
Fig. 818. Hourly generation of heating and commitments of the dispatchable
generators in circuit charging mode without battery storage using (a) 2-split and (b)
A-SPlit ST DACK-UPD...ceiie e eeemmemr e e e e e e et s s e 248.
Fig. 819. Hourly generation of heating and commitments of the dispatchable
generators in circuit chargi ng mode with battery storage using (a) 2-split and (b) 4-

SPIit ST DACK-UP..cciiiiieie e et e e een 2D

XXV



List of Tables

Table 2-1. Pros and cons of hybrid renewable energy systems [109]...................... 19..
Table 2-2. Improved second-order models of the Stirling engine. ...............c.vvvvvviee 41
Table 23. Some recent studies on multi-objective optimis ation of HRES.............. 52
Table 4-1. Mass and energy balance equations of the Urieli adiabatic model [65].89
Table 51 Design parameteas of the prototype 3 kW Stirling engine [169].............. 110

Table 5-2. Relative error in the prototype engine performance data predicted by the
Present Model and other thermal models (T hr = 977 K; &k = 286 K; Fhean = 4.14 MPa,;

Freq = 41.67 Hz).... . . crrreeremennd 13
Table 6-1. PrOX|mate and UItlmate analyses of Whlte Wood ChIpS [47 48] ............. 139
Table 6-2. Validation of the Aspen plus ORC model against experimental data....146
Table 6-3. Flow properties of the experimental ORC engine [20].........ccccvvvvveeen.n 146
Table 6-4. Single effect LiBr/water ARS operating parameters [98]. ...................... 147
Table 6-5. Results from the Aspen plus model of the ARS..........oooviiiiiiiiiie, 147
Table 6-6. Input parameters for CCHP performance evaluation............................ 150
Table 6-7. Specifications of the GA operator... emmmmmmmr e e e eeeeeeeeeeeessmmmmmnns LO2
Table 6-8. Judgement criteria for the deC|S|on matrix [260] .................................. 164
Table 6-9. Decision matrix from experts for TOPSIS analysis... PR X o V.
Table 7-1. Constants for the evaluation of the GHG em|33|0n$263] [264] ............. 175
Table 7-2. Specifications of the components of the HRES............c..ccoooiiiieeea. 177
Table 7-3. Market price of the system components. ...........cccccovviivmmmmmeme e e e eeeeeeenn 185
Table 7-4. The upper and lower bounds of the decision variables......................... 189.
Table 7-5. Specifications of the GA operator... p— o]0
Table 7-6. Optimal system configuration in Ioad foIIowmg for aII the examlned cases.
Table 7-7. Optimal system configuration in circuit charging for all the back-up cases.
Table 7-8. Optimal system configuration in circuit charging for all the back-up cases.
Table 8 1. Results of optimal system configuration of HRES components for different
(ol0] g1 £0] RS £=1 =T =2 PSP PPPPRR PO 230.
Table 8-2. Results of optimal system configuration of HRES with the deployment of
split ST in control strategy 3.. e 232
Table 8-3. Results of optimal system conflguratlon of HRES W|th the deploynent of
split ST in control strategy 4.. PP PPUUUPPPRPPPPRRI 2 1|
Table D-1. Judgement criteria for the deC|S|on matrix [260] ................................... 329
Table D-2. Decisionmatrix for the TOPSIS.........ccovvvviiiiiiei i s 329

XXVi



Chapter 1 Introduction

Growing population, worsening climate change challenges and increasing energy
poverty are some of the motivations for exploring ways to improve energy efficiency

that have been central to the discussions in this chapter. This chapter discusses the
trend s in global energy consumption and production particularly, the drivers of the

increasing penetration of renewable energy technologiesinto the global energy mix.
It undertakes an audit of technological issues affecting the reliability, modelling and
control of contemporary decentralised energy systems. Through this pathway, a
strong case has beenbuilt to support the work that is presented in the thesis. Finally,

it outlines the research aim and main objectivesand the thesis structure .

1.1. Transition in the global energy mix

Energy is the foundation for the growth of any economy and its sufficiency and
efficient utilisation are acceptable standards for measuring the well-being and
prosperity of people [1] The world U population is growing and it is estimated that
there are around eight billion people living on this planet today [2]. Correspondingly,
global electricity production and consumption have beenincreasing in recent years
as can be observed inFig.2-1 It was estimated that the global electricity production
for 2012 will be about 22,000 TWh [3]x[5]. Nearly a decade after, global electricity
production has risen by over 22%, whilethe electricity demand has been growing by

2% on an annual basis[6], [7], and it is projected to expand by 37%around 2040 [8].

Despite these projections, primary energy consumption fell by 4.5%in 2020 and this
can be attributed to the devastating impact of COVID19 on the global economyThis
period also recorded a steep decline in energy consumption per capita, while
electricity generation diminished marginally by 0.9%[9] (see, Fig.1-1). The decline in
electricity production in 2020 was driven by the fall in the consumption of crude oll,
due to travel restrictions and general lockdown of most countries. Interestingly,
electricity generation from renewable resources , particularly solar, expanded in
2020 [10] In spite of this, renewable energy (RE) sources contribute only 26% of the
global electricity production, while combustible fuels contribute about 67% of the

total production [10]
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Fig. 11 Global energy production and consumption (source: BP Energy oulook

report , 2021[9], [11).

Nevertheless, the last decade or so has recorded a surge in the use of RE
technologies for electric ity generation [12] The consumption of REbased solutions
has continued to rise on a yearly basis, withprojections that it may contribute about

18% of the total global energy consumption by 2035 [8]. Most of the observed

increase in the penetration of RE is catalysed by the rapidly declining costs of
onshore wind and solar power. The cost of onshore wind and solar power has
reduced remar kably by 40% and 55%, respectively since 201®],[13] [14] The other
reasons for the expanding share of renewables in the global energy mix include, the
intensifying climate change challengeq15] increasing attemptsto provide electricity

to the rural settlements [16] [13] government support and energy security issues

[17] Some of these drivers are discussed in detail in the nextsection.

1.1.1. Pathways to expanding energy security
It has been reported that about 2.5 billion people globally are grappling with

unreliable electricity supply [18] while over 1.1 billion people are in total darkness,
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with about 80% of this figure residing in Africa and Southern Asia [19Kk[21]
Meanwhile, 63.7% of the global population live in countries with average energy
demand per capita of less than 100 GJhead [9]. While North America has the highest
energy consumption per capita of 217 GJhead, Africa is at the bottom of the ladder
with only 14 GJhead [9]. The increasing transition to RE based technologiescould
help to close this wide gap in energy security. Therefore, the procurement of
renewable electricity to off -grid locations is considered a vital prerequisite for the
triumph of RE technologies essentially, to meet the electric ity demand of the

locations without access to electricity .

To this end, the recent drive of the United Nation s Sustainable Development Goals
(Goal 7) [24], is to provide electricity to developing countries x small islands,
developing states and landlocked developing countries x with the help of

sustainable energy systems. In turn, ths policy framework triggers an increase in the

utilisation of RE based solutions. According to the United Nations [24], the use of
solar lanterns and stand-alone solar home systems is incapable of meeting the
electric ity needs of these locations. It has keen argued that over 30% of the energy
demand of most of the remote regions would be met if off -grid energy systems are
vigorously developed, not only to power homes, but to unlock their economic

potentials [22]x[24].

1.1.2. Carbon emissions reduction pathways
According to the International Renewable Energy Agency (IRENARbout two -third s
of the global carbon emissions are emitted from the energy sector. In the last fifty
years, global CQ emissions have grown from 320 ppm to 350 ppm [8], with the last
decade recording an annual growth of 2 ppm [25]. However, the global carbon
emissions fell sharply by 63% in 2020, due to COVID 19 travel restrictions and
general reductions in industrial activities [9]. While the observed decline in carbon
emissions is commendable, there are worrying concerns that it may be reversed as
the lockdowns are lifted andthe global economy recovers[9]. The greenhouse effect
x remotely caused by therise in the global temperatures with growing carbon
emissions x has beencranking up ecological problems such as flooding, acid rain,

increased volcanic activities, deforestation, and wildfires. In the Paris agreement, the
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target is to limit the growth in the global average temperature to below 2 3 by
aggressively reducing carbon emissions The massive deployment of renewable
energy solutions is one of the key components of the naturally determined
contributions (NDC) reached in the Paris ageement, which has the prospects of

achieving this ambitious goal [10]

The GHG protocol has categorised carbon emissions into three scopes, by mapping
the sources of the emissions. This protocol has placed a responsibility on companies
to report the sco pe 1 and 2 emissionswhile scope 3 emissions that are difficult to
monitor still enjoy some flexibility [10] Scope 1 emissions are largely direct emissions
from the combustion of fuels for the production of energy vectors and for firing
automobiles, leakages from greenhouse gaes and other emissions from industrial
processes. On the otherhand, scope 2 emissions are derived fromthe consumption
of grid electricity , while scope 3 emissions areindirect emissions t hat occur in the
value chain of a companyBased on the scope of the emissions, sustainability tools
such as carbon offsetting, renewable energy certificates and corporate power
purchase agreements are now being deployed to minimise emissions [10] These
tools promote increased penetration of rene wable energy into the global energy mix
[26]. According to the estimates made by IRENAIif NDCis implemented judiciously,
global renewable power capacity would hit 3.5 TW by 2030[10] This is about 50% of
the targeted output of the Paris agreement and it is a significant contribution that
will check the expected rise in the global carbon emissions, especiallyin this post-
COVID era.

1.1.3. Nigerian energy mix and future direction
Nigeria has a population of over 180 million people andabout 80 million people are
unconnected to the electricity grid [23], [27]. Sadly, mod of the people without
access to electricity in Nigeria reside in remote locations that are located miles away
from the urban settlements and are in large part, characterised by poor access
roads, difficult terrains , and dispersed pattern of settlements. These locations are
facing harrowing developmental challenges that affect the well-being of the people

and impede their prosperity .
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As is the case anywhere in the world,the burning issues in the electricity industry in
Nigeria are: reliability of supply; affordability of energy; and environmental
protection x the trio is the so-called energy trilemma [28]. More recently, a fourth
dimension x that concerns energy justice x has been added leading to the energy
guadrilemma [29]. The grid electricity has aninstalled capacity of over 10GW, and
about 2 GW is generated from base load power plants that are manly hydro-
powerplants, while the rest are produced from thermal power plants [30]. However,
the grid transmission capacity stands at 7 GW, and provides an averagesupply
reliability of about 40%, a consequence of the weak power transmission
infrastructure [30]. Due to the low grid reliability, a szable majority of the population
resort to the use of small-scale internal combustion engines (ICE) currently
producing about 12 GW, to guarantee their energy security [16] [23], [31]
Consequently, inefficient generation of electricity with ICEs to augment the grid

reliability cost t he nation over $14 billion annually[16]

On a positive note, Nigeria receives abundant supply of solar irradiation and has
good biomass potentials that can be deployed to solve some of these energy
challenges.In spite of this, the total installed REcapacity in Nigeria based on 2020
estimates is 40 MW, with solar contributing about two -thirds of the total [10]
However, the RE based solutions are increasingly beingdeployed into the Nigerian
energy mixand has increased bymore than six folds since 2011Nevertheless, thisis
still insignificant compared to South Africa with the highest RE sharein Africa [10]
Nigeria has committed to increasing her share of RE power by 13 GWas a
contribution to the global drive to transition to net zero emissions. This goal will be
realised by aggressively deploying solar photovoltaic (PV) for rural electrification.
Hence, the significant increase in the installed capacity of RE power, particularly

solar PV.

Unfortunately, most of the contemporary solar based energy solutions that are
deployed in Nigeria consist of PV, battery storage and DG backup systems [23].
Hybrid solar PV and battery systemsnotably present high energy costs, augmented
emissions and low reliability and may not support economic activities in the remote
locations [32]x[34]. Moreover, energy systems that can produce more than one

energy vector, save primary energy and perform better than the hybrid systems.
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These energy systemsare already making strong inroads into the European energy
market [35], [36. Unfortunately, there is no evidence of the deployment of similar
energy models into the Nigerian energy mix. Thedeployment of energy solutions
generating multiple vectors into the Nigerian energy mix, particularly in the remote

locations with huge agro-based commercial activities is pivotal to the realisation of
some of the goals of the government, including the mitigation of the soaring rural-
urban migration and improve d access to quality healthcare. These emerging energy

system models will lead the discussions in the next section.

1.2. Challenges facing decentralised energy systems

Decentralised energy system (DES) concepts are gaining popularity nowadays, for
matching the energy needs of customers especially in remote off-grid locations. A
DES has the potential of producing only one energy vector or multiple energy
vectors and other goods. Several DES concepts have been developed in the
literature and are being deployed to meet the energy needs of customers in
different locations across the globe. The popuar DES concepts are the hybrid
renewable systems (HRES), combined heating and power (CHP), comlmed cooling
and power (CCP), combined cooling, heating, and power (CCHP) and multi-carrier

systems [35].

Multi -carrier energy systems are energy systems that ntegrate several components
or subsystems to produce different energy vectors and other useful goods. The
products of these energy systems include, cooling, heating, hot water, electricity,
clean water, ice block, hydrogen gas and wood chipg37]. Unlike conventional energy
systems, DES are installed close to the enggy consumers, thereby reducing the
power transmission losses that are incurred when electricity is transmitted over
long distances via the grid[38], [39] In addition, primary energy is conserved in these
systems by recovering the waste heat to provide other useful goods. Moreover, DES

can utilise a variety of localy available fuel in their operation.

Despite the numerous breakthroughs in deploying DES concepts,the contemporary
models still present many challenges.They are faced with the issue of low reliability,
high energy cost and emissions. In addition, regarding the design of the system,

accurate models of the system components are pivotal to the improved
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understanding of their behaviour. Moreover, these models are required for the
optimisation of the system, which is undertaken either at the design stage; to select
the optimum system configuration or at the operational level; to find the best system
operating regime. Additional issues aise from the effective management of the flow
of energy vectors in the various units of the system. These issues areelaborately

discussed in this section with the view to proffering some plausible solutions.

1.2.1. Improving decentralised energy system concepts
Although solar and wind resources are abundant and mature [40], [41] they are
characterised by periodic and stochastic behaviour, respectively [6], [42], and are
generally not correlated with the electricity demand [43], necessitating the
deployment of diesel generators (DG) as a backup to augment their reliability [44]x
[48]. Unfortunately, the utilisation of DG as a backup in HRES results inadditional
carbon emissions and augmented costs. In addition, fossil fuels are often unavailable
in remote regions, due to logistic constraints. Moreover, the expected depletion of
fossil fuels cannot provide a long-term solution. The enumerated challenges of
increased emissions and high energy cost from the deployment of DG as backup in
HRES can be minimised by utilisingprogrammable back-ups fired by low-carbon
energy sources such as biomass fuel.To this end, biomass powered back-ups are

now being deployed inimproving the reliability of HRES[49][50].

However, notwithstanding the numerou s interesting features of the Stirling engine
(ST) [51K[53], only a few studies utilised biomass drivenST as the back-up in HRES
configurations. This may be a consequence of thér low electrical efficiency,
particularly at the micro -power scale [54], [55] Thankfully, this problem can be
solved by incorporating another heat engine to recover the waste heat from the
engine and produce additional power [8]. That way, the global efficiency of the
combined system is improved. It is plausible that the deployment of the proposed
back-up to fulfill the electric load could reduce the cost of energy of a HRESand
minimise the carbon emissions. So far, this opportunity has not been fully explored

in the literature.

Similarly, several sole ST driven CCHP systems have been studied and remarkable

savings in primary energy and emissions reductiors were observed compared to
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conventional separate cooling, heating and power systens [56] [57]. However, the
low efficiency of the ST affects the energy utilisation of the system. Therefore, dual
prime movers have been proposed and several combined cyclesdriven CCHPwere
investigated. Korlu et al. [58] and Entezari et al.[59] proposed a combined gas turbine
(GT) and ST bottoming cycle to improve the electrical efficiency of the CCHP system
and observed significant improvements compared to GT only driven CCHP. Chitsaz
et al.[60] proposed a fuel cell with ST bottoming cycle and observed 24.61% increase
in the electric al efficiency of the standalone fuel cell. Although Bahrami et al.[61]
reported that combining the ST and the ORC could yield 4-8% increase in the
electrical efficiency of sole ST, there is scant information on studies that examined
a CCHP system driven by combined ST and ORC prime mover Meanwhile, further
enhancements in the energy utilisation can be achieved by advanced waste heat
recovery to produce additional goods in a multi -carrier energy system. While some
multi -carrier energy system concepts have been proposed to enhancethe DES fuel
utili sation, most of these studies only considered producing other goods such as

clean water [62].

For DES driven by biomass fuels, the regulation of the quality of the biomass fuel is
very imperative, particularly for systems deployed in tropical remote regions [63].
One traditional way of controlling the quality of the woodchips fuel is by undertaking
in-situ drying of the feedstock with the waste heat obtained from the combustion
flue. The incorporation of drying may scavenge the available thermal energy and limit
its potential to produce other u seful energy vectors and goods. Therefore, it is
important to investigate the performance of a multi -carrier DES concept that will be
fired by wood chips powered combined ST and ORC, to ceproduce cooling, heating,
power, and dry woodchips. Finally, a system that leverages on the strengths of the
proposed HRES and multicarrier energy system, by deploying the ST+ORC to
simultaneously serve as backup to the HRES and drive the multicarrier system
could offer further improvements in system performance. This DES configuration

has not been investigatedbefore and is being proposed in this study.
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1.2.2. Modelling challengesand optimisation of DES components

Second-order thermal models of the ST offer the perfect balance between model

accuracy and computational speed and are suitable for the dynamic simulation of
«~{ { ¥} ¥{ U264} Sir¢ Uriclicamd¥Ber¢howitz [65] implemented the
numerical solutions of the original Finkelstein second-order adiabatic model [66],
several other notable efforts have been made to improve on the accuracy of the
simple adiabatic model. Babaelahi and Sayyaadi[67] replaced the adiabatic
processes assumed in the smple analysis with polytropic processes and accounted
for several losses in the engine. Thg reported errors as a difference of 14.34% and
3.14% in the power output and thermal efficiency of the experimental engine,
respectively. Li et al.[68] also assumed polytropic processes, andconsidered the
shuttle heat loss and mass leakage though the gap between the displacer and the
cylinder wall in the formulation of the governing equations of the engine. Thismodel
predicts the brake power and thermal efficiency of the experimental engine with a
relative error of x 2.6% and + 3.78%, respedtely. However, in most of the previous
works, the losses in the engine were decoupled from the governing equations of the
engine. Unfortunately, the losses in the engine interact with the conditions of the
engine fluid, necessitating their direct coupling to its basic equations to accurately
determine the flow conditions in the engine. Therefore, in this study, an attempt will

be made to develop a computer simulation tool for the study of the behaviour of the

ST based on an advanced modelling effort that @mprehensively couples several
irreversibilities in the engine to the adiabatic model, to improve its prediction

accuracy.

On the other hand, the optimisation of DES is necessary to determine the optimal
configuration of the system components and the best operating regime [8].
Shengjunet al. [69] obtained the optimal points of different ORC working fluids and
cycles by implementing a parametric optimisation. Boyaghchi and Safari [70]
achieved 3.27 and 4.9 timesimprovements in the total awoidable exergy destruction
and cost rates, respectively, of a geothermal energy based multi-carrier DES by
“¥z{O«weC ¥} «pargmetrit °optimigatidd.2 So far, the parametric
optimisation of the multi -carrier energy system proposed in Section 1.2.lhas not

been performed to find its optimal o perating regime.
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In addition, power curtailment characterises HRES concepts, and this is done to
minimise excessive dumping of power. Unfortunately, the curtailment of power from

the renewable generators lead to the over reliance of the system on fossil fuel
powered DGback-up [71] Therefore, more emissions are produced, and the energy
cost increases because of the use of high pollutant emitting and expensie fossil
fuels. It is clear that there is a conflict between the system reliability and cost or
carbon emissions[72]. This problem can be tackled at the design stage by conducting
multi -objective sizing optimisation of the hybrid system and by simultaneously
considering the emissions, cost, dumped power and reliability of the system as the
objective functions. Thus far, the optimal sizing optimisation of the HRESproposing

ST based backups described in Section 1.2.has not been performed.

1.2.3. Energy management challenges irdecentralised systems
The effective management of the flow of energy in the numerous generation and
storage units that comprise a decentralised energy system is crucial to reduce
system operational cost, improve efficiency and reliability [37], [73] In the literature,
heuristic, fuzzy-logic, unit commitment (UC) problem -based and smart tools have
been proposed as energy management strategy (EMS) approaches for different

energy system configurations [73], [74]

While the traditional heuristic approaches including , the load following (LF), circuit
charging (CC) and peak shavingand the fuzzy logic are popular for managing HRES
[75]x[77], the scheduling approach has been deployed tomanage the operation of
DES generating more than one energy vector [37][78][79]. Unfortunately, the
traditional heuristic approaches present some challenges. The deployment of the
back-up to follow the load in the LF mode results in the engine operating below its
rated conditions . Thus more fuel is consumed and this leads to higher emissions and
operating cost [76]. On the other hand, the CC mode is characterised by the
excessive dumping of power[75], [76]and the frequent charging and discharging of
the batteries thatis inimicw £ « ! « ~{ vy |[77]18[80¢Whie ¢hE peakihaying
presents a problem of over sizing of the system leading to excessive dumping of
power [81] There have been attempts to solve these challengesby proposing a

hybrid of the LF and CC [82] and the deployment of several small capacityback-ups
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in CC[83]. Ayodele et al.[83] deployed 3-split DG as backup in circuit charging. They
compared the results to asingle DG backup system and found 46%, 28%, 82%, and
94% reductions in life cycle cost, cost of energy, CQ emissions, and dumped power,

respectively.

The scheduling EMS approaches relyon the forecast of the future production of

renewable generators and the y | ¥ 2 - oefe®¥y tkemand, and this is a setback
because of the high prediction errors associated with the forecast of these data.
Besides, with the increasing complexity of the system, the computational time will

increase prolonging the response time of the system. This is even made worse as
the length of the prediction horizon increases [78]. The rule-based approach on the
other hand is subjective and prone to errors because the rules are made based on

the experience of the designer.

Consequently, an energy management approach thatcan minimise the errors in the
contemporary approaches is needed. Therefore, rule-based energy management
strategies that leverages on the strengths of the LF and CC EMS bydeploying
combined cycle and split back-up to ensure the uninterrupted operation of a multi -
carrier system have been proposed. While the deployment of split back-ups has
been established to minimise the dumped power and emissions in a HRES and
B8O -{ «~{ 2°3a«{mU2 O©Of{f£ wx £ «°B «
the battery storage . Further, as the number of splits of the back-up increases, the
frequency of start-ups of the back-up may increase and this could increase the
operational cost of the system. Unfortunately, there is limited knowledge of the
global impact of split back-ups on the cost of energy of the system with or without
the inclusion of batteries . Finally, for a multicarrier energy system generating other
energy vectors apart from electricity, it will be insightful to investigate the impact of
the combined inclusion of batteries and split back-up on the generation of these

other energy vectors.

1.3. Aim and objectives of the present study
This study, therefore, proposes the concept development, modelling, optimisation
and control of new configurations of integrated green fu el-based decentralised

energy systems, designed to generate 230 kW of electric power, cooling, hot water
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and dry wood chips, to meet the energy needs ofatest location. Hence, the following

are the specific objectives:

a)

b)

d)

f)

To propose new configurations of decentralised energy systemsincluding:
() Hybrid renewable energy system that deploys a wood chips powered
combined Stirling and ORCor split Stirling as a back-up;
(i)  Amulti-carrier system that is driven by Stirling and ORC to simultaneously
produce cooling, heating, power, and dry wood chips and;
(i) An integrated decentralised energy system concept that deploys Stirling
and ORC toback-up the HRES and drivehe multi -carrier system in parallel.
To develop acomputer simulation tool based on the comprehensive coupling of
several loss effects to the adiabatic modelof the Stirling engine for the simulation
of the dynamic performance of Stirling engines based decentralised energy
systems and to perform robust validation of the developed model against
experimental data and other model results.
To conduct parametric analysis of a new configuration of multi-carrier system
that deploys a dual Stirling+ORC prime mover powered by wood chips fuel to
produce cooling, heating, and electric power and dry wood chips and study the
impact of cooling ratio, speed of the main prime mover, and quality of the
biomassfuel on its performance.
To perform parametric optimisation of the proposed multi -carrier system from
a multi-objective perspective and obtain the optimal operating para meters of the
multi-carrier decentralised energy system from the Pareto set of opti mal
solutions, by deploying a modified decision-making tool.
To determine the optimal configuration of the novel HRESthat simultaneously
minimises the carbon emissions, reliability, cost, and dumped power by
implementing a memetic algorithm and a decision-making tool and compare the
results of the different test cases with the diesel generator base case, from the
perspectives of reliability, cost, compactness and sustainabilty.
To propose novel rule-based energy managing strategies for managing the
continuous operation of the hybrid system integrated multi -carrier system and
investigate the impact of the proposed dispatch strategies on the battery

utilisation, start-ups of the back-up, dumped power and generation of other

12
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energy vectors, by implementing bi-level optimisation and dynamic simulation of

the optimal system.

1.4. Thesis autline
The overall structure of this thesis reflects the sequence of events leading to the
realisation of the global objectives. The remaining part of the thesis is structured as

follows:

Chapter 2 presents the audit of contemporary decentralised energy system
concepts that have been proposed in the literature. Additionally, it focuses on the
review of the existing knowledge on the modelling, optimisation, and energy
management of these systems. This isintended to draw new insights into the topics
and identify the gaps in the literature. Finally, the chapter outlines the identified gaps

in the literature.

Chapter 3 introduces the new decentralised energy systems configurations
formulated and proposed in this study. The chapter presents the process and
thermodynamic diagrams of the formulated systems and describes the energy
conversion processes. Finally, it describes the characteristics of the test location and

asses®sthe local weather data and available energy resourcesof the location.

Chapter 4 describes the general principle s of the second-order modelling of the
kinematic Stirling engine. This chapter outlines the assumptions that define the
scope of the modelling efforts for the adiabatic model and highlights the updated
assumptions for the proposed model. It undertakes the development of the
proposed enhanced second-order thermal model . Finally, thechapter presents the

solution approach for implementing the model solutions.

Chapter 5 implements the solutions of the developed thermal model with the data
of an experimental engineand presents the robust validation of the model predicted

results against experimental data and other theoretical models. In addition, it
discussesthe results investigating the model performance in predicting t he dynamic
simulation of the engine and deploys the enhanced model to study the impact of key

engine parameters on its performance.
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Chapter 6 details the steps taken to model and validate the components of the new
multi-carrier system configuration. It also undertakes the integration of the
subsystems of the energy system and provides the performance metrics for
assessing the system and implementingthe parametric optimisation. This chapter
discusses the simulated results for the parametric analysis of the system and
compares it to that of fossil fuel-based systems and other similar systems.Finally, it

undertakes the parametric optimisation of the system and evaluates the results.

Chapter 7 undertakes the multi-objective sizing optimisation of new configuration
of hybrid renewable energy system. It formulates the mathematical models for
predicting the energy generation from the system components and describes the
strategies for dispatching the energy generated. Additionally, it formulates the
optimisation problem and implements the solution. This chapter compares different
hybrid system cases to the base case. Also, it simulates the effect of seasonal
variations on the dynamic performance of the optimal system and undertakes

sensitivity analysisto examine its response to variation in some key parameters.

Chapter 8 proposes novel energy management strategies for the control of the
operation of the integrated multi -carrier energy system. This chapter implements
bi-level system sizing optimisation to obtain the optimal system configuration. It
discusses the results of the optimal system configurations obtained from the
proposed control strategies. The final part of this chapter examines the impact of
the proposed EMS on the battery performance, frequency of operation of the back-

up, and generation of other energy vectors in the optimal system.

Chapter 9 summarises the key results obtained and highlights the original
contributions to knowledge in this study. Finally, it recommends some future work

to expand the frontier of knowledge in this thematic area.
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Chapter 2 Decentralised Energy S/stems

This chapter presents the review of the relevant literature on th e trend in the
concept development of decentralised energy systems. It also reviews the
mathematical models deployed to study the behaviour of the components and
evaluate the system performance. The chapter undertakes further reviews on the
design and parametric optimisation of the components and subsystems ofdifferent
configurations of the energy system. Alditionally, it surveys previous research
efforts on the management of the flow of energy from the various units of the
system. The review undertaken in this chapter has provided new insights into the
hot topics in the concept development, modelling, optimisation and energy
managementof decentralised energy systems. Finallyjt outlines the knowledge gaps
in the literature on these topics and this will be central to the works that will be

undertaken in this thesis.

2.1. Introduction

With the growing need to pursue energy efficiency and minimise losses in the
transmission of energy from the generation stations to the point of consumption,

the concept of decentralised energy systems wasoriginated. Decentralised energy
systems (DES) aresimply energy networks that integrate several energy generating
and storage units, often localised at the point of consumption. This concept, which
is used interchangeably in the literature as micro -grids, was introduced by the
consortium for electric reliability technology solutions (CERTS) in 2002 [84], [85].
However, unlike micro -grid systems which could operate in grid-connected or off -
grid modes [84], the definition of DESin this thesis preclude s energy systems that

operate in grid-connected mode.

Several concepts of DEShave been formulated in the literature. They include energy
systems designed to supply only one energy vector and those that supply two or
more energy vectors. In the first category, hybrid renewable energy systems (HRES)
are popularly being deployed to match the electric ity demand particularly in off -grid
remote locations. While in the second category of DEScombined heating and power
(CHP), combined cooling and power (CCP), combined heating, cooling andpower

(CCHP) and multi-carrier energy systems have been deployed to generate two or

15



Chapter 2

more useful energy products . The more recent DES concept that has been attracting
the attention of researchers is the integrated DES concept where a hybrid

renewable energy system (HRES) is integrated to thesecond DES category.

The formulation of the DES configuration is the first step in the system design [39].
Thereafter, models of the components are developed to study the system and
predict its performance. These models are the basis for undertaking the sizing
optimisation of DES systems that have been extensively undertaken in the literaure.

Since DES deplog many units to meet the energy demand of the consumers, it is
important to formulate an approach to manage the operation of the system.It has
been reported that the energy management strategy deployed to coordinate the

operation of a DES affects the size and performance of the systen{73]. Hence, most
authors have integrated the system sizing optimisation and the energy management

strategy in order to obtain the optimal system configuration.

The other aspect of DES design that has been receiving considerablattention from
researchers is the dynamic simulation of the system to reveal its real-time
behaviour. The hourly simulation of the operation of a DES provides useful insights
on the performance of the components of the system , while matching the load and
this is vital for decision making. All of these aspects of the design of DES shall be the

kernel of the discussions in the subsequent sections.

2.2. Trend in micro-decentralised energy system concepts

Here, the several concepts of decentralised energy systems that have been
formulated in recent times are presented. As has been mentioned, the popular
concepts of DESfound in the literature include the HRES, CHP, CCP, CCHP, multi
carrier and HRES integrated CHP/CCP/CCHP energy systemsln these energy
system concepts, internal and external combustion engines such as Stirlingengines
(ST), diesel generators (DG), micro-turbines (MT), organic Rankine cycles (ORC)
and fuel cells[55], [86] serve as the prime movers.On the other hand, in HRES, these
heat engines serve as the backup to augment the power supply and ensure the
reliability of the system. A very important aspect of the design of a DES is the
selection of the suitable prime mover to drive the e nergy generation of the system.

The prime mover selected in a DES design is determined bythe ease of maintenance,
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cost, energy demand, local pollution, in-situ available fueland electrical efficiency
[87].

A review of prime movers for small scale DES particularly biomass powered CCHP
systems was performed in [88] and the ST was recommended for driving micro-
CCHP systems. Tie ST has some fascinating features. Similar tothe ORC, it can
utilise multiple clean energy sources of low, medium and high grade quality[89]. ST
however, have good part load performance and high heat sink temperatures[90]. In
addition, they produce less noise in operation, low vibration and are easier to
maintain [91] Consequently, ST have become the subject of intense studies in recent
times for d eployment in DES Nevertheless, in order to provide a comprehensive
review of recent studies on DES concepts, this survey of the literature will focus on

studies that deployed all of the aforementioned prime movers.

Further, the prime movers deployed in DES indicate low electrical efficiencies when
delivering electrical power at small and micro-scale,12x 35%([88], [92] and 9.2x 33%
[54], [55] respectively. Regrettably, about 60% of the total fuel energy in an internal
combustion engine is lost in the exhaust [93]x[97]. For a gas turbine, just about a
third of the input energy is utilised for power generation [97]; the rest is lost in the
exhaust. The fuel consumption of IC engines could be reduced by 10%, if 6% of the
energy in the exhaust can be recovered[98], [99]. In addition to the proclivity of
enhancing the performance of IC engines by reusing the waste heat from its

exhaust, the levelof emissions produced from these engines can be minimised [100]

Therefore, the untapped energy in the exhaust flue of the prime mover of DES can
be recovered to drive another engine; this concept is known as topping and
bottoming cycle integration . That way, the overall electrical efficiency of the prime
mover could be enhanced. The use of combined cycles is an established way of
improving the performance of any heat engine, by maximising the fuel utilisation of
the system [101] Several authors have deployed this concept to improve the
electrical efficiency of subsystems of DES in the literature [93], [100] In this critical
review of the available literature on DES concepts, additional emphais will be placed

on the configuration of the prime mover deployed.
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2.2.1. Hybrid renewable energy systems
Green energy solutions hybridising many clean energy resources are becoming
more competitive for meeting the energy demand at off -grid locations, mainly
because of the steady decline in the cost of system components and improving
efficiencies. Fig. 2-1illustrates a simple hybrid renewable energy system (HRES
concept comprising solar photovoltaic ( PV) modules,wind turbine s (WT), battery
storage system (BSS) anddiesel generator (DG) back-up, to match the electric load

of the consumers.
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Fig.2-1 Schematic diagram of a standalone micro-grid system [102]

The energy sources constituting a HRES are mainly determined by the locally
availabileresources in the design location and the intended application, among other
factors. DES deploying the HRES concepare characterised by high efficiencies, low
transmission losses, low voltage[103] and ability to manage and cwrdinate the
subsystems in a more decentralised manner [104] However, some endogenous
challenges such as high storage costs, less usable energyduring the vyear,
intermittent energy generation, lack of protection , and environmental/safety

concerns [105] set commercialisation barriers.

The earlier concepts of renewable energy systemsutilised a single renewable energy
resource to fulfil the electricity demand of the targeted consumers [106}x[108]

Unfortunately, most renewable energy resources, particularly solar and wind, are
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spasmodic in nature. Hence, the reliability of the system is not guaranteed andcan
only be augmented by deploying lage storage facilities, thereby resulting in
increased energy cost [32]x[34]. Nonetheless, these types of DES systemsare easier
to design and manage, butthe hybrid systems are more attractive because of their
numerous advantages.The pros and cons of hybrid systems have been summarised

and presented in Table 2-1

Table 2-1 Pros and cons of hybrid renewable energy systems[109]

Pros Cons

Complementarity of the RE sources helping Depends strongly on local weather

to overcome individual weaknesses conditions

Can utilise local grid networks, minimising  Increased complexity of the system
cost of grid expansion with the increasing number of the

sub-systems

More stable and can reliably match load Lack of adequate knowledge for

demand aw¥w} ¥} «~{ 2°2«

As can be seen in Table 2-1, HRESintegrating more than one complementary
renewable energy resources are more reliable and less costly, when compared to
the earlier single renewable resource systems [110] [111]Therefore, recent DES
designs deploy a hybrid of green energy sources to match the electric load at the
design location. Notwithstanding the improved reliability of HRES back-ups are still
required to minimise the mismatch between the electricity generation from these
stochastic resources and the demand [105], [112]nternal combustion engines(ICE),
such as the DG have been popularly deployed as the backup in HRES and are in
some designs combined with battery storage. There are also HRES configurations
that deploy external combustion engines including the ST, ORC andVT or even fuel
cells, as the back-up. Most HRESpresent different unique co nfigurations depending

on the available local resources[113]

Olatomiwa et al. [33] investigated different HRES concepts proposed to fulfil the

electricity demands of some locations in Nigeria. They compared the net present
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cost (NPC), cost of energy (COE) and renewable fraction (RF) obtained by deploying
a stand-alone DG system, hybrid P\VADG system with and without battery and PV-
WT-DG system with and without battery . It was remarked that the PV-DG-battery
concept is the best HRES configuration br the location. Olatomiwa et al.[34] studied
different HRES concepts to supply the electric load in some rural hospitals in Nigeria
and reported that the PV-WT-DG-battery is the best configuration for most of the

locations. Efunbote and Adeleke[114jproposed a hybrid wind and solar system for
some locations in Nigeria. They reported that 86% of the total electricity demand

was met by the solar PV, whilethe WT supplied the remainder. Diemuodeke et al.
[27] compared the cost of electricity from different HRES concepts deployed to
meet the electric ity demand of some coastal communities in southern Nigeria and
observed higher energy cost when a singleresource (solar PV only and ESS) was

deployed.

Several other deployments of different concepts of HRES have been presented for
remote locations across the globe. Diaf et al. [15]proposed a hybrid solar and wind
power system designed to handle a 3 kWh/day load requirement on the island of
Corsica andobserved that large storage capacity contributed to the increase in the
levelised cost of the system.Kaabecheet al.[102]investigated a hybrid of PV,WT and
BSS to match the electric load for a residential household in Bouzareah, Algeria. They
observed cheaper energy costs with a reduction in the storage capacity of the
battery. Belfkira et al. [47] proposed a hybrid WT-PV-DG and BSS configuration to
match the 15kW peak electric load demand of a location in Dakar, Senegallt was
found that the inclusion of battery storage resulted in a reduction in the total cost
of the system, lower fuel consumption, and reduced DG operating hours compared
to the configuration without battery storage. Bhakta et al. [115]designed a 1 kW
hybrid WT and solar PV for an isolated hamlet of Northeast India. It was reported
that the COE of this HRESranges from 0.271x 0.510 $/kWh and for these figures, the

cost effectiveness can be achieved for such remote locations.

Bhaktar and Mukherjee [116kvaluated a solar PV onlysystem with fi xed tilt and two -
axes tracking system intended for similar locations in India. Adaramola et al. [117]
modelled a HRES thatis comprised of solar PvWT-DG and BSS for some locations
in Ghanaand found a COE of 0.281/kWh. Kraa et al. [118]proposed a HRES that
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consists of WT, solar PV and battery storage systems. Maleket al. [119]performed
the cost optimisation of a grid integrated HRES comprising solar PV, WT, solar
thermal collector and fuel cells and found the optimal system configuration. Xu et
al. [120] proposed a stand-alone HRES that integrates solar, wind, hydrepower as
the energy sources and determined the optimum system configuration. Anwari et al.
[121]studied the design of hybrid solar PV and DG for locations in Malaysia. They
concluded that the micro -grid system contributed to the reduction in the total

emissions when compared to the base case (dieselgenerator only system).

Other notable HRES concepts are: Ismail et al. [40] that employed a MT as a back
up source for their energy system designed for a remote community in Palestine;
Nfah and Ngundam[122]that modelled wind and solar hybrid system for a location

in Cameroon; Giannoulis and Haralambopoulos [41] that studied the impact of

introducing micro -grid systems to provide electric power to the Lesvos island in
Greece; Patel and Singal123]that proposed deploying a generator fired by biomass
fuel from wheat straw, mustard stalks and fuel wood and biogas from animal dungs
as the back-up in a WT-PV HRES concept designedor a village settlement in India;
and Ghaem Sigharchianet al. [124]that investigated the feasibility of deploying biogas
driven gas engine as a backup for a solar PVV\WT system designed for the Garissa

community in Kenya.

2.2.2. Cogeneration decentralised energy systems

One of the simplest DES concepts that has been widely studied and deployed ¢
meet local energy demand is the cogeneration of heating and power in a combined
heating and power system (CHP). The other concept that is not so popular is the
cogeneration of cooling and electricity in a combined cooling and power system
(CCP). These cogeneration energy systems (CHP or CCP) utilise a single source of
fuel to co-produce useful energy vectors in the form of electricity and cooling or
heating, simultaneously. They deploy different prime movers to generate electricity
and integrate a water boiler (or a thermal chiller) fired by the waste heat from the
prime mover to produce hot water (or cooling). With the deployment of CHPs,
global efficiency typically in the range of 40-50% or even higher can be attained in a

DES[89]. The other environmental and economic benefits of CHPs deployment are
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reduction s in emissions and primary energy utilisation. These types of DES are

making strong inroads into the European energy mix in recent times [35], [39.

2.2.2.1. Single prime mover cogeneration systems
Several authors have deployed soleprime mover s to drive the power and cooli ng or
heating generation from cogeneration DES. Fig.2-2 is an example of aCHP system
driven by ST. It is seen that flue gas is produced from the combustion of fuel in the
combustor. It then supplies the thermal energy needed in the ST, before driving the
production of hot water in a boiler. This is the traditional and ubiquit ous

cogeneration concept in the literature.
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Fig.2-2. Schematic of a Stirling engine driven combined heating and power system
[54].

Parente et al. [54] experimentally investigated the ST driven micro-CHP system
configured in Fig.2-2, that is powered by a flameless combustion technology. These
authors focused mainly on the burner flame characterisation with the change in the
concentration of hydrogen in the fuel, in order to understand the operating

temperature regime of the system.

Renzi and Bradoni[36] proposed a biogas fuel powered micro-CHP driven by a
regenerative ST. The authors recuperated the waste flue gas to preheat the
combustion air and achieved a raise in the electrical efficiency of the prime mover

to 22.5%.Ghaebi et al.[125]examined the design andoptimisation of a novel CCP

22



Chapter 2

system deploying the Kalina cycle to produce power while cold energy is produced
by the ejector refrigeration cycle. The authors found the optimum design
parameters of the system by simultaneously optimising the energy and exergy
efficiencies and the sum unit cost of the product and reported optimum results of
20.4%, 16.69% and 2466.35 $/MWh, respectively.

Gonzalez et al[90] modelled a SThased micro -CHP to supply the electricity and hot
water demand of a residential house in three locations in Spain. Asaee et al.[126]
proposed an ICE driven micro-CHP for deployment in Canadian houses and
observed 10% reductionsin greenhouse gas (GHG) emissions and 20% savings in the
primary energy. Similarly, Abbassi[127]developed a joint numerical and technical
model for predicting the performa nce of an ICE driven micro-CHP.Ferreira et al.
[128]designed a CHP system driven by solatpowered ST for small scale applications.
The authors found the optimal configuration of the system by optimising its annual

worth.

Some research efforts have been focused on biomass powered CHPs for sall scale
application. The deployment of biomass could help reduce GHG emissions from the
system and maximise the utilisation of the onsite available energy. Therefore, some
researchers examined the effect of different biomass feed stocks on the
performanc e of micro-CHPs.Cardozo and Malmquist [129]investigated the impact
of fouling of the heater on the performance of a ST driven micro -CHP plant that is
fired by bagasse and woodchips. They found that the system produced comparable
power outputs for both biomass fuels, although lower CHP efficiency is observed
with bagasse pellets compared with woodchips, because ofthe higher ash content
of the form er. Damirchiet al. [130]experimentally examined the technical viability of
using bagase, pruned wood, poplar, switchgrass and sawdust to fire a gamma-type
ST driven micro-CHP dant. It was remarked that saw dust produced the most
electrical power because of its high calorific value, while pruned wood offered the

least power.

2.2.2.2. Multiple prime mover cogeneration systems
The utilisation of two or more prime movers to supply the elect ric power in a

cogeneration DES has beenundertaken. In this concept, one of the prime movers
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serves as the main driver (topping cycle), while the other prime mover (s) is the
bottoming cycle that is driven by recovered waste heat from the former. Fig.2-3
depicts a dual-prime mover CHP, where solid-oxide fuel cell (SOFQ serves as the
topping cycle and ST the bottoming cycle. AsFig.2-3 illustrates, waste heat from the
SOFC s recovered to fire the ST and produce additional power , while the heat
rejected from the ST serves as the thermal energy for the direct heating of the room.

This concept helps to improve the electrical efficiency of the system [58] and has

been receiving some attention in the literature.
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Fig.2-3. Schematic ofthe SOFGST dual prime mover combined heating and power
system [60].

Chitsaz et al.[60] proposed the system described in Fig.2-3. They remarked that the
deployment of the ST as the bottoming cycle to the FC,raised the thermal efficiency
of the SOFC by24.61% Balakheli et al.[131]proposed a CHP driven by a combined
cycle of DGand SThottoming cycle, and powered by the waste heat recovered from

the former .

Rokni[132]deployed a SOFGn combined power mode with a ST to fire a micro -CHP
system designed to supply electric power and hot water to an average family home.
It was found that the electrical efficiency of the stand -alone SOFCimproved by 10%
with the recovery of the waste heat in the ST bottoming cycle. Similarly, Rokni [133]

examined the performance of a small scale CHP systendriven by a combined cycle
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comprised of municipal solid waste (MSW) powered SOFCtopping cycle and ST

bottoming cycle and realised 50% increase in the electrical power .

Mehrpooya and Sharifzadeh [134] investigated a cogeneration concept where a
combined electric power is generated from a SOFC CQO, oxy-fuel cycle and steam
turbine, while liquiefied natural gas (LNG) is vaporised to provide the cold energy. It
was observed that the efficiency of the system improved significantly with the
deployment of LNG as the cold energy and the cold source.Mahmoudi et al. [135]
proposed a CCP comprisinga hydrogen fed SOFC, a gas turbine and a thermal chiller
and conducted an energy and exergy audit of the system. The authors found the
exergy efficiency of the system improved by 6.5% compared with a standalone
SOFC system.

Diomudeke et al.[136]proposed a DES concept that integrates a gas turbine, steam
turbine, SOFC, ORC and absorption chiller to simultaneously produce power and
cooling from agro-wastes, in a farm settlement. The authors performed a 4E
(energy, exergy, economic and environmental) analysisof the plant based on
thermodynamic models and obtained energy and exergy efficiencies of 6362% and
58.48%, respectively. Saneye and Katebi [137] evaluated the energy, exergy,
economic and environmental performance of a small scale CHP that & fired by a
micro -turbine integrated to a SOFC bottoming cycle. Thg obtained the optimal

system configuration by conducting a multi-objective optimisation of the exergy
efficiency and total system cost. Although numerous cogeneration DES concepts
utilising single and multiple prime movers have been extensively proposed by
previous researchers, the primary energy utilisation of this DES concept could be
enhanced if the waste heat is recovered to produc e additional energy vectors such

as cooling

2.2.3. Tri-generation decentralised energy system
In a more complex concept of DES, several energy system components are
integrated to simultaneously generate cooling, heating and power. The tri-
generation of energy vectors is achieved in a combined cooling, heating and power
(CCHP) system. Here, a fraction of the waste heat from the prime mover is deployed

to fire a waste heat boiler to produce hot water and the remainder is sent to a
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thermal chiller, to produce cooling. By this arrangement, technical, economic and
environmental benefits are realised in the form of improved energy and exergy
efficiencies, savings in primary energy and redictions in emission, respectively [88].
Several CCHP system concepts have been proposed in the literature which are

driven by different p rime movers.

2.2.3.1. Single prime mover tri-generation system
The initial efforts to develop a tri -generation system mainly focused on systems
deploying one prime mover to drive the simultaneous generation of cooling, heating
and power as depicted in Fig.2-4. It is seen thatan ICE serves as the sole prime mover
in this tri-generation concept to provide electric power. Also, waste heat is
recovered from the exhaust gas to produce cooling in an ejector refrigeration
system, while additional waste heat is extracted from the water jacket of the engine
to produce domestic hot water. The review of the studies of tri -generation systems
formulated based on this concept is presented. Javan et al.[138] analysed the
performance of the micro-CCHP proposed in Fig. 2-4. Also, they tested different

working fluids for the opera tion of the ORC and found R11 as the best refrigerant.
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Fig. 2-4. Schematic of a tri-generation system driven by an internal combustion
engine to co-produce cooling, heating and power [138]
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Chahartaghi and Sheykhi[56] compared the energy, exergy, environmental and
economic performance of a Stirling engine driven CCHP system working with
hydrogen and helium gases. They formulated models to assess the primary energy
savings (PES), C@emissions reduction (CO2ER) and fuel consumption reduction of
the system compared with traditional separate cooling, heating, and power (SCHP)
systems. It was observed that the proposed CCHP performed better than the
conventional separate cooling, heating and power systems especially at low and
medium speeds of rotation of the prime mover and for the engine working with

hydrogen gas.

Rokni [139] evaluated the feasibility of deploying municipal solid waste (MSW) to
power a tri -generation system. In thissystem configuration, syngas is produced from
the gasification of the MSW to drive the generation of electricity in the SOFC plant
Also, the wage heat from the SOFC is recovered for cooling generation in a thermal
chiller and for domestic heating. The authors obtained an efficiency of 74.5% for the
base case and 86.8% for the optimised system.Additional results show that the
electrical efficiency of the proposed system increases by increasing the moisture

content of the MSW fuel.

Similarly, Chahartaghi et al. [57] modelled a CCHP energy system comprising two
beta-type ST, a single effect absorption chiller and a domestic water heater. They
investigated the PESand COz ERof the system as a function of some of the operating
and geometrical parameters of the engine. It was observed that PESand CO; ER
were enhanced by 29.47% and 36.22%, respectivelgompared with the conventional

separate energy generation systems.

Braimakis and Karelas[140]investigated the performance of an ORC driven DES that
switches from tri -generation mode in winter to cogeneration mode in summer. In
addition, the DES utilises a combination of biomass boiler and parabolic trough
collector (PTC) as the primary energy for powering the prime mover. The authors
examined the impact of the waste heat recuperation and superheating of the
working fluid on the performance of the system and noted that it does not yield a
significant increase in the systemU &fficiency. Karami and Sayyaadi[141]Jevaluated

the techno-enviro-economic performance of a Stirling engine driven CCHP system
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in four different locations with distinct climatic conditions. They disclosed cost
savings in most locations usirg the proposed system, with the exception of one

location characterised by extremely hot and humid weather.

Ebrahimi and Derakshan [142] presented a CCHP energy system concept that
utilised the proton exchange membrane fuel cell (PEM FC) as the prime mover. The
waste heat from the PEM FC is recovered by a heat recovery boiler and thermo
electric cooler to improve the primary energy utilisation. They conducted energy
and exergy audit of the system and obtained overall efficiency andPESof 76.94%
and 43.25%, respectively. Alsoit was found that exergy is destroyed predominantly

in the fuel cell and system exergy efficiency 0f53.86%was reported .

Charhartaghi and Kharkashi[143 modelled a micro-CCHP that deployed a PEMFC
as the prime mover. Further, an absorption chiller and water heater were deployed
for combined generation of cooling and heating, respectively. The authors obtained
energy, exergy and fuel energy saving ratie of 81.55%, 54.55% and 45%, respegtly
from the numerical investigation. Kaldehi et al. [144] modelled an alphatype ST
driven small scale CCHP systemfor residential sectors of different climates. Also,
the authors determined the optimum size of the system in the electrical and thermal
load following modes and based on the overall efficiency. They obtained overall
efficiency of 54% from the tri-generation system and 40% reduction in CQO

emissions.

Mago [145]investigated the performance of a biomass fuel energised CCHPdriven
by a ST operating at constant efficiency, and meeting constant thermal heat load. It
was reported that about 50% cost savingscould be achieved with the system when
using wood chips compared with using natural gas. Ebrahimi [146] examined the
potentials in deploying a natural gas fired GT for combined production of cooling,
heating, and power and realised more than 30% savings in the primary energy

compared with a GT only system.

2.2.3.2. Multiple prime movers tri-generation system
In the recent designs of tri -generation DES, two or more prime movers have been
deployed to increase the power generation and consequently, improve the electrical

efficiency of the system. Here, the waste heat from the topping cycle is recovered
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to power the bottoming cycle. Fig.2-5 depicts a tri-generation system that runs on
a singleprimary energy to produce combined power f rom a molten-carbonate fuel
cell (MCFQ), ST and GT As Fig. 2-5 indicates, natural gas is the input fuel to this
energy system. It issteam-cracked to produce the hydrogen fuel required in the
MCFC, while the other by-products are combusted in the combustor with the
oxygen produced from the cathode of the MCFC, to produce the flue that drives the
GT. The waste heat produced from the MCFC powers the heater of the ST, whereas
additional waste heat is recovered from the ST cooler to produce cooling in a
thermal chiller . Finally,steam is produced for domestic heating from the waste flue
before going to stack. This tri-generation concept has been modelled by a few

authors in the literature.
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Fig. 2-5. Schematic of a typical tri-generation system deploying multiple prime
movers to produ ce cooling, heating and power[147]

Mehrpooya and Ansarinasab[147]performed the exergy audit of the novel CCHP
system shown inFig.2-5. The autho©®?2 | | =¥z «~{ YY~f y| o8] ¥{ ¥«
the avoidable and unavoidable exergy destruction and recommended three

strategies to decrease the system inefficient cost rate.

Al-sulaiman et al.[148] performed an exergy-based analysis of a dual prime mover

fired micro -CCHP system.This study deployed the SOFC as themain prime mover
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of the DES whereas the ORC powered by recovered waste heat serves asa
bottoming cycle. Additional waste heat is recovered from the ORC to drive the
heating and cooling systems.It was found that an overal efficiency of 74% can be
achievedin this tri -generation system compared with an electrical efficiency of 46%
obtained for t he combined SOFC and ORC systemMehrpooya et al.[149]conducted
an energy and exergy audit of a CCHP system powered by aMCFC in combined
power generation with a ST bottoming cycle. It was reported that the highest exergy
destruction was observed in the combustor , while electrical and overall efficiencies

of 42.28% ard 71.71%, respectivelwere recorded .

It is clear that significant improvements in the technical, economic and
environmental metrics are achieved with this DES concept Nonetheless, the
obtained results particularly of the exergy efficiency suggest that further
improvements in the system performance is plausible, and this could be realisedby

minimising the avoidable exergydestruction.

2.2.4. Multi-carrier d ecentralised energy system
The latest trend in decentralised energy systems is the concept of a multi-carrier
energy system. This emerging energy systemconcept that is capable of producing
many energy vectors and other useful goodshas been definedin Section 1.2Fig.2-6
represents a multi-carrier DESthat utilises solar energy to produce cooling, heating,
power, hydrogen, fresh water and hot water [150] As Fig. 2-6 illustrates, a
combination of solar PV/T and solar collectors were deployed to harvest the thermal
energy to deployed to drive the production of electricity and cooling on one hand,
and on the other hand, the production of electricity, fresh water, hot water and
hydrogen. Multi-carrier energy systems unarguably, further enhances the utilisation
of the available energy and would result in reduced exergy destruction. Similar DES

system concepts have been previously studied and are presented heein.

Ahmadi et al.[150]proposed the multi -carrier DES system concept described in Fig.
2-6 and developed thermodynamic models of the subsystems of the DES to conduct
its energy and exergy audis. They alsoconducted the design optimisation of the

system and found a maximum exergy efficiency of 60%.
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Fig.2-6. Schematic of renewable-based multi-carrier energy system for generating
heating, cooling, power, hydrogen, fresh water and hot water [150]

Mehrpooya and Mohammadi [151]proposed a multi-carrier DES that extracts
thermal energy from a geothermal source, to drive a steam turbine. The expanded
steam supplies the heat input to the vapour generator of the Kalina cycle; to co-
produce power and cold energy and to the hot water boiler. The proposed system
integrates a reverse osmosis water desalinator. They conducted parametric studies
of the system and observed that higher temperature difference in the vapour

generator r aises the exergy efficiency of the system.

Boyaghchi and Safari[70] formulated a new DES concept that deploys a geothermal
source and LNG as the heat and cold energy sources, respectively, to produce
cooling, heating, power and hydrogen. An ORC serves as the pne mover in this
multi -carrier system design to produce electricity, while a PEM electrolyser will
produce hydrogen and the cooling is produced from the LNG. They conducted multi-
objective optimisation of the system to improve its performance and observed

improvements in the avoidable cost rate by 17.4% compared to the base case.

Ahmadi et al. [152] carried out an energy, exergy and environment based multi

objective opti misation of an integrated DES.This study integrated a micro -turbine,

PEM electrolyser, ejector refrigeration cycle, absorption chiller, dual pressure heat
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recovery steam generator and domestic water boiler to produce power, heating,
cooling, hot water and hydrogen. The authors also performed parametric studies to
investigate the effect of key parameters on the systems performance and found that
an increase in the steamturbine isentropic efficiency , results in a corresponding

increase in the exergy efficiency.

Agnewet al. [62] developed a new multi-carrier DES concept that utilises a solar PTC
powered ORC to produce cooling, heating, power and fresh water. In the absence of
solar power, abiomass burner is deployed to supply the heatinput to the ORC, while
the working fluid of the O RCpowers the absorption chiller and desalination plant in
a condenser/evaporator arrang ement. They formulated thermodynamic models to
conduct the energy and exergy analyses of the proposed systemlt was found that
the proposed system configuration yields an exergy efficiency of 41.7% while
additional results highlight that the solar collectors are the most inefficient energy

components in the system.

Nonetheless, while significant improvements in the technical and economic
performance of multi-carrier energy systems are noticeable, the fact that some of
these systems deploy fossil fuel pavered prime movers affect their environmental

performance. Hence, the need to formulate new system concepts that will reduce

the emissions from the aforementioned DES configurations.

2.2.5. HRES integrated cecentralised energy systems
The other concept being deployed to achieve a remarkable reduction in the GHG
emissions of DES is theutilisation of HRES to supply primarily theelectricity need of
the consumers. Then, a backup driven by thermal energy from green energy
sources or fossil fuel is deployed to produc e the complementary energy vectors and
other useful goods. This energy system is called a HRES integrated DES armaduld be
a HRESCCHP, HRESCCPor HRESCHP DES concep{101]It is expected that by this
integration, the need to deploy fossil fuels to augment the reliability of DES will be
minimised. However, the unpredictability of most renewable energy resources may

pose new challenges in the control and management of the system.

Fig.2-7 represents a hybrid wind and solar system integrated into a CHP plant and

designed to produce energy vectors such as cooling, heating and power and other
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goods such asclean water, wood chips and ice blocks. Mazzola et al.[37] proposed
the multi-good DES concept that is illustrated in Fig. 2-7. They formulated
mathematical models to optimise the operation of this complex integrated DES and

conducted hourly simulation of the operation of the system.
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Fig. 2-7. Schematic of HRES integrated @centralised energy systems producing
many different goods [37].

Bracco et al. [153] formulated mathematical models to optimise the real-time
operation of a HRESintegrated DES comprising PV, CSRiriven ST, MT, absorption
chiller, electric vehicles and many forms of energy storage devices. Tley also built a
test-bed in the university of Genova Savona campus in Spain to validate the
developed models and study the behaviour of the DES. It was observed that the
emissions and operational costs of the HRES integrated DES reduced after its
optimisation . The authors recommended further work s on the decentralisation of
the control architecture of the DES . However, HRES integrated DES concepts have
only been proposed by a few researchers and will require further studies to obtain

deeper insights into its technical, economic and environmental performance.
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2.3. Modelling and simulation of decentralised energy systems

The modelling of decentralised energy systems is pivotal to the design and
optimisation of the system. Modelling supports the detailed understanding of the
behaviour of energy systems andcomponents when in operation and is an important
tool in decision making [39]. However, a modelling effort is rated by the accuracy of
the model and the amount of resources it consumes, which isan estimation of the
complexity of the model. It is, therefore, important to ensure areasonable trade -off
in the accuracy and complexity of a developed model. Several efforts have been
made to develop accurate models to predict the perfor mance of the components of
DES in the literature. These efforts are either experimental or theoretical and have
been useful in understanding the characteristics of system components and
studying their behaviour. In the following subsections, a review of malelling efforts
undertaken on HRES components, prime movers, and other subsystems of DES are

presented.

2.3.1. Hybrid r enewable energy systems modelling
Several models have been developed to simulate the performance of renewable
energy generators in literature. Bhandari et al [39] reviewed the mathematical
modelling of HRES systems and presentednodels for simulating the generation and
storage of power in the WT, PV and lattery storage. By treating the PV array as a
single-diode and double-diode containing several cells connected in series and
parallel, the authors formulated a model for predicting the characteristics of a PV
module. The ambient temperature and solar irradiation are the main input variables
required by this model. Fig.2-8 presents the predicted results from the PV model
developed in this work and it shows the variation of the PV cellcurrent , voltage and

power for different solar irradiation.

Also, the authors presented a model based on the rated power of a wind turbine that
can be used to simulate its power generation. This model depends on the cutin
speed, cut-out speed and rated speed of the turbine as well as the wind speed and
Weibull shape factor in the test location to simulate the turbine power. Finally, they
presented models of the battery required to determine its storage capacity,

charging and discharging time and predict the available energy in the battery.
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Fig.2-8. Solar cell model predicted results of (a) current against voltage and (b)
power against voltage.

Dufo-lopez et al. [80] compared different models deployed in HRES simulationsfor
predicting the life of a lead-acid battery. In this study, the weighted Ah (Ampere
hour), Schiffer, KiBaM and simplified Copetti models which estimate the voltage and
state of charge (SOC) of batteries were compared. Additionally, three battery ageing
models were compared and they found that the Schiffer weighted Ah model
predict s the battery life more accurately. Dufo-lopez et al. [154] improved the
prediction accuracy of the Ah battery ageing model by coupling the battery stress
factor based on the operational environment into the original model. With this
model, the effects of degradation and corrosion on battery capacity over the battery

life can be evaluated accurately.
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2.3.2. Modelling of prime movers of decentralised energy systems
In Section 2.2, the prime movers that have been deployed to drive DES were
discussed. Considering the technological readiness level (TRL) emissions reduction,
safety issuesand the temperature of the heat sink, the ST and ORC are the nost
promising prime movers for application in DES. Therefore, this review will focus on

the efforts made to model the ST and ORC in the literature.

2.3.2.1. Thermodynamic modelling of the Stirling engine
Although the invention of the Stirling engine occurred in 1816 by Robert Stirling[155]
the study and subsequent unveiling of the thermodynamic principles guiding its
operation was undertaken several decades later[51] Fig.2-9 represents the working
cycle of the ST reported by Poruba and Podesva[156] AsFig.2-9 indicates, the main
components of the engine are the regenerator, cooler, heater, transfer piston,
power (working) piston, compression and expansion cylinders, and the drive
mechanism. This engine is similar to the Carnot engine, as it operates between two

heat sources: a heat source and a heat sink.
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Fig.2-9. Working cycles of an ideal Stirling engine presented on a thermodynamic
plane [156]

In theory, an ideal ST is expected to deliver the maximum possible thermodynamic
efficiency for a heat engine[51K[53], [157] However, this feat is impracticable due to
design imperfections and other irreversibilities. By comparison to the Diesel and
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Otto engines, the ST is an external combustion engine, and as a result, has the
advantage of being able to utilse many energy sources includingbiomass, fossil fuels,

solar energy, and geothermalsources [36], [51¥[53].

Wang et al. [158]reviewed ST for recovering low and moderate temperature heat
energy. According to these authors, ST are classified based on the arrangement of
the pistons and the drive systems. Based on the arrangement of pistons, hey can be
alpha, beta or gammatypes ST. On the other hand, based on the drive system, §
are broadly classified as kinematic, thermo-acoustic, free piston and liquid piston
types. Kinematic ST are driven by kinetic drive systems such as the crank-slider
mechanism (see the examples in Fig. 2-10), while thermo -acoustic types operate
based on the principle of wave motion and are also called acoustic wave drive system
ST [158] Free piston and liquid piston ST are driven by piston-spring mechanisms
and liquid columns, respectively. It was recommended to utilise the low temperatu re
difference (LTD) beta-type ST with a kinematic drive mechanism for harvesting

electrical energy from biomass sources.

(b) (c)

Fig.2-10 The Stirling engine configurations (a) " x type with crank drive (b) i xtype
with crank drive (c) * xtype with crank drive (d ) i x type with rhombic drive and (e)

h x type with Ross yoke drive[159]

Prior to the design of a ST, the thermal model capable of predicting its performance
must be developed. So far, the thermal analysis of ST ha been undertaken using

empirical, analytical and numerical models [160] Furthermore, based on the depth
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classified as zeroorder, first -order, second-order, third -order and fourth -order
models [161%[163] In the zero-order modelling of the ST, the engine performance is
determined empirically by considering the overall size of the engine, whilst the first -
order models are mainly closed form analytical models [162] The second, third and
fourth -order models on the other hand, are numerical models with increasing level

of accuracy respectively, but requiring much computing time [163]

Since the first attempt was made to develop a first-order model to predict the
performance of the ST by Schmidt in 187]155] several other endeavours have been
explored « | a80O©! -{ |'¥ iy~o z«U2 o! zdvdopediarg
majorly of the second-order, where pressure drop, thermal losses, hysteresis losses
and shuttle losses in the engine components are accounted for, whilst treating the

thermodynamic processes as ideal processes[157]

2.3.2.1.1. Zero-order Stirling engine models

The preliminary design of ST has been undertaken using zero-order models.
Wongwises and Kongtragool[164]compared the correlations for determining the

power produced by the gamma-type low temperat ure differential (LTD) ST. They
y!I ¥y E£-z{z «~w« «~{ iy~m z«U2 w¥z m{?2«
to the combination of the Beale number and mean pressure formula. The authors
recommended the mean pressure formula for the quick design of the gamma type
ST, to determine its power output. In the literature , several other zero-order models
of the ST have been presented [159], [164§[167] These authors deployed
dimensionless numbers [165] and other empirical correlations to predict the
performance of ST, mainly as a function of some of the operating variablesof the
engine including, cycle mean pressure, piston displacement volume, temperature

ratio and the speed of the engine.

The predicted results were useful in estimating the power output and first Law
(thermal) efficiency of the experimental engine, for the range of operating
parameters defined in developing the models. RegardEess, the zero-order models
developed in the literature over -predicts the performance of the experimental

engine. Hence, these models are only suitable for the quick design of $ [164] Other
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limitations of the zero-order model s are its inability to describe the detailed
processes occurring in the engine, and relate the geometrical parameters of the

engine to its performance.

2.3.2.1.2. First-order Stirling engine models
Several analytical models have been developed in the literature to predict the
performance of ST. Schmidt [168] pioneered the formulat ion of analytical models for
simulating the behaviour of the ST, based on isothermal analysis He assumed
isothermal conditions for the thermodynamic work processes in the engine. The
Schmidt model could reveal the overall pressure in the main components of the
engine. Nonetheless, it overestimated the performance of the prototype engine (by
30 x 60%), since isothermal processes can only be achieved in practice using an

infinite heat transfer surface.

Martini  [169] improved on the Schmidt model by coupling the internal
irreversibilities in the regenerator and other heat exchangers, to the isothermal
model. This model accounted for the imperfect regeneration and some of the heat
losses in the engine. Other resarchers deployed modelling tools based on classical
thermodynamics, such as the finite-time thermodynamics (FTT) [170], [1713nd the
finite-speed thermodynamics (FST) [172k[176] to model the time -invariant
performance of ST. The FST modelling approach gave better results than the FTT
approach and this is because both internal and external irreversibilities were

considered in the former while the latter only conside red external irreversibilities.

Although analytical models for predicting the performance of ST are usually easy to
implement, reducing the complexity and the computational costs associated with
higher order models [177] these models accuracy are limted because of the
assumed isothermal processes. In addition, analytical models do not relate the
{¥} ¥{ U2 wow ¥ z/{isthprial gedoonancé mefri®? « |

2.3.2.1.3. Non-ideal Stirling engine second-order models
Second-order modelling approach of ST was deployed for the first time by
Finkelstein [66], based on isentropic work processes in the compression and
expansion spaces of the engine. Urieli and Berchowitz [65] pioneered the
development of a computer based code to implement the numerical solutions of the
39
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Finkelstein adiabatic model. They further improved on the Finkelstein model by

accounting for some irreversibilities in the engine, in what is called the Simple

analysis. They divided the engine into five main control volumes(see, Fig.2-11and

Fig.2-12 and conducted a mass and energy balance at the ingress and egress of
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geometrical parameters and the physical properties of the in ternal gas to its thermal

performance indicators, were solved using the fourth -order Runge-Kutta numerical

scheme.
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Fig.2-11 Stirling engine control volumes [157]
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Fig. 2-12 Schematic diagram of the beta-type Stirling engine with rhombic drive

mechanism [157]
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Table 2-2. Improved second-order models of the Stirling engine.

Chapter 2

Author(s) Model Losses considered Experimental engine Key findings

type Heat losses Work losses
Timoumi et al. Adiabatic Considered losses due to Spring hysteresis 3 kW beta-type Model prediction accuracy
[178] energy dissipation, external losses. GPU-3 engine. of engine thermal

and internal conduction,

shuttle effect.

Cheng et al. Numerical Heat loss due to imperfect ~ Work loss due to 0.3 kW betatype
[179] regeneration. pressure drop inthe  engine
heat exchangers and

forced shaft work.

41

efficiency improved by
39.5% compared to Ref.
[65] but over predicted

experimental data by 35 %.

Numerical model
predicted the engine @
shaft power by 1220%
more than the
experimental results,
whilst the thermal
efficiency of the engine
obtained from the

numerical model was 4.2%



Alfarawi et al. Non-
[180] adiabatic
Babaelahiand  Non-
Sayyaadi[181] adiabatic

Babaelahi and Polytropic
Sayyaadi[67]

Considered losses due to
shuttle effect, conduction
in the heat exchangers, and

imperfect regenera tion.

Coupled the shuttle heat
loss and longitudinal
conduction through the
wall of the regenerator into
the thermal model and
were accounted for at the

end of each cycle.

Considered the effect of
heat leakage from

expansion to compression

Accounted for
pressure drop and
forced work in the

piston losses.

Considered work
losses due to mass
leakage into the
buffer space,
variation in the
working pressure
around the piston
and mechanical

friction .

Finite speed losses in
the piston, pressure

drop in the heat

42

Gammatype

engine.

3 kW beta-type
GPU-3 engine.

3 kW beta-type
GPU-3 engine.

Chapter 2

higher than that of the

latter.

Model over predicted the
{¥} ¥{ U2 8! ®{
efficiency by 15%, although
this value varied, as
expected with the hot end

(heater) temperature

Model predicts output
power and efficiency of
the experimental engine as
a difference of 20.7% and

7.1%respectively.

Reported errors as a
difference of 14.34% and
3.14% in predicting the



Babaelahi and Polytropic

Sayyaadi[182]

Sayyad and
Ghasemi[183]

Polytropic

spaces, shuttle hea losses
and non-ideal heat
recovery of the

regenerator.

In addition to the losses
considered in [67], the
polytropic heat losses from
the expansion and
compression spaces were
coupled to the energy
balance equations of those

spaces.

Coupled losses due to non
ideal regeneration to the

thermal model.

exchangers and mass
leakage from the
working space to the

buffer space.

Finite speed losses in 3 kW beta-type

the piston, pressure GPU3 engine.
drop in the heat

exchangers and mass

leakage from the

working space to the

buffer space.

Effect of inertia losses, 3 kW beta-type

finite speed losses, GPU-3 engine.
pressure drop in heat

exchangers, and

mechanical friction

losses.
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power output and the
energetic efficiency of the
experimental engine,

respectively.

Prediction error s of 3.42%
and 8.30% were obtained
from the model for the
thermal efficiency and

power, respectively.

-4.03% and-14.88%
prediction errors in the
thermal efficiency and
indicated power is

obtained.



Araoz et al.
[184]

Li et al.[68]

Adiabatic

Polytropic

Accounted for losses due to
axial conduction, shuttle
heat transfer and imperfect

heat regeneration.

Coupled shuttle heat loss
into the thermal model and
accounted for regenerator
imperfection and
conduction losses at every

time step.

Pressure drop in the 7.5 kW GPU3

flow processes and Stirling engine.
forced compression and

expansion losses.

Coupled work loss due 3 kW beta-type
to mass leakage into the GPU-3 engine
buffer space to the

thermal model and

accounted for finite

speed loss of piston,

mechanical friction loss,

and spring hysteresis

loss at every time step.

Chapter 2

Found that at higher
temperatures,
intermediate and low
pressure levels,the model
predicted better results
than the fourth order LeRC

model.

Model predicts the thermal
efficiency and indicated
power of the engine to an
accuracy of -2.6% and

3.78%, respectively.
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Some remarkable efforts have been made to improve on the prediction accuracy of
the Urieli and Berchowitz [65] model by accounting for additional losses in the
engine [67], [68], [178%[184] Table 2-2 presents some of the recently improved
models developed to predict the performance of different S T types. However, in
most of these models, the losses in the engine were accounted for at the end of the
numerical integration. Unfortunately, the losses in the engine affect the conditions
of the working fuild and need to be coupled to the governing equations in an
interactive manner. By so doing, the model would accurately reveal the working
conditions of the fluid in the engine and this may lead to the improvement in its
prediction accuracy. Therefore, a comprehensive modelling effort is required to

couple first and second category loss effects to the mass and energy conservation

equations applied to the main working volumes of the engine.

2.3.2.1.4. Third and fourth -order Stirling models
The second-order ST model is suitable for conducting parametric studies on the
engine; however they do not give detailed information of the thermal and flow fields
in the engine. In particular, these models do not reveal the velocity, temperature,
density and pressure profiles of the working fluid, at a discrete level in the control

volumes of the engine[64].

To fully understand the flow behaviour in the working spaces of the engine, third and
fourth -order modelling approac hes are usually deployed. Thirdorder modelling
involves formulating the partial differential equations that govern the operation of
the engine, based on mass, momentum, and energy balances of the different control
volumes [162] Toghyani et al.[185]deployed a third-order model to determine the
optimal heat source temperature, frequency, engine stroke and mean effective
pressure of the GPU-3 ST, that would yield the maximum power output and thermal
efficiency. They found the best results from the Pareto set by deploying the fuzzy
logic decision making method. This model, however, did not yield better resu Its than
the existing adiabatic models. This is because the authors ovesimplified the

complex processes in the engine tooptimise the computing speed.

On the other hand, fourth -order modelling involves deploying a 3-D CFD technique
to solve the complex flow problems taking place in the engine at every node of the
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mesh generated. Marek and Jan[186]deployed a dynamic mesh to map the various
volumes of the ST in a 3D CFD modelling study. Theauthors compared the results
of the adiabatic models to that obtained from the fourth -order modelling approach.
It was concluded that the second-order models are better for the design and

optimisation of the engine because of the shorter computational tim e.

Mohammadi and Jafarian[187]deployed an open source CFD software (OpenFoam),
to investigate the impact of hydrodynamic losses, on the performance of the ST.
i ~{° ©{§!'©«{z w¥ {©0'© !| GKDGK; ¥
output. Mokheilmer et al. [188]performed CFD modelling of a beta-type ST without
a regenerator (to simplify the flow problem) and compared the performance of
three different working fluids for the engine. It was found that the engine working
with hydrogen performs better than the other wo rking fluids based on the power

generation and thermal efficiency.

Similarly, Ben-Mansour and Abuelyamen[189] conducted CFD modelling of alpha-
type, beta-type and gammatype ST without a regenerator. The authors also
compared the thermal efficiency and power produced from each of these S T types.
They validated the predicted results against experimental data and observed a
prediction error of 8.1% in the indicated engine power. Further results reveal the
gamma-type ST hasthe best performance. Several other recent studies, where the
thermal modelling of different configurations of S T using the 3D CFD approach

were implemented have been reported [190]x[192]

Although the 3-D CFD analysis provide more insight about the flow fields in the
engine, and the distribution of the losses, results obtained from this approach were
not significantly better than that of existing second-order models. This was
attributed to the difficulty in representing the complex processes in the ST, in aCFD
model. Moreover, CFD analyse consume so much computing time compared to

second-order numerica | analyses.

2.3.3. Modelling the organic Rankine cycle engine

The ORC has become an incredibly attractive technology for harvesting waste heat.

Some of the factors responsible for the increased utilisation of the ORC engines for

waste heat recovery include, its simplicity, improved efficiency, ease of adopting
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already existing components used in similar cycles in its operation and the wide
choice of operating conditions, cycles, heat source and working fluids [93], [94], [97],
[99], [100], [193], [194Unlike the Rankine steam cycle, theODRC utilises organic fluids
with lower thermal retention capacity as its working fluid, making it ideal for low
grade waste heat recovery. While the ORC plants have been in use for a long time,
the first practical attempt to fire an ORC using the exhaust waste heat from an IC

engine only began after the energy crisis in 1970$96], [193], [194]

The ORC has similar conponents and thermodynamic cycles as the well-developed
steam Rankine cycle.However, it operates at much lower temperatures typically
between 373 K and 673 K, in contrast to the Rankine steam cycle that operates at
temperatures above 673 K [195] Its main components include the evaporator,
condenser, refrigerant pump and expander while the thermodynam ic processes are
two isobaric processes of heat addition and rejection in the heat exchangers and

two isentropic work proc esses as seen irFig.2-13

Evaporator 5 I
Expander
_.__S
Heat | 4
source 3
Regenerator 3 % é .
2 8 Cooling
| medium
Pump z""—
[Condenser s

1

Fig.2-13 Schematic of a typical organic Rankine cycle and its T s (temperature -
entropy) diagram [195]

The analytical models of the engine are developed based on the first and second
laws of thermodynamics [93], [196] In this case, energy and exergy audits are
conducted at the inlet and outlet of each of the main components, to determine the

work rate and the efficiencie s. Numerical modelling of the ORC using 3D CFD

analysishas been undertaken. Some pilot scale ORCs have been built to undertake
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performance [193], [197]However, for detailed design analysis, heat, mass and
hydrodynamic principle s are employed to model the components of the engine [93],
[194], [198] Several studies in the literature have been dedicated to a range of
aspects of the design of ORC enginesbased on the developed models such asthe

selection of a suitable working fluid, parametric optimisation and cycle modification.

The choice of working fluids for application in an ORC engineis a very important
topic that has been attracting significant attention from researchers. Asit appears
there is no consensus on a specific refrigerant suitable for all design and operating
conditions of an ORC, studies are still being undertaken to compare the
performance of several working fluids. Generally speaking, an ideal working fluid
should meet the following conditions: (i) high thermodynamic performance; (ii)

environmentally benign; (iii) safe; and (iv) be chemically stable [100] The working
fluids used in ORC are mainly categorised based on their state after the expansion
process as dry, isentropic and wet, or by the cycle it is employed, as supercritical,

critical and subcritical [99].

Kolsch and Radulovid99] compared the performance of a DG exhaust gas fired ORC
using toluene (dry), methanol (wet) and solkather m (mixed) as working fluids. The
power output, efficiency and heat exchanger surface area were compared for all the
working fluids considered. Toluene has been reported to give better results for the
power output at the operating temperatures and pressures of the system, whereas
methanol yielded higher efficiencies and lower surface area[99]. On the other hand,
solkatherm performed poorly in most cases, although its performance was
independent of the temperature, making it a good choice for systems where the
heat load is prone to variation. They recommended methanol because of its high
performance and relative stability. However, methanol is a wetrefrigerant and can
be highly combustible. It is alsoinimical to the expansion device, as the production
of wet fluid after its expansion in the expander, may lead to the corrosion of this vital

component.

Shu et al. [193]conducted an experimental study to compare the performance of
R123 and R245fa in the operation of an ORC fired by heavy dufG. The thermal oil
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cycle working with di-benzyl - toluene (DBT) is employed to stabilise the exhaust
temperature from the heavy duty IC engine. They remarked that R245fa has a high
heat retention capability compared to R123, and may be suitable for lowand-
medium grade heat source whereas the latter will suffice at a high grade heat
source. In addition, they concluded that R245fais a stable refrigerant capable of

yielding very high efficiencies at a heat source temperature below 15 .

As a consequence of the good performance of R245fa revealed from these
comparative studies, and its interesting physical and chemical properties, it has
been adopted as the suitable working fluid of the ORC,by many researchers [197],
[199K[202]. Unfortunately, R245fa ras two major limitations: low decomposition
temperature (1673 ) and high global warming potential (GWP ~1000). This has been
triggering studies to find alternative refrigerants with similar performance
characteristics as R245fa, but with low to moderate GWP. One of such alternatives
is R1233zdstudied by Shengyunet al. [69] in their design of a dual-loop regenerative
CNG engine exhaust fired ORC plant. The numerical results suggest that the
performance of R245fa and R1233zd were comparable, although R245fa is slightly
more efficient while R1233zd has exceptionally low GWP. So far, the use of R1233zd
as working fluid has not received so much attention in the literature,

notwithstanding its very promising thermo -environmental characteristics .

2.4. Optimisation of decentralised energy systems

Generally speaking, two approaches have been adopted in theoptimisation of
decentralised energy systems in the literature. The first approach involves the
design optimisation of components and subsystems of the DES, while the other is
the parametric optimisation of the operation of the energy system [78]. A review of
the recent studies focusing on these aspects of DES optimisation has been carried

out and is presented in the next subsections.

2.4.1. Design optimisation of components and subsystems of DES
Design optimisation is undertaken at the design stage of the components and
subsystems of a DESto determine the optimum configuration of the system. It helps

to determine the optimum geometrical size, shape, number or arrange ment of the
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components to guarantee the best performance [78]. A considerable amount of
literature has been published on sizing of components and subsystems of DES.The

review of these studies are presented here.

2.4.1.1. Sizing optimisation of hybrid renewable energy systems
It has been mentioned in Section 2.2.1that the HRES integrate a few green energy
conversion technologies to generate electricity for fulfilling the local load demand.
Consequently, it is necessary to optimally determine the best HRES configuration
considering the available local resources, the weather data, the control strategies
and the load characteristics of the intended users. Historically, two generic
optimis ation approaches have beenextensivelyemployed in the design of HRESand
they are the traditional and artificial intelligence techniques [19] The former is
suitable for the design of HRES where weather data collected for a long-term for
the design location can be easily assessed105] On the other hand, the latter is
deployed where it is difficult to collect weather data over a longterm for a given
location, because of inaccessibility issues[105] Traditional optimisation methods
employed in micro-grids design are: graphical methods; linear programming;

iterative approac h; and the least square method[203].

In recent times, mimetic algorithms such as Genetic Algorithm (GA), Particle
Swarm Optimisation (PSO), Ant Colony Optimisation (ACO), Bogeography Based
Optimisation (BBO), Fruit Fly Optimisation (FFO), Grasshopper Optimisation
Algorithm (GOA), Multi-Objective Self-adaptive Differential Evolution (MOSaDE)
Artificial Bee Algorithm (ABC), and other heuristic tech niques including simulating
annealing, Artificial Neural Networks (ANN), have been deployed to size the
configuration of HRES[14], [15], [19], [34], [114],42Q205]. Further, the sizing of HRES
has been performed in the literature using single and multi-objective optimisation
approaches that are formulated based on technical, economic, environmental and
social considerations. Several sizing optimisations of HRES using single objective
functions have been studied [50], [118], [11910st single objective optimisation of
HRESInvolve the minimisation of the net present cost of the system and have been
performed in the literature with HOMER[206].
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Nonetheless, single objective optimisation of HRES can lead to the oversing of the
system, high cost of energy, excessive dumping, low reliability and renewable
energy penetration, and inefficient utilisation of the available resources [207].
Therefore, multi-objective optimisation of HRESis promising and guarantees that
an optimum system configuration that is reliable, cheap and produces reduced
emissions is found. Several objective functions based on economic, reliability and
environmental view-points have been formulated to conduct multi -objective
optimisation of HRES[75], [208]x[213] They are the loss of power supply probability
(LPSP), deficiency in power supply probability (DPSP), cost ofenergy (COE), life
cycle cost (LCC), annual total cost (ATC), levelised cost of energy (LCOE), net
present cost (NPC), human development index (HDI) and job creation (JC). Due to
the complexity, non-convex nature and nonlinearity of the mathematical model s
used to predict the performance of HRES components, and the many plausible
combinations of components and strategies, evolutionary algorithms have

popularly been deployed to size them [214], [215]

Multi-objective optimisation problems produce a set of non-dominated optimal
solutions called the Pareto frontier. Perera et al. [216]pioneered the integration of
multi -objective optimisation and multi -criterion decision making in the design of
HRES. With this integration,the best solution can be selected from the Pareto set,
based on the criteria set by the designer. Most authors have deployed multi -criteria
decision making tools such as the technique for order preference by similarity to
the ideal solution (TOPSIS) [216] linear programming technique for multi -
dimensional analysis of preference (LINMAPJ217]and fuzzy logic[218]in selecting

the best solution from the Pareto optimal set.

Table 2-3 presents a summary of some recent studies on the multi -objective sizing
optimisation of HRES performed in the literature. As Table 2-3 shows, several
objective functions and decision variables have been considered in the sizing of
HRES comprising different components. Additionally, it is evident that acombination
of evolutionary algorithm s and decision making tools have beendeployed in these
studies to obtain the best optimal HRES configuration. However, there are no
record s of sizing optimisation of a hybrid WT-PV and battery storage with split ST

or combined ST+ORC backup undertaken in the literature by simultaneously mini -
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Table 2-3. Some recent studies on multi-objective optimisatio n of HRES.

Author Optimisation  Decision making Objective function Decision variable
tool tool
Bukar et al.[219] GOA COEand DPSP Number of WT, PVin parallel
and autonomous days
Xu et al.[120] MOPSO LCOE and LPSP Number of PVand WT in

parallel, reservoir storage

capacity, hydro-turbine power

Belouda et al.[220] MOPSO Cost of system andLPSP Number of PV and battery in
parallel and WT

Sadeghi et al.[221] MOPSO LPSP and LCC Number of PV and battery in
parallel and WT

Barakat et al.[222] MOPSO LPSPand COE Number of PV and battery in
parallel and WT

Wu et al.[71] MOPSO TOPSIS COEand pollutions emissions Number of WT and battery in
parallel

Gonzalez et al[49] MOGA NPCand environmental Number of WT and PV area

impact
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Zhao et al.[72]

Dufo-lopez et al.[205]

Ramli et al.[223]

Al-masri et al. [77]

Sun [224]

Rathish et al.[225]

Fruit fly

MOEA

MOSaDE

Grey wolf

MOPSO

GA

Truncation

technique

TOPSIS

TOPSIS

ATCand pollutant emissions

System cost,HDI and JC

LPSP renewable fraction and
COE

LPSP, Total current cost and
GHG emissions

COE and pollutant emissions

NPC, unmet load, CQ

emissions

Chapter 2

Number of PV and battery in
parallel and WT

Number of PV, WT and battery
in parallel and types of PV, WT,
battery, inverter and diesel
generator

Number of PVin parallel and
WT and hour of operation of
biogas generator

Number of PV and battery in
parallel and WT

Number of PV and battery in
parallel and WT

Number of PV, WT and battery
in parallel and types of PV, WT,
battery, inverter and diesel

generator
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-mising the LPSP, LCOE and dumped power. Although previous studies have
considered the number and types of components as the decision variables for the
HRES sizingoptimisation, there is need for a comprehensive study that will include

the number of split of the ST and control strategy as some of the decision variables.

2.4.1.2. Design optimisation of other DES components

There havebeen some attempts in the literature to im prove on the performance of
the Stirling engine, by optimising the engi¥ { U2 8§ w © Wogy@ant ¢t @° [B3]
determined the optimum heat source temperature, stroke, mean effective pressure
and frequency of a beta-type ST that will yield improved efficiency, power output
and reduced pressure drop. Also, they employed theimproved non-dominated
sorting Pareto front GA (NSGAIl) to conduct the design optimisation of the engine
and selected the best solution from the Pareto front by deploying TOPSIS, LINMAP
and Fuzy logic decision making tools. It was found that the best optimal
configuration from the fuzzy logic tool selected a solution that increased the power

output and thermal efficiency of the engine by 600 W and 5.7%, respectively

Hooshanget al. [226] employed the so-called multi-layer perceptron (MLP) neural
networks to the multi -objective design optimisation of the ST and considered power
output and efficiency as the objective functions. The decision varaiables selectedn
this study are the phase angle, displacer stroke and working frequencyof the engine.
Timoumi et al. [178]recorded improvements in the thermal efficiency of the GPU -3

ST from 39% to 51% after optimising the geometric properties of the engine.

Ahmadi et al. [52] optimised the power output, thermal efficiency and pressure loss
of a solar powered ST based on eleven decision variables.By deploying the MOEA
and three multi-criteria decision making (MCDM) tools: fuzzy Bellman-Zadeh;
LINMAP and TOPSIS, the best optimum configuration was obtained. The optimised
engine doubles the power output and improves the efficiency marginally compared
to the original engine. They formulated a correlation for predicting the performance

of the optimised engine based on the Pareto optimal solution.

Duan et al.[51]optimised the power out, thermal efficiency and cycle irreversibil ity

ofthe STD WE2! B «{¥ ! | «~{ {¥} ¥{U2 }{'o{«©O vy
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decision variables and MOPSO was deployed toimplement the optimisation.
Further, the solution that is closest to the ideal solution from the Pareto front was
selected usingthe LINMAP decision making procedure The optimal results improve

the engine power output and thermal efficiency by 15% and 20%, respectively.

Patel et al. [227] conducted a many-objective thermodynamic optimisation of a ST
by employing the Multi-objective Heat Transfer Search (MOHTS) algorithm. They
proposed a four-objective function thermodynamic optimisation of the system that

considered the maximisation of the power output, system efficiency, ecological
function, and exergy efficiency. Also, the results obtained from four-objective
optimisation has been compared to that of two -objective optimisation and the
former case presented better results. It was concluded that the optimum system

configuration selected from the LINMAP and TOPSIS method were comparable.

Luo et al. [191]deployed a CFD model of the rhombic drive beta-type ST to
simultaneously maximise its thermal efficiency, power and minimise flow resistance
power. They selected the heat exchangers diameter and length, generator matrix
mesh and wire diameter as the engne parameters to be optimised. The differential
evolution, GA and adaptive simulated amealing were deployed in parallel, to
implement the solution to the optimisation problem. While three decision making
tools were explored to select the best solution from the optimal solution set . The
optimised results show the dead volume in the engine reduces with the optimisation
of the geometry of the heat exchangers. Hence, the thermal efficiencyof the original

engine rose by2% and power output by 80 W.

Hulin et al [228] optimised the operating and geometric parameters of the GPU-3
beta-ST including the temperature ratio, regenerator p orosity, swept volume ratio,
expansion phase angle advance, engine speed and pressurd hey adopted a quast
flow approach to analyse the flow processes in the heat exchangers of the engine.
An optimal regenerator porosity of 0.759 was obtained which is significantly higher

than the 0.697 regenerator porosity of the experimental engine.
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2.4.2. Parametric optimisation of d ecentralised energy systems
Unlike design optimisation, parametric optimisation of a DES is conducted to
optimise the operating conditions of the system [78]. In the literature, parametric
optimisation of subsystems and components of the DES havebeen undertaken. A

review of these studies is presented in this section.

2.4.2.1. Parametric optimisation of the ORC engine

The determination of optimal operating conditions for the operation of an ORC can
be conducted by optimising the system design and has been receiving significant
attention from researchers. Yang et al. [96] performed thermo -economic
optimisation of an IC engine exhaust gas fired ORC using MOEA. Firsthey
performed a parametric study to highlight the impact of the evaporation pressure,
superheat degree, condensation temperature and the exhaust temperature at the
{-w8! Ow« ] © | =« £{ « Jesbnomiederfofmarce. Xldo,Ubasedof thie~ ¥ |
developed models, they optimised these variables by deploying the GA and found
the optimum evaporation pressure to be in the range of 1.1- 2.1 MPa.lt was
concluded that the operating conditions of the DG has a strong impact on the

optimal performance regime of the bottoming cycle.

Delgado-Torres and Garcia-Rodriguez [229] optimised the design of a regenerative
ORC enginepowered by thermal energy from a solar collector. This study minimised
the aperture area of the solar collector while some operating conditions of the
engine as well as the types of working fluid selected served as the decision variables.
It was reported that the wet organic fluids yield higher values of the aperture area

compared to the dry fluids.

Shengjun et al [69] optimised the thermal efficiency, exergy efficiency, recovery
efficiency, heat exchanger area per unit power output and the levelised energy cost

of the sub and trans-critical ORC using different working fluids. They found different
optimal points for the working fluids and ORC operating cycles. In the sub-critical
cycle, the optimised thermal and exergy efficiencies are 11.1 % and 54.1%, respectively
and is obtained for R123It was concluded that R125 showed excellent economic and

environmental performance in the trans -critical cycle.

56



Chapter 2

2.4.2.2. Parametric optimisation of other decentralised energy systems
A considerable number of studies have been dedicated to the parametric
optimisation of different DES configurations. Ahmadi et al. [152] deployed the NSGA
Il to optimise the total cost rate and exergy efficiency of a multi-generation system.
The mathematical models for predicting the system performanc e were developed
based on the first and second laws of thermodynamics, while fifteen decision
variables were selected for the system optimisation. Also, asensitivity analysiswas
performed in this study to investigate the impact of the operating condition s of the
system on the optimal results. Based on the results obtained,it was concluded that
the heat recovery steam generator pressure has a positive impact on the system

exergy efficiency but affects the total cost rate negatively.

Fereira et al [128]optimised the geometrical and operational parameters of a solar
powered ST for micro -cogeneration of power and electricity with the pattern

search optimisation tool. These authors maximised the annual total worth of the
system and selected eight decision variables including the mean effective pressure
of the ST and its total volume. The optimal system configuration produces 3.65 kW
of electric power and 11.06 kW of thermal power and has an annual worthof 740

$lyear.

Ahmadi et al. [150] performed the multi-objective optimisation of a solar-based
multi -generation DES system using NSGAl. This study optimised the total cost rate
and the exergy efficiency of the system and selected nine decision variables
including the warm surface mass flow rate and evaporator pitch point temperature
difference. They obtained a maximum system exergy of 60% and cost rate of 154 $/h
and remarked that an incre ase in the pinch point results in a decrease in the exergy

efficiency and a reduction in the cost rate.

Boyaghchi and Safar{70] optimised the total avoidable exergy destruction rate, cost
rate and investment cost rate of a geothermal energy based quadruple energy
vector system. Also, seven decision variables including the geothermal mass flowrate
and turbine inlet pressure were selected. This study solved the optimisation
problem with the NSGAII and seleded the best solution from the P areto set by

deploying the LINMAP decision making tool. Results show an improvement in the
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total avoidable exergy destruction rate and exergy cost rate of 3.27 and 4.9 times the
base case while the investment cost rate is improved by 17.4% compared to the

base case.

Ghaebiet al [125]deployed GA to optimise the thermal efficiency, exergy efficiency
and sum unit cost of the product (SUCP) of a Kalina cycle integraed ejector
refrigerator CCP energy system. Further, they selected the evaporator pressure,
condenser pinch point, vapour generator pressure, heat source temperature,
ammonia concentration and expansion ratio as the decision variables. The optimal
results reveal that the thermal efficiency and SUCPcan be improved by 8.16% and
4.7 %, respectively, while the exergy efficiency is nearly doubled compared to the

base case.

2.5. Management of decentralised energy systems

Most decentralised energy systems integrate a number of dispatchable and non
dispatchable energy generating and storage units to fulfill the load demand of the
consumers. Consequently, an energy management system (EMS) is required to
efficiently coordinate the flow of energy through the generation and storage units
and its subsequent dispatch to satisfy the loads [73]. EMS are mainly deployed to
ensure the continuous supply of energy to the load, maximise the renewable energy
penetration, minimise the cost of energy, ensure components protection due to
overloading of the system and increase the stability of the energy system[73]. In the
literature, heuristic, fuzzy -logic based, evolution algorithm, unit commitment (UC)
problem based and smart tools have been proposed as EMS approaches for micre
grids [73], [74]

2.5.1. Heuristic energy management drategies

Traditionally, the load following (LF), circuit charging (CC) and peak shaving are the
popular heuristic energy management schemes deployed in dispatching power from

a hybrid renewable energy system (HRES)[34], [74], [81] These dispatch strategies
have been deployed extensively to manage the energy being produced by a HRES in
the literature [50], [75K[77]. The LF is characterised by the operation of a
dispatchable back-up power unit to follow the unmet load in a DES.Thus, ensuring
that the back-up operates below its rated capacity sometimes and that the battery
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is under-utilised [50]. The QC strategy on the other hand, ensures the backup is
operated at its rated capacity while meeting the unmet power in the system and that
the excess power produced is utilised in charging the battery. This strategy;
however, could lead to the frequent charging and discharging of the battery that is
inimical to the life of the battery [80] and even excessive dumping of power[76].
While the peak shaving strategy aploys the back-up to match the unmet power and
the battery is introduced to meet the transient load which could lead to over design

and excessive dumping of power[81]

Several attempts have been made to improve on the accuracy of the traditional
heuristic approaches of managing @DES Das and Zamar[82] proposed utilising the
LF or CC based onthe minimum operational cost at the time of deployment to match

the energy demand of a remote community in Bangladesh with the power generated
from a hybrid PV-battery and DG energy system.They found a reduction in the cost
of energy by deploying the combined dispatch strategy compared with the
traditional LF or CC modes. In another attempt, Ayodele et al.[83] modified the CC
mode by deploying 3-split diesel generators to back-up a HRES and found reductiors

in dumped power and the cost of energy of the system.

2.5.2. Unit commitment problem based e nergy management
Other attempts have been made to optimise the energy management of aDESby
treating it as a unit commitment problem and employing several ingenious
techniques to solve the resulting scheduling problem. Moradi et al. [210]deployed
the advanced dynamic programming (ADP) to solve the energy management
problem based on two dispatch policies for a DESthat hybridises WT-PV-DG-MT
and FC. The objective is to minimise the operational and emission costs of the
system, for a day ahead operation.The results show the systemU fotal cost and
emissions reduced drastically with the deployment of batter y storage systems.
Similarly, Parpergiougio and Silvente[230] examined the management of aDESthat
is generating electricity and heating to meet the demands of a household in the form
of UC scheduling problem. Also, they formulated a mixed integer linear

programming (MILP) model to minimise the system operational cost. It was found
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that the proposed EMS contribute d about 5% savings in the operational cost of the

system andresulted in a reduction in power purchases from the grid.

Mazzola et al.[37] applied the receding horizon optimisation to solve the MILP

formulated to manage the energy of a multi-good system, by minimising the cost of
operation of the system, based on the forecasted weather and demand data. The
obtained results reveal that 8.5% savings in operational cost could be achieved with
this approach compared with the CC approach. It was remarked that the observed

cost reductions in the proposed EMS approach becomes less significant with the
increase inthe errors in the weather forecast. Parisio et al.[104]formulated an MILP
with a day ahead forecast of the energy generation and demand to minimise the

operating cost of a DES

However, most of these studies considered only the energy management of the DES
without determining the optimal configuration of the system. The optima | system
configuration of a HRES in particular is strongly dependent on the energy
management system deployed and should be prioritised. Hence, Roshandel and
Forough [78] independently sized the components of a HRES that integrates PVWT,
battery storage and DG, by minimising the total life cost of the system. Then, they
applied the receding horizon to minimise the real time cost of operation of the
optimal system configuration. It was found that by increasing the length of the
prediction horizon, the penetration of renewable energy resources increases, and
as a consequence, the reliance on diesel generatos reduce. Although this approach
is an improvement over the previous studies, it is still lacking because the systent 2

energy management is not coupled to the sizing optimisation.

Thus, bi-level optimisation that couples the sizing optimisation and the systemU 2
energy management has been proposed. Li et al. [231] found the optimal
configuration and control strategy of a HRES that utilises battery and hydrogen
storage, by deploying a bilevel optimisation of the system. The GA has been
deployed to undertake the sizing of the components of the HRES in the outer-loop,
by minimising the cost of the system. Then, the operational cost of each candidate
optimal solution from the outer -loop, which serves as the objective function for the

MILP scheduling problem is minimised in the inner-loop by the receding horizon
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approach. This study compares the results obtained from the bi-level optimisation
to a rule-based system that prioritises dispatching hydrogen storage before the BSS.
The results indicate that the optimal system obtained from the MILP approach
lowers the energy cost compared to the rule-based system.Similarly, Rulloet al.[79]
proposed a bi-level sizing and energy management of a HREE&lowever, in this study,
both economic and reliability functions were simultaneously considered in the HRES

sizing optimisation performed in the outer -loop.

It is clear from the available literature that the unit commitment approach of DES

energy flow control and management is very promising and yields reduced
operational costs compared to the traditional rule -based approaches. However,it
consumes a lot of computational time and this may result in prolonged response
time of the system, consequently limiting its reliability. Further, the RHO approach
applied in the inner-loop in these studies to optimise the EMS, requires an
estimation of future production f rom the renewable energy resources. Thus, it is
difficult to implement in real -time operations especially for a multi-carrier DES,
because of the limitation of existing forecasting models to predict accurate long

term weather and energy demand data.

2.5.3. Fuzzylogic-based energy management
The fuzzy logic otherwise called rule-based EMS consumes less computational time
and is easier to implement than the UC approaches. They rely on the formulation of
some set of rules based on ifthen constructs that do not req uire complex
mathematical modelling to manage the system. Several studies have integrated the
rule-based EMS with the optimal sizing of the components of a HRES. In these
studies, some rules are formulated based on the experience of the designer to
managethe system, while key system control variables are optimised by deploying

memetic algorithms.

Dufo-lopez et al. [110]optimised the minimum state of charge of the battery,
minimum power output and critical power of the DGusing GAfor a HRES comprising
PV,WT, DGand BSS Bukar et al [219]proposed a rule-based strategy that deployed
four operational m odes to coordinate the power generation from a standalone

HRES and match it with the energy consumption. Sun et al.[224] initiated a
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methodology that operates by matching the charging time with the time of use of
the energy, to coordinate the charging of electric vehicles with grid power or power
generated from a HRES. Rouholamini and Mohammadiar{232] implemented the
energy management of a gridtied WT-P\-FC-electrolyser energy system with water
boiler and hydrogen storage in the form of a non-linear and constrained
optimisation problem and deployed well -known heuristic techniques to solve the

resulting problem .

Lu et al.[84] proposed two rule-based operational modes in the optimisation of the
dispatch of the energy generated from a WT-PV-DG-MT and vehicle to grid (V2G)
micro -grid. They minimised the operational cost and environmental protective costs
and found the optimum system configuration. Boukettaya and Kritchen [233]
formulate d a dynamic managemen strategy for a HRES based on grid power peak
limiting theory , where the grid load consumption must not exceed a previously
defined limit. This limit is determined based on the consumption history of the
customer and the variation in the electricity cost. Ayad et al. [118]optimised the
design and energy management of a standaloneWT and PV energy sysem by

deploying the so-called differential flatness approach.

Bracco et al.[153]developed a mathematical model to minimise the daily operational
cost of a smart micro-grid that will simultaneously supply electric power, cooling
and heating loads and charge even electric vehicles in a university campus in Spain.
The smart poly-generation micro-grid (SPM) is composed of CSP plants, MT,
absorption chillers, boilers, roof mounted PV and battery storage. Bhatti and Salam
[234] propo sed a rule-based energy management scheme to @timise the cost of
charging electric vehicles with power generated by a P\-battery system or supplied
by the grid with the goal to achieve a fixed energy price during the peak hours.
Ramadesigan and Bonkold235] developed a rule-based EMS to manage the energy
generated in a hybrid PV and battery storage system by deploying the maximum
power point tracking (MPPT) and SOC of the battery to regulate the power
generation and discharge from these sources. Nasri et al [236] deployed the energy
storage and energy recovery modes to manage the energy generation, consumption
and storage in a HRES comprising solar P\EC, electrolyser, hydrogen storage and

battery banks.
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2.6. Summary of the literature review and k nowledge gap

From the review of the literature, several very interesting insights on the concept
development, modelling, optimisation , and control of decentralised energy systems
have been revealed. Firstly, there is a comnsensus in the literature that models
(experimental or theoretical) are essential to understand the characteristics of the

components and subsystems of the DES and for their design and optimisation.
However, the need to ensure a good trade-off in the predic tion accuracy of a model
and its computational speed has been highlighted. In particular, the literature

obtains that although third and fourth -order model s of the ST provide detailed and
accurate information o n the hydro-thermal field in the engine,their implementation

consume too much computational resources.

Therefore, second-order thermal models of the ST with good prediction accuracy
and reasonable computational speed have been recommended for the design and
optimisation of the engine. Consequently, numerous studies have explored waysto
improve the prediction accuracy of the adiabatic models. However, in most of the
past studies, the losses in the engine were decoupled from the theoretical equations
describing the processes in the engine. Unfortunately, the losses in the engine
interact with the conditions of the fluid, necessitating their direct coupling to the
governing equations of the engine. Thus, in this study, a new approach that couples
the mass and heat leakages in the engine to the governinglifferential equations and
considers additional loss effects has beenexplored, to develop a prediction tool with

improved accuracy for simulating the performance of the engine.

Also, there are numerous studies on the sizing optimisation of HRES conducted in
the literature. In most of these studies, power curtailment and the use of fossil fuel
powered back-ups are some of the main issues affecting the cost, emissions and
reliability of the system. Nonetheless, the depoyment of split DG appears to be
promising to minimise the emissions, dumped power and cost of HRES with DG
back-up. The other plausible solution is the deployment of combined cycle back-up
to minimise fuel consumption and consequently reduce costs and emissions from
the system. Although a few studies deployed split DG to reduce the dumped power
and emissions from a HRES, there are no records of studies where a renewable sfit
solution, such as the splitST has been deployedas backup in a HRES. Moreover, the
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issue of excessive power dumping,especially for standalone HRES can be mitigated
at the design stage of the system, by including dumped power as one of the objective
functions. Further, there are no records of studies that proposed the deployment
of a biomass powered ST+ORC backup to augment the reliability of a HRESand

overcome the challenges associated with sole prime mover backups.

The parametric analysis andoptimisation of different DES concepts are interesting
topic s that have been extensively researched.While there are numero us records of
studies where dual prime movers of ST and FC or GT were deployed to improve the
electrical efficiency of the system, studies on DES concepts that deployed STand
ORC are limited. More so, to reduce GHG emissions, solar and biomass powered
DEShave beenexplored. For the biomass fired system, the quality of the biomass
fuel is an issue of greatconcern especially in remote tropical regions with a fair share
of rainy and dry seasons.High moisture content is undesirable in woodchips fuel as
it could lead to the reduction of the adiabatic combustion temperature of the fuel ,
the increase in the residence time in the combustion chamber and consequently, a

rise in the emissions [63].

Onetraditional way of controlling the quality of the woodchips fuel is by undertaking
in-situ drying of the feedstock with the unutilised combustion flue. The
incorporation of drying may scavenge the available thermal energy and limit its
potential to produce other useful energy vectors and goods. Therefore, parametric
studies are required to reveal the global impact of undertaking biomass drying on
the 2 ° 2 « perfdirhance . This study has not received significant attention in the
literature, particularly for the proposed CCHP configuration that de ploys combined
ST and ORCprime movers. It is also important to determine the optimal operating

regime of this DES system to ensure its optimal performance. Unfortunately, there
are no evidence of studies undertaken to find the optimal operating conditions of a

biomass powered micro-CCHP driven by a hybrid S and ORC

The literature further reveals that the control and management of the flow of energy
in DES & ahot topic that has been receivingsignificant attention from researchers.
There is a consensus that the traditional heuristic energy management strategies

cannot adequately handle the dispatch of energy in these systems.There have been
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attempts to overcome some of the operational challenges of the rule-based system
by deploying split prime movers in CC approach to minimise dumped power and a
hybrid of CC and LF to reduce the system operational cost. Nonetheless, these
solutions are still lacking and were mainly employed in managing only electricity
generation. Consequently, the deployment of the MILP approach that treats the
energy management of the DES as a unit commitment problem was proposed and

has been extensively studied. This approach however, isacking in two ways.

First, most of the authors have deployed the receding horizon approach to solve the
MILPformulated for the unit commitment prob lem of managing the energy ofDES.
The receding horizon method consumes computational efforts, especially with the
increase in the length of the prediction horizon. As a result, the response time of the
system is prolonged which would affect its reliability. Secondly, MILP requires the
fore cast of the energy generation and consumption from the different units of the
system in order to implement the en ergy management. This process introduces
significant fore casting errors that may negativelyimpact the accuracy of the solution

and pose some challenges in the implementation.

For these reasons rule-based energy management of DES is gaining popularity
because it deploys simple ifthen constructs that are easy to implement and do not
require the forecasting of future energy generation and demand data that are prone
to errors. However, they are subjective because he rules are formulated based on
the experience of the designer. The deployment of a hybrid of the modified he uristic
approaches and the rule-based approach looks promising to achieve reductions in
dumped power, operational cost and minimise the errors due to the lack of
experience of the designer. However, there is no evidence of studies where a hybrid
of rule-based energy management and themodified heuristic approaches were
deployed in DES energy managementMoreover, the rule -based systems have only
been utilised in managing the operation of HRES. There is insufficient evidence of its
application to manage the generation, storage and dispatch of energy in an

integrated multi -carrier energy system.

In summary, from the reviewed literature onthe modelling, control and optimisation

of DES the following are the knowledge gapsthat have beenidentified:
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Absence ofstudies that performed advanced coupling of the mass leakage into
the crankcase, mass leakage into the cold space from the hot space and the
shuttle heat loss to the basic governing equations of the Stirling enginein the
working spaces of the engine as well as considered several heat and work
losses, to adequately reflect the interactions in the engine and improve the
ol z{£0U2 80{z y« |¥ wyy-0Owy°D

Lack of record of studies that propose d the deployment of a dual ST+ORC
driven multi-carrier DESbased on biomass combustion, to produce cooling,
heating, electric power, and dry wood chips fuel and conducts robust
parametric analysis to study the influence of variation in cooling ratio, engine
frequency and drying of the woodchips fuel on the primary energy savings,

exergy efficiency, fuel utilisation and emissions reduction of the system.

Scant knowledge of the parametric optimisation of the proposed syst em from
a multi-objective perspective by simultaneously maximising the primary energy
savings, energy utilisation efficiency, exergy efficiency and artificial efficiency
and considering the frequency and cooling ratio as the decision variables to
obtain the optimal operating regime of the energy system that will guarantee

maximum performance.

Absence of studies that proposed the deployment of a biomass fired split ST
or ST+ORCin CC or LF mode,respectively as the back-ups of a hybrid WT, PV
and battery storage systemand determine the optimal number of components

by simultaneously considering technical, economic, and environmental

objective functions as well ascompare the optimal system to a DG base case.

Limited research on the deployment of novel rule-based energy management
strategies to coordinate the continuous generation, storage and dispatch of
cooling, heating and electricity from a hybrid renewable energy integrated
multi -carrier system and implement s a bi-level optimisation that integrate sthe
system sizing and the energy management to obtain the optimal system
configurations and robustly examines the impact of the proposed EMS on the
battery utilisation, start -ups of the back-up, and generation of other energy

vectors.
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Chapter 3 Proposed Decentralised Energy System Concepts

This chapter presents the new configurations of decentralised energy systems that
have been proposed in this thesis. Section 3.1lillustrates the process diagram and
describes the mode of operation of the formulated HRES corfigurations.
Additionally, it explains the schematic diagram of the new multi-carrier
decentralised energy system configuration and discusses the operational modes.
Further, this section analyses the process diagram and mode of operation of the
emerging DES conceps that integrate HRES based DES and the multcarrier
system. Section 3.2describes the test location for the new DES configurations being
proposed in this thesis and evaluatesthe energy demand and weather data of the

location. Finally,Section 3.3 outlines the summary of the key points of the chapter.

3.1. Introduction

As asequel to the critica | review of the literature on the decentralised energy system
(DES) concepts proposed by previous researchers, three new cofigurations of
integrated DES have been proposed in this thesis. First, anew HRESconfiguration
that hybridise d solar-wind-battery energy storage system and deploys a splitStirling
engine (ST)+organic Rankine cycle ORC) as the backup has been proposed. In
contrast to previous HRES concepts in the literature, the main interesting new
feature of this concept is the deployment of combined cycle back-up (ST+ORC) to
overcome the performance deterioration of the tradition al single backup, when
operated outside its rated conditions. In addition, split ST is deployed in the
proposed energy system concept to minimise the excessive consumption of fuel,

emissions and dumping of power that characterise the use of single back-up.

Secondly, a rew multi-carrier energy system configuration that deploys a dual prime
mover of ST and ORC bottoming cycle to drive the simultaneous production of
cooling, heating, electric power and dry wood chips has been proposed. To the best
of the au« ~ | knbviledge, this is the first DES configuration that integrates the

aforementioned components and propo ses in-situ drying of the wood chips fuel
with the waste heat recovered from the combustion flue gas, aimed at regulating the

moisture content of t he woodchips.
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Finally, this work proposes a new configuration of the emerging DES that integrates
a HRES to a multicarrier energy system, which has received very limited attention
in the literature. In this DES concept, the splitST+ORC backup will play two vital
roles. One, to augment the power generation by the HRES and secondlytp drive the
production of other energy vectors and useful goods from the multi -carrier DES
system. The schematic diagram and operational modes of these DES concepts are

presented in the subsequent sections.

3.1.1. Proposed configuration hybrid renewable energy system
The HRES cofiguration proposed in this thesis comprises the wind turbine (WT),
solar photovoltaic panel (PV), battery storage system (BSS) and split Stirling engine
(ST) and organic Rankine cycle (ORC) backups. Fig.3-1represents the schematic
diagram of the HRES that is designed tdfulfill the electric load of the customers in
the test location. As Fig. 3-lillustrate s, the hybrid wind and solar energy resources
are deployed as the primary energy sources to match the electricity demand. The
deficit electric power at any time of the day will be fulfilled by discharging the power
stored in the battery storage system, 0 E or by deploying n-number of ST,0 E
or combined cycle ST and ORGD E. As previously explained, the deployment
of the combined power cycle where the waste heat from the main back-up is
recovered to energise the bottoming cycle is an established way of improving the

low electrical efficiency of a heat engine.

Here, the battery is the first priority to match the positive net load in the system,

while the split ST+ORC will only be deployed when the battery power is fully
discharged to the set safe limits. It is assumed that the proposed system will only
feed the alternating current (AC) loads of the consumers. Hence, the power
generated by the WT, 0 E is fed directly into the AC load bus. On the contrary,
the direct current (DC) power generated by the solar PV, 0  E will be fed through
the DC-AC inverter into the AC bus. Therefore, the DGAC inverter is one of the
power electronics th at has been deployed in this HRES configuration to convertall
the DC power to AC power. The other power conditioning components are the

rectifier and the charge controller.
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The rectifier converts the excess AC power being generated by the WT or the split
ST+ORC into DC paver, before feeding it to the BSS via the charge controller. On
the other hand, the charge controller regulates the state of charge (SOC) of the BSS
and ensures that the charging limits set on them are not exceeded. So, any excess
power generated by the PV, WT or the ST+ORC is deployed to chargehe BSS
(depending on the control strategy being deployed) or is dumped via resistive loads

where the battery charging limits have been met.

The number of ST deployed to augnent the power supply when the BSS is at its low
SOC is determined by two factors: the amount of net positive load in the system and
the energy dispatch strategy being deployed to regulate the flow of energy from the
system. A comparator has been employed to assess the amount of deficit power in
the system, 0 E at every time step and pass the signal to the central controller.
The central controller will decide the number of ST to switch ON based on the

control strategy, the "YU 6E and0  E.

Further, to prevent wet expansion in the expander of the ORC due to low refrigerant
temperature at the evaporator outlet, a limit has been seton the deployment of ORC
when the main ST backup is utilising the split mode or following the load. Note that
the ORC is fired by the waste heatd ; E produced from the cooler of the ST. The
proposed system is expected to satisfactorily match the electric load demand in the

test location, with the local availablewood chips fuel and other renewable resources.

3.1.2. Proposed configuration of multi-carrier energy system

The multi-carrier energy system that has been proposed in this study is driven by
the ST in combined power cycle mode with an ORC that is powered by the waste
heat recovered from the cooler of the ST. The direct combustion of wood chips
provides the thermal energy that drives the ST, the drying of the wood chips fuel,
the production of cooling from a single effect absorption refrigeration system (ARS)

and hot water in a domestic water heater (DWH). Fig. 3-2 depicts the schematic
diagram of the novel multi-carrier DES concept. As it isevident in Fig.3-2 (a), wood
chips are admitted into the biomass drier (BMD) at point 1 and dried using
recovered waste flue exiting the ST heater (point 7). At the end of the drying

process, the resulting dry woodchips, now at state 3, are fed into the biomass
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combustor (BMC), where it mixes with inducted air, at state 5 and is combusted.
Note that the drying process here has been achieved with two components: a dry

reactor and a flash separator.

The flue produced after combustion at state 6, is sent to asolid separator to remove
the solid combustion products , such as ash and carbon soofthat could result in the
fouling of the heat exchangers (state 6A). The emaining flue gas at state 6B is piped
in counter flow to the ST heater, to heat up the working fluid in the tubes of the ST
heater and exit the heater at state 7. Meanwhile, the waste heat rejected by the ST
yl'1TE{© z-0© ¥} «~{ { ¥} swddlysabsoried by thf Grganic
working fluid of the ORC, in a cooler/evaporator configuration. This waste heat is
utilised to vaporise the working fluid of the ORC (state 12) which then drives the
blades of the turbine to produce additional electric po wer and leaves at state 13. It
passes through a recuperator where the hot refrigerant helps to preheat the
working fluid that is sent to the evaporator (state 11) by the pump (state 16), while
becoming subcooled (state 14) before going into the condenser to become

saturated liquid at state 15.

The integration of the ST and ORC yields a combined power gcle that is intended
to enhance the fuel utilisation of the sole ST prime mover and raise the electrical

power and efficiency of the prime mover over its ope rating speeds. Fig.3-3 shows
the temperature -entropy diagram of the combined power generation from the ST

topping cycle and the ORC bottoming cycle. Ad=ig.3-3illustrates, the bottoming ORC
cycle operates between the condenser and evaporator pressures, 0 and0 |
respectively, while the topping ST cycle operates between the heater and cooler
temperatures, "Y and Y, respectively. 0 i represents the thermal exchange
between the cooler of the ST and the evaporator of the ORC.Also0,Y"Y is the pinch
point temperature difference between the combustion flue gas, Y and the heater
wall temperature, Y . The low-quality waste heat after the drying process at state
8 is piped to the desorber of the ARS to heat up the weak lithium bromide -water
solution and lose some thermal energy, 0 , thereby dropping to state 9A (see Fig.

3-2 (b)). Then the water vapour refrigerant produced from the desorber at state 23,
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Fig.3-2. Proposed multi-carrier decentralised energy system driven by Stirling engine with several stages of waste heat recovery (a)

the woodchips drying and combustion, domestic hot water production and combined power and (b) absorption chiller.
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Fig.3-3. T-s diagram of the theoretical hybrid Stirling and ORC engine cycle.

goes through the condenser and expansion valve becoming saturated liquid at the
evaporator pressure giving off its latent heat, state 25. At this point, it will readily
absorb heat from the utility, 0 (the refrigerating effect) and vaporise to be
reabsorbed in the absorber by the strong lithium -bromide water solution that was
released from the generator (state 20) through the valve to the absorber (state 22).
The resulting weak solution, state 17 is pumped back to the generator at sate 18 to
repeat the process. Finally, the low grade waste heat is sent to heat water in the
DWH at state 9A before going to stack at sate 10. In this design, he water sent to
the DWH is preheated by picking up the waste heat from the absorber, 0 and
condenser, 0 of the ARS, which serve asconomisers. The system described so far
deploys several layers of waste heat recovery tominimise the loss of useful exegy
in the system. Hence, it could yeld improved thermodynamic, economic and

environmental benefits.
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3.1.3. Proposed HRES integrated multi-carrier energy system

The final DESconfiguration that is proposed in this thesis integrates the proposed
HRES to the multicarrier energy system discussed in Section 3.1.2 Fig. 3-4 is the
schematic of the integrated DES concept showing the integration of the subsystems
and components in Fig.3-1and Fig.3-2, with the exception of the BMD. In addition, a
central controller has been included here to control the flow of energy from all the
generation, storage and consumption units of the integrated DES. AsFig.3-4 shows,
dry woodchips (assumed to have been dried by the flue gasas previously described)
is sent into the combustor where it is combusted. The combustion flue that contains
some internal energy, 0 s piped to the heater of the ST, then to the ARS, before
it is sent to the DWH to drive the energy conversion processes in these energy

systems.

Further, it is seen that the WT and PV supply the electric load inthe location, while
the split STHORC and the battery storage are deployed tofulfil the electricity supply
in the test location if the green generators are unavailable On the other hand, the
cooling load at the test location is fed by the single effect absorption chiller, which
is driven by thermal energy from the combustion flue gas. Also, the hot water needs
of the test location is supplied by the waste heat boiler that derives its energy input
partly, from the waste heat rejected in the absorber and condenser of the thermal

chiller and the low grade combustion flue.

Due to the numerous components and subsystems integrated in this DES concept,
the deployment of a central controller to coordinate the flow of energy in all the
system units isessential. So, a central controller has been deployed and it is fed with
the signal of the SOC (t) of the battery, netload,0 O 0 O 0 O 0 O
i.e., the difference between the load and the power generated from the PV and WT
systems and the electric load, 0 O of the consumers, at every time step. Based on
these signals, itcontrols the dispatch of the B SS and the splt-ST+ORC backup. The
central controller also regulates the production of cooling and hot water, which in

this design is fully dependent on the operation of the ST back-up.
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Fig.3-4. Proposed HRES integratel multi-carrier energy system driven by the Stirling engine in combined power mode with the ORC.
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With the deployment of the HRES, the reliance on the biomass powered ST+ORC
prime mover in the multi -carrier energy system to supply the electric load in the test
location will be minimised. This is anticipated to yield a reduction in the cost of the
energy. Moreover, compared to the HRES system, the integrated multicarrier system
is capable of suppling other energy vectors just as the multi-carrier system. It
therefore leverages on the strengths of the HRES and the multicarrier energy system

and is a promising energy solution to supply cheap, reliable andclean energy solutions.

3.2. Energy resource assessment

This section presents the description of the test loca tion for the implementation of
the proposed energy solutions and evaluates he energy demand and renewable
resources in the test location. This is intended to assessthe potentials of the local
resources to drive the proposed energy system concepts and meet the demand of the
consumers. These subjects are presented and elaborately discussed in the next

subsections.

3.2.1. Description of the test location
In Nigeria, over 50% of the households in the remote locations do not have access to
electricity [33]. To fill this gap, more than 99,450 homes and business centres have
been powered by HRES based DES solutions constructed and deployed in recent times
by the government, through the rural electri fication agency (REA)[23]. However, there
are still many remote locations without access to electricity that are being powered
by unsustainable energy solutions such as DG. According to the REA, Nigeria has over
$9.2 billion per year market opportunities for investments in micro -grid systems and
energy consumers could save over$4.4 billion per year with these energy models
compared with the alternative energy solutions [23]. Consequently, the REA has
conducted field studies in some of the prospective sites for the construction of HRES
and is inviting willing ¥ - { 8@ «| ©2 ¥« «~{ ¥w« ! ¥U2 [¥{[ O}

energy solutions.

One of these prospective sites earmarked for new energy solutions is the Onye-Okpan
community; a coastal community in southern Nigeria (latitude: 5.98° N and longitude:

8.47 E) with 500 households, and situated seven kilometres from the nearest
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electrified town. Fig.3-5 represents the test location on a solar map and indicates the
average global solar irradiance. This location is notable for medium scale commercial
activities involving the processing and trading of agricultural products (yam, cassava
and cocoa beans), welding and fabrication of farm implements, and other artisan
related activities [23]. It requires 230 kW (60 kW for households and 170 kW for
commercial activities and total daily consumption of 2.952 MWh/day) to meet their

daily electricity requirements , and would be a good site for a DES that will utilise the

agricultural by-products to generate multiple energy vectors and other useful goods.

e 108 15%

N — v - 30N

_Ibadan‘,
prdegesy (o o7 el

Design location

Port Harcourt

Long term average of GHI, period 1994-2018
Daily totals: 42 4.6 5.0 S4 5.8 6.2
= KWh/m'
Yearly totals: 1534 1680 1826 1972 218 2264

Fig.3-5. Solar map of Nigeria showing the long term average global solar irradiance in
the test location [237].

3.2.1. Weather and load data of the design loation
The hourly load data for this location is presented in Fig.3-6 and it demonstrates the
electricity consumption for one representative day. As it is seen from the data, the
daily energy consumption is 2.952 MWh/day with a peak load of 219.19 kW recorded at
21:00 hours. At the beginning of the day, the electricity consumption is about 20 kWit

starts to increase from dawn and reaches the first peak at 11:00 hours. Subsequently,
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the electricity consumption fluct uates around this value with increased productive

activities.
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Fig.3-6. Hourly electricity consumption at the design location [23].

In Fig. 3-7, the global solar irradiance of the location is depicted for a typical
meteorological year. The daily solar irradiance for a typical day in the dry and wet
seasons that are characterised by bright weather with a clear sky and stormy weather
have been highlighted inFig.3-7 as A and B, respectively.tican be seen that, the solar
insolation at the location records a high value of about 900 W/m? on a bright day, while
the peak insolation on a typical stormy day with poor weather is about 330 W/m?2,
Furthermore, this location enjoys a daily average sunshne of 7 hours with an average
solar insolation of 4.52 kWh/m?2. This amount of solar insolation is sufficient to support

a stand-alone hybrid renewable energy system[33].

Fig.3-8 depicts the hourly average solar insolation per square area of the PV surface
that is recorded in a period of one year, in the test location. As it is evident in Fig.3-8,
high hourly average sdar insolation between 500-800 W/m 2is experienced in the mid-

day hours from late October to early March, which is the dry seasonmonths. It is seen
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that in the rainy season (April x October), the average hourly solar insolation reduces

in intensity as expected, due to stormy weather.
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Fig.3-7. Hourly solar irradiation at the design location [238].

Similarly, in Fig. 3-9 that shows the average hourly ambient temperature at the test
location, the ambient temperatu re starts to increase just towards the end of the rainy
season. It is seen to attain a peak of 3% in December, before it starts to drop albeit,
slowly. Relative stability in the ambient temperature is notable from late January to
early May. It is also evdent that the rainy season is characterised by low ambient
temperature due to cloud cover, which explains the low solar insolation for the months

experiencing this season.

Conversely, Fig. 3-10 depicts the annual hourly wind speed at the test location
measured at 50m hub height. As seen inFig.3-10, sharp variations in the wind speed at
the test location is evident all year round, although not asintense as in the case of he
solar insolation. From the seasonal perspective, high wind speed is notable in the rainy

season where some months recorded hourly wind speeds of 6 m/s.
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Fig.3-8. Heat map of average solar irradiance;O (W/m ?) at the test location.
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Fig. 3-9. Heat map of average daily hourly ambient temperature,”Y (3 ) at the test
location.

81



Chapter 3

8_- AN R B R S A U B R BB N R L B B R B B B BN R N B L S L S

—— Wind speed

Wind speed (m/s)

8000

6000

P P P
4000 5000 7000
Time (hour)

2000

3000

0||||||
0 1000

Fig.3-10. Hourly wind speed at the design location[238].

Regarding the stochastic nature of wind, the Weibull probability density function (PDF)
has been deployedto evaluate the frequency of the wind speed in the test location

based on the presented historical data and it is given as[210}

w s Q0
D00 - - Qwn - (3-)

The Weibull shape factor, Qcan be obtained from the following expression:

) 8
Ko Qi 3-2
Q T (3-2)

And the wind scale index," is given as:

T T[fﬁ) .'.[80-0-7
(‘q—l (pl'IJ ’?’Q

' is the standard deviation and of° mean wind speed in the test location.

(3-3)

where ,,
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If'Q ¢ is substituted in Eq. 3-1 a Rayleigh function is obtained as:

5000wy - (3-4)
In this case, he Rayleigh scad index can be estimated from [210}
= (3-5)
MT

The Weibull distribution of the wind velocity at the test location is shown in Fig.3-11for
different hub heights. It is seen inFig.3-11that wind speed of 3.0 m/s has the highest
frequency of occurrence in the year and this is observed for ahub height of 50 m. With
the decrease in the hub height, the peak Weibull frequency increases, while the
average wind speed decreases. Manwhile, wind speed,” o0& m/s is observed for

more than 65% of the curve at the design hub height of 50 m.

0-5 1 1 T 1 1 1 T

0.45

Weibull PDF (f(v))
o
(3, ]

0 1 2 3 4 S — b
Wind Speed (mls)
Fig.3-11Weibull distribution of wind speed probability at the test location for one year.

Fig.3-12is the hourly averagewind speed in the location for the different months in a

year. It is observed in this figure that there are two peak wind speed periods between
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May x June and Augustx September with an hourly average wind speed of about 3.5-
4 m/s. On the other hand, an average wind speed of 3.0 m/s is noticeable at the test
location and pervades all the months of the year. Generally, high wind speeds are seen

to occur between 14:00 x 20:00 hrs, in the day.

The high wind speed periods experienced during the rainy season which doubles as
the period in the year with poor solar insolation, highlights the complementarity that
exists between wind and solar energy resources; hence the motivation for their
hybridisation. Finally,the test location has a reasonable share of solar and windenergy

resources to support the siting of a HRES.
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Fig.3-12 Heat map ofthe averagedaily hourly wind speed at 50m hub height at the test
location.
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The estimate of biomass resources for locations in Nigeriais presented in Fig.3-13 As
it is evident in Fig.3-13 over 70% of the total biomass resource in Nigeria is derived
from wood, while nearly 20% is obtained from agricultural waste and the rest from
municipal solid waste (MSW) and saw dust [239]. A plausible estimate of over 500 GJ

of energy can be derived from wood biomass sources, followed closely by agricultural

84



Chapter 3

waste that contains latent energy of approximately 150 GJ. It therefore follows that the
intended location for the proposed novel HRES system, has sufficient biomass
resource to support the deployment of wood chips fuel powered ST+ORC backup to
augment the power supply of the HRES and in @rallel serve as the prime mover for

the multi -carrier system, if properly harnessed.
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Fig.3-13 Estimates from different sources of biomass in Nigeria [239].

3.3. Summary of the chapter

This chapter has focused on the new configurations of decentralised energy system
(DES) that have been proposed to meet the energy and other goods requirements of
the test location. Also, the hourly energy requirement of the test location has been
assessed as well as the avéble local clean energy resources to meet thedaily hourly
energy demand. From the perspective of the concepts development, three new energy
system configurations were proposed. The first concept is a hybrid renewable energy
system (HRES) DES that has aninteresting feature of deploying biomass fired

combined Stirling engine (ST) and organic Rankine cycle (ORC), to augment the power
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supply of a hybrid wind, solar and battery system. The second concept deploys several
layers of waste heat recovery to drive a multi-carrier DES capable of simultaneously
producing cooling, heating, power and dry woodchips. While the third concept is a
hybrid of the first and second, that leverages on their respective strengths to minimise
emissions, improve primary energy utilisation, cost of energy and guarantee system

reliability.

Furthermore, the evaluation of the test location shows there are 500 households in
this location that consume 2.952 MWh of energy daily and rely mostly ona diesel
generator to meet their energy need s. The weather data assessment reveals that the
average daily solar insolation in the test location is 4.52 kWh/m? and that the dry
season months, as expected experience high global solar irradiance and ambient
temperatures. In contrast, the rainy season months record high wind speeds of an
hourly average of3.5m/s. This highlights the complementarity between solar and wind
and supports the need for hybrid systems. Also, wood constitutes more than 70% of
the biomass resources in Nigeria, where the test location is derived, and has been
estimated to have energy potentials of about 500 GJ. Hence, woodchips are promising
fuel to drive the prime mover proposed for these energy solutions. Finally, these
conclusions support the need to conduct the new modelling, optimisation, and control

of the proposed energy system concepts that is presented in the subsequent chapters.
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Chapter 4 Second-order Thermal Modelling of the Stirling
Engine

In this chapter, the formulation of the second -order therm al models governing the
operation of the Stirling engine is presented. As has been revealed from the review of
the relevant literature, most previous second-order models did not consider the
directing coupling of the losses in the engine to its governing equations in an
interactive manner, to reflect its impact on the flow conditions. Consequently, a
comprehensive coupling of the losses in the working parts of the engine to the
Pl -{©¥ ¥} {7 -w« | ¥2 a x{ ¥} { 8f£,0{zB
Section 4.1presents the model developed based on a simple adiabatic analysis[65].
Section 4.2 describes the formulation of the non-ideal thermal model proposed in this
thesis. Section 4.3 discusses the algorithm for implementing the solution to the
formulated model and the final section summarises the work done in this chapter. The
model formulation and solution approach described in this chapter form part of the
W= « ~ | © Upgubli¢hed§n{a@eer reviewed journal.

4.1. Simple adiabatic model

In the Simple analysis[65], Urieli and Berchowitz divided the Stirling engine into five
main control volumes, namely: heater, cooler, compression space, expansion space,
and regenerator. They assumed that the thermodynamic work processes in the engine
occurred adiabatically. The other assumptions made in the Simple adiabatic analysis

are as follows:

0] The thermodynamic processes in the engine attained steady state at the end of
each cycle of its operation.

(i) The engine is running at a constant speed.

(i) A uniform instantaneous pressure in the working spaces of the engine.

(iv)  The working fluid is treated as a perfect gas and obeys the ideal gas law.

(v)  The potential and kinetic energy of the working fluid exerts the same influence

at the inlet and outlet of a control volume.
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(vi)  The total mass of the working fluid in the engine is invariant.

(vii)  There is no mass leakage into the compression space from the working space
via the cylinder wall-displacer gap.

(viii) There are no changes in the energy of the working fluid as a result of heat
leakages between the working spaces or to the environment.

(ix)  The heater and cooler are maintained at a constant temperature as it exchanges

heat with the working fluid.

Urieli and Berchowitz [65] assigned single suffixes,c, &, r, h, eto represent the

compression (cold) space, cooler, regenerator, heater and expansion (hot) space,
respectively, while double suffices, ck, kr, rh, herepresent the interfaces betwee n the
cold space x cooler, cooler x regenerator, regenerator x heater and heater x hot
space, respectively as depicted inFig.4-1 The system of governing equations in the
Simple analysis were derived by employingthe equation of state of an ideal gas and the
mass and energy conservation principles toeach of the control volumes (CV). This set
of ordinary differential equations that govern the operation of the Stirling engine are

summarised and presented in Table 4-1

Piston space, ¢ Cooler, k Regenerator, r Heater, h Displacer space, e

Fig.4-1 Schematic diagam of the control volumes of the Stirling engine [65].
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Table 4-1 Mass and energy balance equations of the Urieli adiabatic mode[65].

0 Pressure of the working fluid in the engine
Q0 I Variation of pressure in the engine
a —hQ dith g Mass of workin} | £ - z ¥ «~{ |
Q6 —— Change in the mass of working fluid
0D —

06

a vV,
Q4 G —h'Q dith AdQ
[0 a Mass flow of working fluid
[0 a a
[0 a a
(90 a a
(90 a
OX.) myY YMaiyQ Y Conditional temperature variation

oY) MY YMRaiyQ Y

QY Y — — — hQ of Temperature variation in working spaces
T0 —®QO0 6 "YQ& 6 "YQA& Heat lost from cooler
10 —®Q0 6 "YQ& 6 "YQa Heat flux through the regenerator
10 —®Q0 6 "YQd&a O "YQ& Heat gained in heater
Tw Hw Expansian work done by displacer
Tw [ Compression work done by piston
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4.2. New non-ideal thermal model with various |osses

The proposed enhanced nornrideal thermal model of the Stirli ng engine (ST), with
various losses has been developed in order to improve on the existing second-order
models deployed for the thermal analysis of the engine. Thus, the displacer shuttle
heat loss has been coupledto the energy flow equations of the hot and cold CVs in the
engine, thereby invalidating the adiabatic conditions assumed in the work processes
in these CVs,and made in the traditional model [65]. In addition, the mass leakage into
the crankcase and the mass leakageinto the cold CV were coupled to the mass
conservation equations of the engine developed in [65], by considering the mass
leakages across the boundaries of the CVs. These heat and mass losses that are
coupled into the traditional equations form the f irst category losses [67], [161], [181]
With these modifications, the proposed model has been made more comprehensive
in contrast to Ref. [67], [181], [182lvhere only the mass leakage into the crankcase and
shuttle conduction loss were coupled to the traditional equations. Also, compared with
Ref. [68] where only the mass leakage into the cold CV via the displacer gamand the
shuttle heat loss were integrated into the traditional equations, the proposed model

is more detailed. The resulting modified differential equations of the ST were solved

using a fourth-order Runge-Kutta numerical scheme, at each time step in every cycle.

In addition, the pressure drop in the heat exchangers of the engine was evaluated using
empirical correlations and has been used to modify the instantaneous pressure and
temperature of the working fluid in all of the components of the engine. At the end of
each cycle, the second and third category loss effects were introduced into the already
obtained numerical results to improve the results. The second category loss effects
considered in this study, which are mainly thermal losses are: los®es due to
regenerator imperfection, conduction loss es, dissipation losses and enthalpy leakages
to the buffer space. While the third category losses considered herein are work losses
such as, pressure loses due to finite speed of the piston, mechanical friction al losses,
spring hysteresis losses and losses due to pressure drop in the engine. The FST
principle has been deployedto model the pressure and mechanical frictional losses in

the piston, with the assumption that the compression speed is equal to the expansion
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speed. Finally, the heater and cooler temperatures were corrected by conducting an
energy balance of the components,based on the assumptionthat the temperature of

the heat source and sink are invariant.

In order to formulate the enhanced non -ideal thermal model then several of the
assumptions in the ideal analysis have been discarded. The updated assumptions of
the newly enhanced non-ideal thermal model with various losses do not include the
assumptions (iii) , (vi), (vii) and (viii) of the Simple analysis[65], as presented in Section
4.1

4.2.1. Formulating the modified non -ideal thermal model
The enhanced thermal model has been formulated by including additional
compartments or control volume s (CV) to those presented in Fig. 4-1 Also, the
following are the assumptions considered in developing the present non-ideal thermal

model of the Stirling engine:

0] The thermodynamic processes in the engine attained steady state at the end of
a cycle of its operation.

(i) The engine is operating at a fixed speed.

(i)  The working fluid is treated as a perfect gas and obeys the ideal gas law.

(iv)  The potential and kinetic energy of the working fluid exerts the same influence
at the inlet and outlet of a control volume.

(V) The heater and cooler are maintained at a constant temperature as it exchanges

heat with the working fluid.

Fig.4-2is the updated CVsin the ST, and represents the loss of working fluid from the
hot space to the cold space and from the compression space into the
buffer/crankcase . This isvia the gap between the cylinder wall and the displacer and
the annular gap around the connecting rod into the crankcase, respectively as shavn
in Fig.4-3. The interface between the hot CV and the cold CV has been assigned suffix,
ce, while /eak; stands for the interface between the connecting rod and the crankcase.

The governing differential equations of the engine, which are derivatives of the
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variables controlling the operation of the engine with respect to the crank angle , were

developed by conducting mass and energy balances of the CVs in the engine.

Pistonspace, ¢ Cooler, k Regenerator, r Heater,h  Displacer space, e

Fig.4-2. Schematic diagram of the control volumes of a non-ideal Stirling engine [65].
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Fig.4-3. Representation of the gapsfor the leakages of the engine fluid [68].

Neglecting the difference in the potential and kinetic heads in the flow ener gy equation

(FEE),the generalised energy equation applicable to any of the CVs can be expressed

as.
10 5170 10 10 7 0 10
G OFY 6 OrYY 1 0 [ 1 © g g
R OQ4& Y (4-1)
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where] 0 (W) is the ideal heat gained or lost and] @& (W) the ideal work rate
of the system (engine fluid) in any CV. The first and final €rms on the right-hand side
of Eq. (4-1) model the change in the energy content of the system in the CVs and its
internal energy, with subscripts 7and o standing for flow ingress and egress from the
CV.Herej 0 (3,7 0 (W),] 0 (W),] U (W), and]1 0 (W) are the
additional terms to t he traditional steady FEE namely the heat losses via the displacer
shuttle, the energy dissipation, the conduction through the regenerator walls, the
regenerator imperfection and the enthalpy leakage into the crankcase, respectively. In
addition, | @ g gW),] @ (W),] @ (W), and] w (W) model the work

loss rates via mechanical friction, the finite speed of the piston, the spring hysteresis

and the pressure drop, respectively. & — and @ — are the isobaric and
isochoric specific heat capacities of the fluid, respectively.

As the displacer travels from the cold CV to the hot CV, both maintained at two
different temperature levels, there is some form of thermal communication between
the displacer and the host volume in this process. The heat gained or lost by the
displacer in the course of its movement between these two volumes is called the
shuttle heat loss, and the instantaneous rate given byy1 , has been modelled as[169],
[178]

. T QO
10 ——7Y 7Y (4-2)
00
where @ (m), Q(—), 0 (m), 0 (m),and 0 (M) wO©{ «~{ z 2a28§EL£wy{oU?2
conductivity, diameter, length and annular gap between the displacer and the cylinder

wall, respectively.

If only the shuttle heat loss and enthalpy leakage through the displacer ¢dearance gap
are considered in Eq. (4-1), the energy balance of the compression CV and expansion

CV will reduce to:

~ ~

ol X (b\, 0‘)7y \ T o D I3 T o D I3
170 70 VHQ Vo)Qn WYQa w'YQa (4-3)
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~
¥

g (L),' \ T e ) I3 T ) I3
@) Van WYQa wYQAh (4-4)

—
C
—

C
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where Y — is the gas constant of the working fluid.

Eq.(4-3) and (4-4) were derived by noting that the shuttle heat is lost by the displacer
(piston) in the compression volume and gained in the expansion volume. This is in line
with the temperature gradient in these CVs. The last terms on the right hand side of
these equations model the loss of enthalpy due to the mass leakage. As it can be seen,
there would be a drop in the enthalpy in the hot CV and this is due to the mass leakage
via the displacer gap which leads to a corresponding gain in enthalpy in the cold CV.
Meanwhile, the mass of the working fluid that can escape from the expansion CV into
the compression CV at any given time in the engine could be determined from the

following expression [68], [240]:

YO ——— (4-5)

a © Y'Y ¢ U

where "Y (K), Y (9),* (—), andY0 (Pa) are the temperature of the fluid escaping

through the displacer gap, velocity of the displacer, dynamic viscosity of the fluid and

difference in pressure between the hot and the cold CVs, respectively.

4.2.1.1. Mass conservation in the engine
The mass conservation principle has been applied to the spaces to obtain the rate of

flow of the working fluid through each of the CVs and are given below:.

Q4 W m (4-6a)
Q4 W W (4-6b)
Q4 W W (4-6¢)
Q4 W W (4-6d)
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If Eq. (4-3), (4-4), (4-6a) and (4-6c) are combined and factorised, and noting that the
compression and expansion processes are adiabatigi.e., heat added (or lost) is zero,

the rate of change of the mass of the working fluid in the cold and hot CVs is obtained

as:
1 0 —NQ® —oQ ©YQAl
Qa — Qa (4-7)
W'Y
10 —NQ® —wQn ©YQ4a
Qb (of} (4-8)
0"Y

From the perfect gas equation, the instantaneous mass variation of the working fluid
in the remaining CVs can be obtained from the following expression:
06 — QFE EGE (4-9)
Y'Y
The instantaneous total amount of the working fluid in the engine is not expected to
be constant because of the partial leakageof the engine gas into the crankcase. Thus,

the amount of working fluid in the engine can be determined from the following

expression:

a a a a a a a (4-10)

where @ (kg) is the amount of the working fluid being lost from the cold CV of the

engine into the crankcase.

The instantaneous amount of working fluid lost from the engine into the crankcase is

expressed as[65]:

, o8 0 L 00D
a _— 0
Y'Y (0]

(4-11)

where 7Y (-), 0 (Pa), © (m), 0 (m), and U (m) are the linear velocity of the

piston, buffer pressure, piston diameter, length of piston and annular gap of the piston

and the cylinder wall, respectively.
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By differentiating Eq. (4-10) and substituting Eqg. (4-7), (4-8) and (4-9) into the

resulting expression, the variation in the pressure of the working fluid is obtained as:
— Q4
v (4-12)

In addition, by coupling the mass leakage into the crankcase, the mass leakage through

the annular displacer gap and the shuttle loss into the traditional differential equation s
of the Stirling engine, the Eg. (4-12) has been formulated. In fact, . (4-12)

encompasses thecomprehensive modifications that have been made to the traditional
model aiming to improve on its accuracy. Meanwhile, the instantaneous chame in the
temperature of the working fluid in the hot and cold CVs has been obtained from the
AR (4-13)

ideal gas equation as follows:
. Qw Q0 Qa4 .
0 a

4.2.1.2. Energy conservation in the engine
Also, by conducting the energy balance of the heat exchanges in the Stirling engine

using Ej. (4-1), the quasi-ideal thermal energy exchange in the mentioned CVs was

determined as:
. ] &) oF
T U B Yco 0]
SV W Yo (4-14)
1V f ,YO.) v
Y ' @ @ @ (4-15)
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OY W W m WY (4-16)

The interfacial temperatures of the working fluid at the interfaces of the CVs have been
determined by considering the direction of the fluid flow. In this study, the interfacial

temperatures of the fl uid can be determined from the following expressions [68]:
QR mhy Y

QaRyYQ Y (4-17)

QalyQ Y (4-18)

QaRYQ Y p - Y Y (4-19)

QakyYQ Y (4-20)
JOX ) mhyY Y
QalyQ Y (4-21)

The other modifications made to the Simple adiabatic analysis model in this study, to
improve on those of Ref. [68], [182]is to implement the variation of pressure in the CVs
of the engine using the magnitudes of the pressure drops in the heat exchangers. As in
[178] the cold CV has been chosen as the reference pressure and assigned the value
of the instantaneous pressure in the engine at a given time step. Subsequently, the
pressure in the other components in a particular time step was de termined
incrementally by utilising the information of the pressure drops in the heat exchangers

in the previous time step and the direction of flow of the fluid, as follows:
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g
5

o o Yu
Q'@ D 0
C
e Y0
Qo Q U C (4_22)
" . Y0 Y0
Q@ i) 0
C
. ¥ SJ/G yfj (4_23)
QamQ U
C
" . Y0 YO
Q@ i) 0
C
€, LU O 5 SJ/G yfj
QamQ v c (4-24)
. B Y0
(9X\7)] i) 0
C
LU ) 5 SJ/G
QamQ U C (4_25)

With the knowledge of the pressure of the fluid in each CV provided by Eq. (4-22) - (4-

25), the temperature of the fluid in these CVs is updated in each time step by applying
the following expression:

Y e hE AEOER (4-26)

These set of independent differential equations formulated for the analysis of Stirling

engines can be presented as an initial value problem as follows:

® Odwh 0 WL QOREHR YRE £ (0 (4-27)

where the array Uk 6 6 M i OR7 h7  hA Odenotes the unknown functions.
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4.2.2. Modelling the second and third category losses in theengine
As stated in Section4.2, the second andthird category losses of ST are accounted for
in the enhanced nontideal thermal model presented in this work at the end of each
cycle of the numerical iterations. The second and third category losses defined in
Section 4.2.lhavebeen incorporated into E g. (4-1). This section presents the principles

and methods deployed in the evaluation of these losses.

4.2.2.1. Thermal losses in the enhancedStirling second-order model
The second category losses of the engine are mainly thermal lossesThe thermal losses

considered in this new model are as follows:

a) Dissipation Losses:

The flow of the working fluid over the walls of the heat exchangers of the ST creates a
thermal boundary layer. This, in turn, induces heat dissipation, which results in thermal
lossesin the engine. This loss has been modelled by expressing it as a function of the

pressure drops in the heat exchangers [65], [178]

. YOO .. .
0 & hE EGE (4-28)

”

where Y0 (Pa) is the pressure drop in each heat exchanger and” — is the density
of the internal gas of the engine.

b) Conduction Losses:

The regenerative thermal engine utilises several heat exchangers, resulting in a
variation in the temperature field across the engine. Some of the CVs are maintained
at high temperature s, while others operate at very low temperature s. This obvious
temperature differential can induce loss of thermal energy by internal conduction. In
particular, a considerable amount of heat can be lost between the heater and the
cooler - the units of the engine that operate at the extreme temperatures - as well as
through the walls of the regenerator. This heat loss by internal conduction through the

walls of the regenerator has been expressed ag184}
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0 Y Y Y (4-29)

where Y — is the conductive thermal resistance of the walls of the regenerator,

Y (K) is the temperature of the heater wall and "Y (K) is the temperature of the

cooler wall.

c) Heat leakageto the buffer space:

The mass leakage into the crankcase could induce some thermal energy losss in the
engine. Thess losses affect the performance of the engine. In Section 4.2.1a model was
presented to determ ine the mass of the compressed gas escaping into the buffer

space. The enthalpy loss as a result of the mass leakage has been obtained as follows:

0 a 7Y (4-30)

d) Non-ideal heat transfer losses:

It has beenestablished in literature that the introduction of the regenerator inthe S T
could reduce the thermal energy requirement of the engine significantly. The
regenerator is designed to absorb heat contained in the working fluid and to release
ideally the same amount of heat when it is needed. Nevertheless, because of its thermal
imperfections, it is impracticable to recover all of the heat absorbed. Hence, the
performance of the regenerator is usually evaluated by its effectiveness, which simply
expresses the fraction of the heat absorbed from the regenerator that could be

recovered for a given regenerator design and operating conditions.

An effectiveness of 1.0 is the best caseand implies complete heat recovery while an
effectiveness of 0.0 is the worst case, indicating that no heat was recovered from the
regenerator. It is unlikely to have an effectiveness of 1.0 in the regenerator, suggesting
that the temperature of the worki ng fluid exiting the regenerator is lower than the
heater temperature. As a result, additional heat is supplied from the heater so as to
make-up for the inefficiency of the regenerator and raise the fluid temperature to the
required heater temperature. Thi s however, comes at a cost; the reduction in the

thermal efficiency of the engine. In thisthesis, the effectiveness of the regenerator was

100



Chapter 4

obtained using the number of transfer units (NTU) approach, with the help of

empirical correlations. Thus, the effectiveness of the regenerator is taken herein as:

O Y'Y
- U—~ (4-31)
VYYp
The NTU is expressed as a function of the Nusselt number (Nu) of the matrix over which the
fluid is flowing, and is expressed HSO]:
1006 a
YQun

0 Y'Y (4-32)

where & (m), Q (m), 'Y'@-) and 0 i(-) are the length of the regenerator, hydraulic
diameter of the regenerator, Reynolds and Prandtl numbers, respectively. The
hydraulic diameter, A which expresses the ratio of the void volume to that of the

wetted area in the regenerator is given as:

(4-33)

Geodon and Wood [166]studied the oscillating flows through the regenerator matrix

and proposed the following expression for the estimation of the Nusselt number:

00 p TWOWYQOE %8 (4-34)

where n (-) is the porosity in the wire meshes contained in the regenerator and it can

be expressed as[228]:

%o (4-35)

where ' Q (m),and &€ — are the regenerator mesh wire diameter and the number

of meshes per meter, respectively.

Thus, the additional heat supplied by the heater to compensate for the regenerator

imperfection has been obtained from:

0 0rn P - (4-36)

101



The actual thermal loads of the heater and the cooler have been obtained by

Chapter 4

incorporating the thermal losses modelled so far into their energy balance equations.

These loads can, therefore, be obtained from the following expressions:

~

0

h

~

v

h

~

0

~

0

h

~

v

0

C-

R (4-37)

R (4-38)

Then, Eq (4-37) and (4-38) have been used b update the temperature of the cooler
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cooling/heating, as expressed in the following relations [67]:

(i

v {wy -

(4-39)

(4-40)

are the heat transfer

coefficients in the heater and cooler, the frequency of the engine, the area of the

heater wall and the area of the cooler wall, respectively.

The heat transfer coefficients of the heater and cooler have been obtained from

correlations in the literature [68] as:

Q

mrx GmYQ®

cOU i

hE

(4-41)

4.2.2.2. Work transfer losses in the enhanced Stirling engine model

The work transfer losses have been described as third category losses in the Stirling

engine [67], [181] which inadvertently reduce the actual power generated by the

engine. These losses are:

a) Loss of work due to drop in pressure in the exchangers:

The internal gas flowing through the cooler, heater and regenerator of the engine is in

direct contact with the walls. Thanks to no slip condition at the fluid -wall interface,

102

y°y£{E



Chapter 4

there is variation in the flow velocity, and by extension the pressure of the working
fluid. The change in the pressure of the working fluid in the line of flow is responsible
for the pressure loss in the heat exchangers of the ST, which contributes to its
performance deterioriation . Thus, the pressure loss in the heat exchangers of the

engine havebeen obtained in this study as:

Yo Qo d’ﬁ E EEO 4-42
a5 (4-42)
where 6 — ,0 (I, and"Q(-) are the flow velocity, area of the heat exchanger and

friction factor, respectively.

The frictional factor u sed in this study has been obtained from empirical correlations,
based on the flow regime of the flowing fluid in the heat exchangers and can be

expressed as[65]:

(o)) YQ ¢mnmnm o
MQ x®topnYP ¢nmnYQ t nmivE BE (4-43)
T8t X Y[(F YQ 1nnm

While the friction factor of th e regenerator has been evaluated from the correlations

given by Kay and Londong241]as:

"Q vt pg K (4-44)

The work loss as a result of the pressure drop in the aforementioned heat exchangers
can be obtained from the following expression:
() Y0 o (4-45)
hh
Finally, the pressure difference between the hot and the cold CVs of the ST required

to model the mass leakage through the annular gap, is described in K. 4-46 and it is

given as the sum of the pressure drops in the heat exchangers of the engingd68]:

~ ~ ~ e d
5 g g

wL UL U YO (4-46)
hh
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b) Frictional work loss in the engine:

As the digplacer compresses the internal gas of the engine, the pressure of the fluid
around the displacer grows to a value higher than the average pressure ofthe working
fluid in the engine. The opposite effect is observed in the expansion process.
Consequently, more compression work is generated in the actual engineU &peration
than the computed ideal compression work. Likewise, in the expansion process of the
prototype engine, less work is produced compared with the ideal expansion work
because of the lower pressure around the piston during this process. Hence, the net-
work output of the prototype engine would be less than that of the theoretical engine.
This loss of work in the engine, by reason of the finite motion of the piston, has been
modelled by the princip le of finite speed thermodynamics formulated by Petrescu
[175]

On the other hand, there would be mechanical losses in the bearings and other
mechanical joints of the engine. The combined finite speed and mechanical losses from

the Stirling engine were obtained from the following expression [175]

()

. ao iy ,
— Q 4-47
w o 0 = z () ( )
where G — , YY) (Pa),and6 — are the speed of the wave induced in the working

fluid by the motion of the piston, the pressure drop as a result of mechanical friction
and piston speed, respectively. It is important to note that the sign (+) was used in the

compression process and (-) in the expansion process.

The following expressions have been used to obtain the valueof Aand ¥b [181]

O Ty (4-48)

. 0
. 4-49
yn Tmdox 1 UpTT[ - ( )

where 0 (rpm) is the rotational speed of the engine.
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c) Work loss due to gas spring hysteresis caused by the motion of the displacer:

As the displacer compresses and expands the internal gas of the engine, it is likely that
the gascould act as a spring. This unusuabehaviour of the working fluid may induce
the dissipation of the internal energy of the fluid. The dissipation loss, as a result of the

gas spring hysteresis, has been modelled using the following expressio65]:

. P o W
- 4-50
W 0& 7 p’Yn Q < 0 ( )
where] — ,Q(—), o (I ), o (I ), 6 (I ) are the angular speed of the

piston, the thermal conductivity of the gas, the instantaneous swept volume of the
displacer, the total volume in the working volumes of the engine and the wetted area

in the working space, respectively.

Thus, the brake power of the engine has been obtained by subtracting the work losses

from the ideal work:

W nw 1w w o [ "Oi QN
(4-51)
W
Thus, the actualthermal efficiency of the Stirling engine is, given as:
W
— —_— 4-52
0 FEQL QN ( )

4.3. Model solution algorithm

In this section, an algorithm was developed to describe the steps for implementing the

solutions of the set of governing differential equations formulated in Section 4.2. Fig.
4-4 describes the algorithm developed to implement the model solutions. As it has
been mentioned previously, the fourth -order Runge-Kutta numerical scheme has been
deployed in solving the modified differential equations of the Stirling engine

formulate d in this work. Prior to deploying the numerical scheme, as it is seen from
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Fig.4-4. Solution algorithm deployed for implementing the solution of the developed enhanced thermal model of the Stirling engine.
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the algorithm, analytical models based on the driving mechanism and engine
configuration have been used to obtain the magnitudes of the volumes of the engine
gas in the working spaces andits derivatives, w, w, , and Qw as a function of crank
angle (or time of operation of the engine) in one cycle of operation, which is expected

tospanfrom [ T1to[ o ¢'n

Other design parameters of the engine, such as the volumes of the coole, heater, and
regenerator, w, @, and w, respectively, were obtained using physical measurements
of the geometry of the prototype engine. Initial conditions of the temperatures of the

working fluid in the heater and cooler were specified, wh ile the gas temperature in the
regenerator has been obtained as the effective mean of the heater and cooler
temperatures [65]. Furthermore, initial conditions of the mass of the fluid were
assumed, whilei y ~a  z« U2 o! z{ £ ~owdbtaixthe{intial mds§ & the’

{ z

fluid in the CVs of the engine. The fluid in the hot and cold CVs have been assigned the

magnitudes of the heater and the cooler temperatures, respectively, at time, 0 . In
addition, ten boundary conditions of the int erfacial temperatures of the CVs were
specified. In this solution approach, with the exception of variables used to determine
constants and other engine geometrical properties, the size of the vector wdenoting
the unknown functions is 44, and these compose of the analytical variables and

derivatives.

The magnitudes of seven of these variables§ ,0 ,0 ,® ,® ,"Y, and"Y) have been
obtained by numerical integration, using the fourth -order Runge-Kutta scheme, while
the remaining were determined analytically. This initial value problem was solved at
each time step up to the maximum time step (in this case 1000), completing one cycle
of operation of the engine, before it was tested for convergence. The convergence
criteria specified require that the magnitudes of the temperature of the fluid in the

cold and hot CVs in conjunction with the mean pressure of the engine at the beginning
of the cycle, 6 (I @ 1) should be equal to that at the end of the cycle,
0 (1 © o @1 Until this condition is met, which implies that the system had
attained steady state, the differential equations were solved over repeated cycles, and
the numerical results for each variable were logged in each time step. The solutions to
the unknown functions, & provided in this step have the form of a 2-dimensional array

of size T T p m.TThe processes described so far in this step is similar to that

107

[<¢



Chapter 4

employed in the Simple analysig65], except for the fact that the traditional differential
equations of the Stirling engine cited in Table 4-1have been modified as described in
Section 4.2.

At the completion of each cycle, the numerical results were modified by accounting
for the thermal and the work transfer loss effects in the engine, as discussed in Section
4.2.2 to obtain the actual work and the heat interactions in the engine, and compute
its thermal efficiency. Subsequently, the magnitudes of the temperature of the internal
gas of the engine in the heater and cooler were modified, as described in Section
4.2.2.]1using the computed heat transfer rate in the referenced engine spaces. Finally,
the updated values of the temperature of the internal gas of the engine in the heater
and the cooler were transferred to the ne xt cycle to repeat the steps described until

steady state is attained.

4.4. Summary of the Chapter

A new thermal model has been developed in thischapter based on the modifications
of the traditional adiabatic model of the Stirling engine. Therefore, for the fi rst time
the mass leakage from the expansion volume into the compression volume, the mass
leakage from the working volume into the crankcase and the displacer shuttle loss
were coupled into the governing differential equations of the simple adiabatic model s
of the Stirling engine. Similar to previous thermal models, second and third category
losses, such aspiston finite speed losses, mechanical friction losses, spring hysteresis
losses, regenerator imperfection loss es, heat conduction losses, enthalpy leakage
losses and dissipation losses were also considered in developing the present thermal
model. Conversely, in the Present Model, the instantaneous pressure in the control
volumes of the engine were determined with the computed hydraulic losses in the
engine, and the value used to update the temperatures in the control volumes for each
time step. Finally, an algorithm for implementing the solution to the developed model

that will be carried -out in the next chapter has been presented.
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Chapter 5 Simulation of a Kinematic Stirling Engine
Performance Based on an Enhanced Thermal Mdel

This chapter presents the results of the simulation of a beta-type Stirling engine with
a©~!ax y z© -{ wo{y~w¥ 2oD j~{ {¥} ¥nther §{ O]
enhanced non-ideal second-order thermal model developed in Chapter 4. Section 5.1
implements the solution of the second-order model and undertakes a robust
validation of the model predicted results against experimental data, to reveal its
accuracy in predicting the performance of the experimental engine. It also compares
the model predicted results to the results predicted by other second -order thermal
models. Section 5.2 analyses theresults of the numerical simulation of the working
processes of the experimental engine. Section 5.3 conducts the audit of the energy
flow in the engine. Section 5.4 investigates the effect of some key engine geometric
and operating parameters on its performance and the summary of the chapter is
presented in the final section. The findings of this chapter have been published in the

author d paper published in a peer reviewed journal.

5.1. Enhanced model validation

The enhanced thermal model of the Stirling engine developed in Chapter 4 was
evaluated with geometric and operating data of a 3-kW beta-type Stirling engine
known as the GPU3 Stirling engine and designed by General Motors. The
specifications of the geometrical design of the prototype engine are presented in Table
5-1 The testing of the GPU3 Stirling engine was conducted in the NASA Lewis
Research Centre and the test results of theen} ¥ { U2 §{ ©| ! ©ow¥y{ ®w?
[169] MATLAB code have beendeveloped to implement the numerical solution of the
governing ordinary differential equations of the engine as described in Section 4.3and
Fig. 4-4, and are presented in Appendix A. Subsequently, the enhanced model
formulated in this study was validated against the test data from the GPU3 Stirling
engine and compared with predicted results from other second-order models [65],
[67], [68], [176], [181], [242]
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Table 5-1 Design parameters of the prototype 3 kW Stirling engine [169]

Quantity Value Quantity Value
General Heater

Working fluid Helium Mean tube length 245.30 mm
Piston stroke 31.20 mm Tube outside diameter 4.83 mm
Internal diameter of cylinder 69.90 mm Tube inside diameter 3.02 mm
Frequency 41.70 Hz Number of tubes per cylinder 40

Mean Pressure 4.13 MPa Dead volume of heater 70.88 mm?
Phase angle 90 Cooler

Heater temperature 977 K Mean tube length 46.10 mm
Cooler temperature 286 K Tube external diameter 1.59 mm
Number of cylinder 1 Tube internal diameter 1.09 mm
Regenerator Number of tubes per cylinder 312
Regenerator length 226 mm Dead volume of cooler 13.80 mn?
Regenerator external diameter 80 mm Others

Regenerator internal diameter 22.60 mm Clearance volume of the piston 28.68 mm®
Number of regenerator 8 Clearance volume of the displacer 30.52 mm?
Dead volume of regenerator 50.55 mm? Diameter of displacer 69.9 mm
Material Stainless steel wire Diameter of displacer rod 9.52 mm
No. of wires per cm X W X W Diameter of piston rod 22.2 mm
Wire diameter 0.04 mm Displacer clearance 0.028 mm
No of layers 308 Piston clearance 0.15 mm
Porosity of the regenerator matrix 0.69 Eccentricity 20.80 mm
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In Fig.5-1and Table 5-2, the results obtained from the enhanced model, referred

hereinafter as the Uf ©{ 2 { ¥ « z{£UB ~w-{ x{{¥ y!osgwo{z
the models developed by: Urieli and Berchowitdtz [65]B ©{ | { ©©{ z « w @
Babaelahi and Sayyaadil81p ©{ | { ©©{ z «! w2 Ui o 8§ £{242], UQ
©f{ | { ©0{ 2z UY W\[1i76BQ ©Y!| 0@ { ¥+ wzZ{ wWa« OFAD j (
Sayyaadi67B ©{ | { ©©{ z ndlLietal¥68]Bf k FpORwWiv«{ © ©{ | { ©0{ z
z{ £2 | ©
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These models are secord-}] ©z{ © ¥-o{ © ywgf o] w8 wO «

closed-form model.

As it is evident in Fig.5-1and Table 5-2, the enhanced model predicts the thermal

efficiency and brake power of the prototype engine at the referenced design point to

a highlevel of accuracy with relative errors of + 0.3% and- 4.02%,respectively. The

high level of accuracy of the present model is a result of a deliberate effort to minimise

the assumptions made in developing the model; hence, creating a more practical

scenario. In contrast to the previous models, the Present Model predicted superior

results for both the brake power and the thermal efficiency at the design point of the

test engine compared with the previous models.
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Fig.5-1 Evaluating the prediction accuracy of the Present Model by comparing it with
prediction.
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Therefore, it can be concluded that the Present Model is evidently better than the
referenced previous models because of the improvements made in the traditional
adiabatic model, by accounting for the mass leakage into the cold CV, mass leakage
into the crankcase and shuttle heat loss in the engine. In addition, unlike in the previous
models, modelling the instantaneous pressure of the working fluid in the CVs of the
engine for each time step in the numerical process may have contributed to improving

the accuracy of the Present Model.

In particular, in the Simple model [65], which is an adiabatic model, several
assumptions were made to simplify the complexity of the involved processes in the
engine. This, in turn, resulted in predicting performance results that are much
different to the actual engine performance results and yielding relative errors of over
100%(see, Table 5-2). On the other hand, the CAFS242] and the Simple II[181models
(both adiabatic) did not consider the mass leakage through the displacer gap, which
contributed significantly to the work loss esin the engine, even though they discarded
some of the assumptions made in the Simple model [65]. Further improvements were
accomplished in the predicted thermal efficiency and the power output in the PSVL
[67] and the PFST[176]models, by replacing the adiabatic with polytropic processes.
Despite the improvements made using this approach, the failure of the authors to
account for the leakage of the mass of the working fluid into the compression space

has limited the accuracy of the models.

In the PSML[68], an updaed model built on the principle of polytropic processes in
the cold and hot CVs and consequently, improvng the model accuracy, prediction
errors of x 2.6% and 43.78% in the brake power andthermal efficiency, respectively
have been found Additionally, the high accuracy of the PSML model can be attributed
to the coupling of the mass leakage into the compression space to the ideal model.
Even so, the Present Model predicted the engine brake power more accurately than
the PSML[68], this is because both the leakage into the compression space and the
mass leakage into the crankca® have been simultaneously consideredIn contrast, the
PSML[68] model predicted slightly better engine efficiency compared to the Present
Model. This is because the PSML model appreciates the polytropic losses of the engine,

while the Present Model did not. Nevertheless, the reliance on experimental data to
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Table 5-2. Relative error in the prototype engine performance data predicted by the Present Model and other thermal models ( Thy =
977 K;Tk = 286 K;Pmean = 4.14 MPaFreq = 41.67 Hz).

i o8 YW\i i ©o&f filb f\i] fib fof2{¥«
Source [65] [242] [181] [67] [176] gLNs j~ & ac
h{£w« -{ {©O!© A GK A KKL A ILL A GJI A ILI CHDL +0.3
h{fw« -{ {©O0%*©®? A GJI A MID A IID A GJC A ODI A 1| DM - 4.02
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estimate the polytropic exponents in the compression and expansion processes of

the engine using the PSML[68] model may limit its application and accuracy.

Fig.5-2 (a) and (b) evaluates the performance of the Present Model in predicting
«~{ {78{© nvn{¥«wf zw«w >Ewx{££{z 0[] §U
3 engine at variousengine frequencies to that of other theoretical models. This is
undertak en for engine heater temperature of 922 K, cooler temperature of 286 K
and for mean engine pressures of 4.14 MPa and 2.76 MPa, respectively.is evident
that the brake power predicted by the Present Model approximates the
experimental data at all the investigated frequencies. In addition, a similar trend for
the brake power is observed in the experimental results, the Present model, the
PFST[176]and the PSMLq L,Nes, an initial increasewith the increasing frequency of
the engine before attaining a peak value at a frequency o#41.67 Hz. Subsequently, an
appreciable decrease in the brake power is recorded as the frequency of the engine
increases beyond this value, especially when the engine is operating with a mean
pressure of 4.14 MPa Fig.5-2 (a)).
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Fig.5-2. The performance of the Present Model in estimating the brake power of the
Prototype engine at various engine frequencies and comparing it to other thermal
models (Simple [65], Simple 11[181] CAFS[242], PSVL[67], PFST[176], PSMLqg L)N s
and experimental data [169] at Thr = 922 K, Tk = 286K and MEPs of (a) 4.14 MPa, and
(b) 2.76 MPa.

This trend could be as a result of the increase in the internal and external
irreversibilit y in the engine, due to the increase in the frequency of the rotation of

the engine. Technically, at higher frequencies the flowrate of the engine fluid would
increase and consequently the ideal power will also increase, since the ideal work
from the engine does not change. However, this increase in the flowrate of the
engine fluid could lead to an increase in thelossesdue to mechanical friction in the
engine, FSTof the displacer, pressure drop in the heat exchangers and even the
spring hysteresis. The increased losses in the engineat high engine frequencies
offset the observed gain in the ideal power, leading to a dedine in the brake power

derived from the engine.

It is noticeable in Fig.5-2 (a) that when comparing the prediction accuracy of the

Present Model to that of other models, the Present Model predicted the
experimentat { ¥} ¥{Ua X ©Ow¢e { 8§, ®{ © w1, Of Wy Yy - Ow«
frequencies investigated, compared with the Simple [65], Simple 11[181] CAFF242],

PSVL[67], and PFST[176]models. On the other hand, compared with the PSML
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model, the Present Model predicted more superior results of th e brake power of
the GPU-3 engine for engine frequencies of 33 Hzx 54 Hz, while the PSML model

predicted slightly better results for engine frequencies above 54 Hz.

Similarly, based onFig.5-2 (b), the Present Model predicted superior results of the
brake power for all engine frequencies investigated when compared with the Simple
[65], Simple 1l [181] CAFS[242], PSVL[67], and PFST [176] models, except for
frequencies above 53 Hz where the PFST[176] model predicted slightly better
results than the Present Model. Conversely, except for frequencies between 16.67
Hz x 25 Hz where the predicted brake power between the Present Model and PSML
model were comparable, the PSML model predicted the engine brake power more

accurately than the Present Model for a mean effective pressure of 2.76 MPa.

Fig.5-3 (a) and (b) depict the relative error srecorded in estimating the brake power
of the prototype engine by the Present Model for MEP of 4.14 MPa and 2.76/Pa,
respectively. As can be noticed,the prediction error was less than 15% (based onFig.
5-3 (a)) and 40% (based on Fig.5-3 (b)) for all the engine frequencies investigated,
except for the unprecedented rise in the relative error at an engine frequency of

58.33 Hz for the second case.
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Fig.5-3. Comparing the relative error in the predicted brake power of the Present
Model at different engine frequencies with other models (Simple [65], Simple 11[181]
CAFS[242], PSVL67], PFST[176] PSMLg L)NisThr = 922 K Tx =286 Kand MEPsof
(a) 4.14 MPa, and (b) 2.76 MPa.

Meanwhile, compared with the Simple [65], Simple 11[181] CAFS242] and the PFST
[176]models, the relative error s recorded by the Present Model were significantly
lower at all the engine frequencies investigated for the two MEPs,with the exception
of the PSVL[67] model where the relative error s were comparable for engine
frequencies between 25 Hz and 41.67 Hand for a MEPof 4.14 MPa. As for the more
recent PSML g L Wadel, the Present Model recorded lower relative errors, for
engine frequencies between 25 Hz aad 41.67 Hz (as seen iffrig.5-3 (a)), while the
PSMLq L N$ z {p®duced lower relative errors at all the engine frequencies

investigated except between 1667 Hz and 25 Hz (as seen ifig.5-3 (b)).

It can be concluded then that the Present Model can predict superior results for the
brake power of the GPU-3 engine than all theother thermal models examinedin this
study, at the design mean effective pressure of the engine (MEP =4.14 MPa).
However, the PSMLg L Madel predicted better results at the off -design conditions
(MEPof 2.76 MPa). This could be becausethis study considered the mass leakage
into the crankcase, which is estimated with the buffer pressure in the crankcase.

Unfortunately, due to the paucity of data in the literature on the measured buffer
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pressure in the crankcase in off-design conditions of the engine, the same buffer
pressure has been assumedfor the design and off-design MEPcases; an assumption
that may not be realistic in practice. High buffer pressures would imply low pressure
differentials between the compression space and the crankcase, leading to reduced
leakage of gas into the crankcasg183] Hence, the predicted brake power especially
at high engine frequencies when the fluid is more mobile would be more than the

actual power from the engine; similar to the trend observed in Fig.5-3 (b) .

Fig. 5-4 (a) and (b) show the predicted thermal efficiency of the Present Model at
various engine speeds compared with the predictions of other theoretical models,
for the experimental engine operating at a heater temperature of 922 K, cooler
temperature of 286 K and mean effective pressure of 4.14 MPa and 2.76 MPa,
respectively. It is clear that the trend in the engine thermal efficiencies predicted by
the Present Model is consistent with the experimental results for the full range of
engine frequencies, and the mean effective pressures investigated. On the other
hand, the other models predicted linear trends that do not coincide with the

experimental dataset.
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Fig. 5-4. The precision of the Present Model in estimating the thermal efficiency of
the prototype Stirling engine at different engine f requencies and comparing it to
previous models (Simple [65], Simple 11[181] CAFF242], PSVL67], PFST[176] PSML
g L)Musd experimental data [169] at Thr = 922 K Tk = 286 Kand MEPs of (a) 4.14 MPa,
and (b) 2.76 MPa.

Meanwhile, the predicted efficiencies of the Present Model are seen to have
remained unchanged for engine frequencies between 25 Hz and 33.33 Hz for MEP
of 4.14 MPa or slightly increased for frequencies between 16.67 Hz and 25 Hz and
remained the same until 33.33 Hz for a MEP of 2.76 MPa, before decreasing
appreciably in both cases. This is expected because the brae power output of the
engine declines just after peaking at a frequency of 41.67 Hz. In addition, at higher
engine frequencies, the dissipation of the thermal energy in the regenerative engine
becomes more intense, especially in the regenerator that contributes most of the
losses in the engine. It has been mentioned in Sectior.2.2.Xhat additional heat will
be required to compensate for the imperfect regeneration, but at the cost of a

decline in the thermal efficiency of the engine as is the case inFig 5-4 (a) and (b).

Ascan be noticed from Fig.5-4 (a), the thermal efficiencies predicted by the Present
Model at MEP d 4.14 MR were more accurate than the other models for all the

engine frequencies investigated, except for the mid-range frequencies (33.33 Hzx
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45 Hz) where the PSVL[67], and PFST[176] andPSMLg L Ns z { £2 { ~© x « }
wyy-O©wy°D d{-{O«~{£{?%2%B «~{ y; ¥ &«{¥y° ||
(¥} B¥{{OfpwE vy {¥y*Bg{mawct{® yl«xa8wO{z «wW¥«~{ | -
cl[ f | H D MEig. %e4f (b)), the Present Model p redicted superior results for

engine frequencies ranging from 16.67 Hz to 41 6Hz. However, between frequencies

of 41.67 Hz and 58.33 Hz, the PSML and PFST feature higher accuracy.

Fig.5-5 (a) and (b) show the re lative error s recorded in estimating the thermal

efficiency of the prototype Stirling engine by the Present Model for MEP of 4.14 MPa

and 2.76 MPa, respectively. It is seen that an average prediction error 0f10% (based

on Fig.5-5 (a)) and 25% (based on Fig.5-5 (b)) were obtained for all the engine

frequencies investigated. The Present model yields lower prediction errors than all

the previous models for the entire range of frequencies with the exception of the

PSVL[67], PFST[176]and the PSMLq LB¢s- W& ¥ { @W®{ © ©f £w« -{ {©0©
o @®w¥} { | Of " -{¥y {2 w¥z wamx~£{ z[ CO{}3¥~}c¥ [ | |
c[ f 'l cHfBiyl5-5 (b)) only the PFST [176]and the PSMLQ L B®{ z y « « ~{
«~{OpWwE y {¥y° 1| «~{ {¥} ¥{ ® «~ £]0®{0 Of
wx | - { J Tidlobdervedtiznd further validates the initial assertion that the

Present Model is more superior to the previous models in predicting the

performance of the engine at the design MEP of 4.14 MPa.
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Fig.5-5. The relative error incurred by the Present Model in estimating the thermal
efficiency of the prototype Stirli ng engine at different engine operating frequencies,
with previous models (Simple [65], Simple 11[181] CAFS242], PSVL[67], PFST[176]
PSMLq L)MNts Thyr = 922 K Tk = 286 Kand MEPs of (a) 4.14 MPa, and (b) 2.76 MPa.
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5.2. Model predicted results of engine dynamic performance

So far, the validation of the model has been focused on comparing the predicted
brake power and thermal efficiency to the experimental data and the results from

other models. Nonetheless, additional insights may be drawn by undertaking a
broader evaluation of other results predicted by the model in order to highlight its
accuracy [184] To this end, this section presents additional results showing the
dynamic flow of material and energy in the components of the engine predicted by

the model, at various angular speed of the engine.
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5.2.1. Simulation of change in the mass and volume othe engine fluid
Fig.5-6 represents the variation of the mass of the working fluid in the CVs of the
engine obtained in one cycle of operation from the developed model. It is evident
that the mass of the working fluid in the engine varied in a sinusoidal way in the hot
and cold CVs. At the beginning of the cycle, the mass of thevorking fluid in the cold
space starts to increase remarkably from a crank angle,/ ( Jnd attains a peak
value atf p w@whileitincreases from [ 1 do[ x ¢id the hot space before
starting to decrease to a minimum value at| ¢ x Tsdmilar to the observed trend
in Ref.[184] After the plateau phase, the mass of the working fluid in the cold and

hot spaces of the enginedecreases and increasesappreciably, respectively.

Correspondingly, the variation in the mass of the working fluid reflects the

compression, expansion, heating and cooling cyclic processes the engine fluid
undergoes in these components. By contrast, the heat exchangers present less
variation in the mass of the working fluid, because of the absence of moving parts
like the piston and displacer to alter the volume as it is the case in the cold and hot
spaces. It is seen that the cooler and regenerator noticeably handle lowquantity of

the engine fluid. Consequently, this may lead to poor heat transfer in these CVs.
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Fig.5-6. Variation in the mass of the working fluid in the main components of the
engine.
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Fig.5-7 illustrates the sinusoidal variation in the engine volume andpressure in the
cold and hot spaces and for the entire engine. It isevident that the volume variations
in the hot and cold spaces correspond with the mass variation predicted by the
model in Fig.5-6, as expected. Therefore, the volume of the working fluid in these
spaces increases and decreases as the mass ofthe working fluid increases and
decreases. However, the maximum and minimum volumes are attained at| wTtJ
and[ ¢ x twdspectively in the hot space, while the maximum value is attained at

[ p W mnXhe cold space.

On the other hand, the total pressure of the engine fluid decreases with the increase
in the volume of the fluid in the hot and cold spaces at the beginning of the cycle.
This decrease continues to be driven by the steep increase in volume in the cold
space despite the reducing volume in the hot space, until a minimum value is
attained at [ p v 1t Then, the pressure starts to increase steeply with the
pronounced decrease in the volume of the fluid in the hot and cold spaces of the
engine. It reaches its peak atf ¢ o tbéfore starting to decline again with the

appreciable increase in the volume of the fluid in the hot space.
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Fig.5-7. Variation in the volume and pressure of the working fluid with the crank
angle.
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5.2.2. Simulation of the dynamic variation of energy in the engine

Fig.5-8 depictsthe pressure drop in the heat exchangers of the Stirling engine while

Fig.5-9 represents the energy flow in a cycle of its operation, at the various angles

of rotation of the engine. AsFig.5-8 shows, the regenerator contributes most of the

pressure drop in the engine. The pressure drop in the regenerator is seen to rise

steadily to a maximum of 0.2 MPawith the increase in the angle of rotation of the

crankshaft

from[ Tmdof

w @. This is the case during the transfer process after

the compressed engine fluid is sent at high velocity to the hot space from the cold

space; hence, the observed positive pressure drop. It is seen in Fig.5-9 that the net

cycle work and heater heat flow increase within this region, while heat is lost in the

regenerator to heat up the fluid. Note that to ensure isothermal expansion in the

Stirling engine, the engine fluid is heated up during the expanson process to prevent

a reduction in its temperature.
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Fig.5-8. Pressure drop in the heat exchangers of the Stirling engine.

Thereafter, the pressure drop in the regenerator decreases signific antly to a

minimum of -0.2 MPa at a crank anglef

o 1t tadd then increases again until the

end of the cycle. The other phase ofnegative change inpressure drop occurs when
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the expanded engine fluid is being sent to the cold space from the hot space. This
process is also marked with the storage of the thermal energy in the engine fluid in
the wire meshes of the regenerator. Expectedly, the net cycle work decreases to a
minimum value at[ ¢ 1 radd starts to increase again until the end of the cycle
(see, Fig. 5-9). Therefore, the regenerator is seen to have handled most of the
thermal energy transfer in the engine and is a vital component in its design. In
particular, the regenerator of the Stirling engine helps to min imise the thermal

energy input of a conventional heat engine by about 80%[180] By comparison, the
cooler records avery small drop in the pressure of the working fluid, which could

be as a result of the low velocity of the fluid in this component, thanks to the
compression work. Conversely, appreciable level of pressure drop compared with

that of the cooler is seen in the heater, but far less compared with the pressure drop

in the regenerator [184], [228]
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Fig.5-9. Heda and work flow asafunction of the crank angle in the engine

5.3. Analysis of the engine work and heat transfer processes

The work diagram of the engine predicted by the developed model is presented in

this section and the first law audit of the energy flow in the engineis performed and

125



Chapter 5

presented in a Sankey diagram Fig.5-10is the pressure-volume diagram predicted
by the developed model for the hot and cold volumes of the engine. Theregion
enclosed by the pressure-volume diagram, otherwise called the work diagram,
represents the ideal cycle work done by the engine. However, in this study, the mass
leakage into the cold space and the crankcase and shuttle heat loss have been
coupled to the ideal adiabatic equations to obtain a non-ideal pressure variation in
the engine as expressed inChapter 4 and Eq. (4-12) As can be seen, the specific
volume of the engine fluid in the cold space decreases between the crankanglesof
| pwdtof] o @ Jinthe compression process. On the other hand, it is seen that
it decreases to the minimum volume in the hot space during the transfer process to
the cold space,from [ weth[ ¢ x 1lhe maximum pressure in the cold space
is recorded at [ ¢ 1J, just at the end of the compression process while it is
observed at| o o &in the hot space, which is the early phase of the expansion

process.
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Fig.5-10. Pressure-volume diagram of the working processes in the engine.

Thereafter, the pressure of the working fluid decreases while the volume increases
in the hot space, indicating that the piston is doing some expansion work. It is seen
that while the increase in the volume of the fluid started at[ 1tJor o ¢ 1nthe cold

space, it began at] ¢ X Jtin the hot space, due to the w 1t phase difference
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between the displacer and the piston of the engine. Further, as expected, the
expansion process encloses more volume compared with the compression process;
thus, positive net cycle work is obtained from the engine. The hot CV where the
expansion process takes place records higher pressure variation compared with the
compression process in the cold CV. Therefore, the net cycle work in the engine can
be enhanced by achieving higher pressures in the engine during the expansion
process and lower pressures, in the compression process [184] That way, the region
enclosed by the hot CV will increase while the cold CV region will shink and

consequently, lower compression work and higher expansion work will be obtained.

Fig.5-11illustrates the energy flow audit in the Stirling engine. Asi it is evident, the
second and third category losses in the engine have been accounted for in this
energy audit. In Sections 4.2.2.1and 4.2.2.2 the second and third category lossesare
accounted for in the enhanced model development, which are mainly the heat and
work transfer losses, respectively, and these were presented and elaborately

discussed.
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Fig.5-11 Energy audit of the engineshowing the second and third category losses
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AsFig.5-11shows, 130 kW of heat is supplied into the engine at a constant heater
wall temperature of 977 K. This thermal energy heats up the working fluid and drives
the operation of the engine. The brake power obtained from the engine is 2.65 kW
and as expressed inChapter 4 and Eq. 4-5], it is the difference between the net
qguasi-ideal cycle work and the work losses in the engine. It can be seen that the
pressure drop in th e heat exchangers contributes the highest work losses in the
engine of 0.576 kW, while finite speed and mechanical frictional losses were the
second highest work loss contributors in the engine. Conversely, 1.446 kW of heat is
lost in the engine due to the conduction from the wall of the regenerator and this is
the highest thermal energy loss recorded in the engine. Other major contributors of
heat losses in the engine are dissipation losses and enthalpy leakage losgs due to
the leakage of the working fluid into the buffer space. However, hysteresis losses
and losses due to the imperfection of the regenerator are the least sources of work
and heat losses in the engine, respectively. Similar conclusions were reported in Ref.
[68] for the hysteresis losses; nonetheless, they found leakage losss contributed

the smallest amount of heat losses.

It can be observed from Fig.5-11that the net heat in the system is not equal to the
net cycle work, and this is contrary to the expectation based on the law of
conservation of energy. This is because he shuttle losses and mass leakage losses
from the hot space to the cold space and into the crankcase have been coupled to
the ideal equation of the engine. Therefore, the difference in the net heat added to
the engine and the quastideal work of 34.6 W could be as a result of the several
stages of mass leakages in the engine. Finally, 9.427 kW of heat is sent to the sink
from the cooler of the engine. This enormous amount of waste heat can be
recovered to drive another heat engine, to improve the combined electrical

efficiency or for other useful purposes.

5.4. Effect of varying key parameter s on the engine performance

The effect of several geometrical and operating properties on the performance of
the GPU-3 Stirling engine have been widely studied[157], [184], [243However, only
a few studies have investigated the effect of the dimensionless gap number on the

brake power and thermal efficiency of the engine [68]. Therefore, this section
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presents the results of the effect of the dimensionless gap number (j O xthe ratio

of the clearance between the displacer and engine cylinder to the displacer
diameter x on the brake power of the prototype Stirling engine . The engine operates
with a heater wall temperature of 977 K, cooler wall temperature of 286 K, engine
frequencies of 25 Hz, 33.33 Hz and 41.67 Hz and mean effective pressures (MEP) of
4.14 MPa, 2.76/Pa ard 1.38 MPa, respectivelyThis study is intended to highlight the
level of the influence the leakage of engine fluid into the cold space has onits

performance at different engine operating conditions.

Fig.5-12 Fig.5-13 and Fig.5-14show the impact of the dimensionless gap number
g O on the brake power of the prototype Stirling engine for the aforementioned
operating conditions, when the engine is operated with two engine gases (helium
and hydrogen). In Fig.5-12 it is evident that for both engine fluids and all the engine
frequencies investigated, the brake power of the engine did not change substantially
when the dimensionless gap number was below 18» p 1. However, as the
dimensionless gap number increases, the brake power declines dramatically. This is
because, with the increase in the gap between the displacer and the wall of the

cylinder, more of the engine fluid will leak from the hot CV into the cold CV.

Thus, there will be loss in the expansion work of the ergine, leading to a
corresponding gain in the compression work; hence, the net ideal work from the
engine will decline. In addition, it is seen that the impact of the dimensionless gap
number on the brake power is less intense at an engine frequency of 25 H, but
becomes significant as the frequency increases from 33.3 Hz to 41.67 Hz.
Consequently, the design point of the engine, 3O 18t p 1, drifted further
from the optimum brake power with an increase in the operating frequency.
Comparing the two working fluids, the impact of the dimensionless gap number on
the brake power output of the engine is more severe for the engine utilising
hydrogen gas at all the frequencies investigated. This is because hydrogen is lighter
and this results in increased leakage into the compression space. Thus, the engine
working with helium has its design point closer to the optimum power output than

that operating on hydrogen gas.
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Fig.5-12 The impact of the gap dimensionless number on the brake-power of the
prototype Stirling engine, operating at different engine frequencies, Thr = 977 K Tk
=286 K MEP of 4.14 MPa and utilizing helium or hydrogen as the working fluid.

Similarly, from Fig. 5-13 the change in the brake power of the engine became
noticeable when the dimensionless gap nhumber exceeds ¢8t p 1 , for MEP of 2.76
MPa. As in the case of the engine operating with MEP of 4.14 MPa, the brake power
of the engine deteriorate s significantly with the increase in the dimensionless gap
number beyond this value. Nevertheless, the impact is less intense fo helium gas
than for hydrogen gas. Meanwhile, as the frequency of the engine increass the
impact increases, while the design point of the engine is increasingly sub-optimal.
However, compared with the engine operating at MEP of 4.14 MPa, the deterioratio
of the brake power with the increase in the dimensionless gap number is less severe

at MEP of 2.76 MPa.
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Fig.5-13 The impact of the gap dimensionless number on the brake-power of the
prototype Stirling e ngine operating at different engine frequencies, Thr = 977 KTk=
286 K and MEP of 2.76 MPa and utilizing helium or hydrogen as the working fluid.

Likewise, based onFig.5-14 appreciable changes in the brake paver output from
the GPU-3 engine did not occur until a dimensionless gap number ofo8t p 1T was
obtained for the engine operating with a MEP of 1.38 MPa. Beyond this value, the
brake power reduces significantly with the increase in the dimensionless gap
number; however, the impact is not as pronounced as in the cases of MEPsof 2.76
MPa and 414 MPa. Meanwhile, comparing the two working fluids, the impact of the
dimensionless gap number on the brake power is again more significant for
hydrogen than for helium, while the change in the engine frequency has a similar
impact as in the case of the engine operating with MEPsof 2.76 MPa or 4.14 MPa.
However, the design point of the prototype engine is almost at the optimal brake
power in this case than in the previous cases. Hence, the increase in theMEP of the
engine contribute s to the negative impact of the dimensionless gap number on the
brake power of the GPU-3 engine. Similarly, an increasein the frequency of the
engine leads to an increase in the deterioration of the power output as the

dimensionless gap number increases with the effect being more pron ounced in the
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engine utilising hydrogen [182], [244]Finally, at the design point of the GPU3 Stirling
engine, reducing the dimensionless gap number fromt8t p 1 to ¢8t p 1 leads
to a 16% increase in the brake powe from the engine if helium gas is used as the

working fluid and a 15%increase with hydrogen gas.
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Fig.5-14 The impact of the gap dimensionless number on the prototype Stirling
engine, operating at different engine frequencies, Trr = 977 K Tk = 286 Kand MEP of
1.38 MPa and utilizing helium or hydrogen as the working fluid.

Fig.5-15 Fig.5-16and Fig.5-17represent the impact of the dimensionless gap number
on the thermal efficiency of the GPU3 for the operating conditions earlier

mentioned. It is evident from Fig. 5-15that for both engine gases, the thermal
efficiency of the engine starts deteriorating significantly when the dimensionless gap
number increases beyond p® p 1 . As described inChapter 4 and Eqg. (4-2), with
an increase in the displacer gap the shuttle thermal loss decreases, thus resulting
in a decrease in thethermal efficiency of the engine [68]. The decrease in thethermal
efficiency is, however, more pronounced with hydrogen than with helium since the
brake power deteriorated more in the former. Meanwhile, the thermal efficiencies
were higher at higher frequencies for a smaller dimensionless gap number, but
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decreases asthis number increases. This is because the work losses in the engine
deteriorated with the increase in the frequency of t he engine and the dimensionless
gap number. Again, he engine working with helium hasthe thermal efficiency at the

design point closer to the optimum thermal efficiency compared with the hydrogen

engine.
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Fig.5-15 The impact of the dimensionless gap number on the thermal efficiency of
the prototype Stirling engine, for different engine frequencies, Thy = 977 K Tx= 286
Kand MEP of 4.14 MPa and utilising helium gas or hydrogen as the working fluid.

As shown in Fig.5-16 a similar trend as that observed when the engine is working
with aMEP of 4.14 MP& observed; except that there are appreciable changes in the
thermal efficiency of the engine observed for the d imensionless gap number greater
than ¢8t p 1 8rhis is as expected, since the brake power produced from the

engine remained the same for a dimensionless gap number less than this value.
However, the change in thethermal efficiency observed for aMEP of 2.76 MPas less

significant compared with t he case ofaMEP of 4.14 MPa. While th&nermal efficiency
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of the engine at the design point is much closer to the optimal engine efficiency,

especially with the decrease in the frequency of the engine.
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Fig.5-16 The impact of the dimensionless gap number on the energetic efficiency of
the prototype Stirling engine, for different engine frequencies, Thy = 977 K Tx= 286
Kand MEP of 2.76 MPa and utilising helium gas or hydrogen as the working fluid.

The impact of the dimensionless gap number on the thermal efficiency of the GPU-
3 engineis not so significant at MEP of 1.38 MPa, as seen kig.5-17 especially for the
engine using helium. It is seen that, at this lav MEP, the frequency of the helium
engine has more impact on the thermal efficiency than the dimensionless gap
number. For the engine running on hydrogen, the dimensionless gap number still
maintains a similar impact on the engine for MEP of 1.38 MPa as ithe other cases,
although the impact is less intense in this case.Finally, thethermal efficiency of the
GPU-3 Stirling engine could improve by 22% for helium and 30% for hydrogen, if the

dimensionless gap number is reduced fromt8t p T to¢dt p 1.
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Fig.5-17 The impact of the dimensionless gap number on the thermal efficiency of
the prototype Stirling engine, for different engine frequencies, Thy = 977 K Txk= 286
Kand MEP of 1.38 MPa and utilisop helium gas or hydrogen as the working fluid.

5.5. Summary of the chapter

The new proposed thermal model of the GPU-3 Stirling engine has been testedwith
the engine geometrical and operating data. The results show the Present Model
estimates the brake power of the experimental engine with greater accuracy
compared with all the previous numerical and closed-form mode s at the engine
frequencies investigated, apart from the newly developed PSML g L Waedel that
predict s better results at higher engine frequencies. Whilst the predicted thermal
efficiency was more consistent with the experimental data, at all the engine
frequencies investigated, in contrast to other referenced models. Therefore, the
new model developed in this chapter is more suitable for deployment in studies
involving the dynamic operation of the Stirling engine, since t is consistent in

predicting accurate ly the experimental data at all engine speeds.

Also, the modelwas deployed to study the dynamic variation of the mass and energy
of the working fluid in the engine . The model predict s the variations in the mass and

energy of the working fluid in the engine compartments that are consistent with the
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cyclic processes in the engine. The energy audit revealsthat the work and heat
losses in the engine are predominantly driven bythe pressure drop s in the tubes of
the heat exchangers and heat conduction from their walls, respectively. In addition,
an enormous amount of heat is rejected from the heat engine and this could be
recovered to drive another heat engine or for other useful purposes and will be

investigated in the next chapter.

Finally, he impact of the dimensionless gap number on the brake power and thermal
efficiency of the experimental engine at different mean effective pressures and
engine operating frequencies was assessedand compared for hydrogen and helium
working fluids. It was found that for a given mean effective pressure, a minimum
dimensionless gap number exists below which the performance of the engine
becomes insensitive to the displacer gap.Therefore, the engine performance could
be improved significantly by optimising the design of the cylinder wall-displacer gap,

especially if hydrogen serves as the working fluid of the engine.
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Chapter 6 Simulation and Parametric Optimisation of a
Multi -carrier Energy System

This chapter presents the modelling, integration, parametric analysis and
optimisation of the new multi-carrier decentralised energy system configuration
described in Chapter 3. Section 6.1undertakes the development and validation of
the models for the prediction of the performance of the subsystems of the multi -
carrier energy system. In addition, it proposes an approach for the integration of the
subsystems of the energy system and formulates metrics for evaluating its
performance . Section 6.2 presents the parametric analyses of thesimulated results
of the system based on the formulated metrics over a range of operating conditions.
Section 6.3 performs the formulation of the parametric opti misation problem and
developsthe optimisation method for finding the optimal solutions. This section also
discusses the decision-making tools deployed to select the best solution from the
set of optimal solution. Section 6.4 evaluates the results of the multi -objective
optimisation and conducts a detailed analysis of the best solution. Finally, the
summary of the chapter is presented to highlight the key findings from the work that
has beenundertaken . These findings and key results obtained have been published

in« ~{ w-«~! Odpeer &vielvdd @arnal akd in an international conference.

6.1. Multi-carrier decentralised energy system modelling

In Chapter 3, and Fig.3-2 the schematic diagram and mode of operation of the multi -
carrier decentralised energy system (MDES)configuration proposed in this chapter
was presented. The proposed MDES comprises six main subsystems which are:
biomass dryer (BMD), biomass combustor (BMC), Stirling engine (ST), organic
Rankine cycle (ORC), single effect absorption refrigerator (VAR) and domestic
water heater (DWH). This system is designed to simultaneously produce cooling,
heating, power, and dry wood chips. The model for the prediction of the
performance of the ST prime mover has been developed in Chapter 4 and the
solution was implemented and validated in Chapter 5. This section presents the

modelling and solution approaches implemented for the ORC, ARS, woodchips
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drying, combustion and DWH systems as well as the performance metrics for its

evaluation.

6.1.1. Modelling of the subsystems of the multi-carrier energy system
The modelling of the BMD, BMC, ORC, VAR, and DW¥ére undertaken in the Aspen
plus® environment. Aspen plus® is a Fortranbased process modelling program that
has extensive application in modelling various processes, such as energy systems
and refineries. It has a large library of properties of several chemical compounds. In
addition, there are custom blocks of commonly used process system components
in Aspen plus® which can be easily connected, using materials, heat and work
streams [245]. This robust software has been used in the past to model some of the
subsystems of the proposed DESand the results obtained were comparable to that
of other modelling tools, such as the engineering equation solver (EES). Hwang et al.
[98] reported a relative error of 1.5% in the results obtained from their Aspen model

of the lithium bromide/water ARS compared with that from the EES.

In Aspen plus® modelling, the thermo -physical properties of the working fluid are

determined based on the equation of state; for a pure substance or activity
coefficient methods; for non -ideal mixture of solvents [98]. Here,a combination of
the Peng-Robinson and the steamNBShave been deployed as the equation of states
to model the conventional components and pure water, respectively. On the other
hand, the electrolyte non-random two liquid (ELECNRTL) x an activity coefficient
method in Aspen plus® has been used to model the lithium-bromide/water solution.

It is also required to define the stream class in Aspen plus® before specifying the
streams. In this simulation, the MCINCPSD which is compatible with mixed,
conventional inert solid with particle size distribution (CIPSD) and non -conventional
solids with particle size distribution (NCPSD) streams serve as the global stream
class. The detailed description of the Aspen plus modelling for the various

subsystems ae undertaken in the following.

6.1.1.1Aspen modelling of wood chips drying
The modelling of wood chips drying has been achieved with the aid of the dry reactor
(DRY-REAC) and separator (DRYFLSH) blocks (see, Fig. 3-2(a) for the Aspen
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flowsheet). In the DR¥REAC, some of the volatile components in the woodchips
(e.g., moisture) are vaporised with the aid of the high temperature flue gas Thenthe
feedstock is sent to the DRY-FLSH where the water vapour and the flue gas are
separated from the dry wood chips. These processes require specifying the weight
composition of all the components in the wood chips, defined on a dry basis from
ultimate and proximate analyses (see, Table 6-1). A custom calculator block was
deployed to control the moisture composition of the wood chips, at the end of the
drying process. This block computes the fractional conversion of wood chips to
water which is required to determine the mass flow rate of the wood chips after
drying, by conducting a material balance [246]. The final moisture content of the

biomass fuel is set by the user in the calculator block, while the other properties of

the wet wood chips are retrieved from the wet wood chips stream.

Table 6-1 Proximate and Ultimate analyses of white wood chips [47,48].

Composition Dry Weight (%)
Ultimate analysis
Hydrogen 6.10
Carbon 51.80
Nitrogen 0.30
Oxygen 41.19
Chlorine 0.00
Sulfur 0.01
Ash 0.60
Moisture 10.00
Proximate analyss
Moisture 30.00
Fixed Carbon 19.40
Volatile matter 80.00
Ash 0.60

6.1.1.2Aspen modelling of wood chips combustion
In Aspen plus®, the combustion of solids is achieved in three steps[246]. First, the
solid is broken down into its non-stoichiometric components in an Aspen block
named RYield (DECOMP). Subsequently, the nofrstoichiometric components and
the heat of combustion are admitted into the RGibbs reactor (COMBUSTR). Here,

based on the minimisation of the Gibbs free energy, these components will react
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with air to produce the combustion products. Finally, the combustion products are

sent into a solid splitter (SEPARATE) to remove the unburnt solid particles based on
a predefined split fraction (see, Fig.3-2(a)). To determine the actual composition of
the components in the wood chips after the combustion process, a custom
calculator block executed in a Fortran-based environment was deployed. The
calculator block accessed the ultimate and proximate analyses of the woodchips in
a vector form, based on the dry composition from the stream going to the drier.

Using the moisture content in the proximate analysis, it converts the ultimate and

proximate analyses to a wet basis[246].

6.1.1.3Aspen modelling of the organic Rankine cycle

In this study, five custom Aspen plus® blocks have been used to ahieve the ORC
modelling, namely: heater (evaporator), expander, solution heat exchanger, pump,
and another heat exchanger (condenser) (see, Fig.3-2 (a) for the Aspen flowsheet).
The use of a heater block to implement the evaporator in this design implies that the
heat is assumed to beadded at constant temperature ( ST cooler temperature) to
the refrigerant of the ORC. Note that the heat input to the heater is supplied from
the cooler of the ST implemented in MATLAB by integrating Aspen plus® and
MATLAB. The thermodynamic proces in the expander is assumed to be polytropic.
While a combination of the approach temperature, dryness fraction a nd discharge
pressure have been used to determine the state of the stream at the outlet of the
solution heat exchanger, condenser, and pump, respectively. Hence, the network

output of the ORC and its efficiency is obtained from the following expressions:

@ O ® (6-1)

- 7 (6-2)

where® w 2 «~{ 8! ®{ © 8§0!z-y{z &x° w~igtheehYU2 .
§! ®{© y!¥2-2o{z x° «~{ ehYU2 §-o8D

6.1.1.4Aspen modelling of the absorption refrigeration system
Similar to [98], heater blocks were selected to implement the evaporator, absorber,

and condenser of the ARS, on the assumption that heat is added to these
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components at constant temperature. However, the waste heat from the absorber
and condenser has beenrecovered in this study, to economise the water before it
gets to the DWH. Two pressure reducing valve blocks have been selected tdhrottle
down the refrigerant (water) and the strong LiBr/water solution to the evaporator
pressure. While a pump block that requires only the discharge pressure to be
supplied as an input lifts the weak solution from the absorber to the desorber. To
improve the performance of the ARS, a solution heat exchanger (SHX) has been
deployed between the desorber and absorber. The SHX extracts some of the heat
from the hot strong solution leaving the desorber to heat up the cold weak solution
returning to the desorber, thus helping to retain the internal energy of the working
fluid. The SHX has been implemented in this desigrusing two heater blocks, where
heat is taken from the hot side to the cold side as seen inthe flowsheet in Fig.3-2
(b).Finally, owing to the complexity of the processes in the desorber, a combination

of two heaters and a flashseparator block were selected to implement this process.
Thus, the COP of the AR®an be obtained from the expression:

0

] ~ . 6‘3

7 o (6-3)
where 0 w is the heat load of the evaporator of the refrigerator and
0 w is the heat absorbed by the generator of the thermal chiller .

6.1.1.5Aspen modelling ofthe water heater
In this DES system modelling, the heating of the domestic hot water was
implemented in Aspen plus® using a heatexchanger block (see, Fig.3-2 (b) for the
Aspen flowsheet). The approach temperature is the only input to the block required
to determine the state of the hot water produced. Note that the cold stream input
to this block is the water that has been economised in the absorber and condenser
of the ARS, while waste heat exitirg the desorber of the ARS servesas the hot stream

inlet to the block.

6.1.2. Multi-carrier system performance index
For an energy systemthat integrates several sub-systems operating simultaneously

in a close circuit, some performance indicators are required to assess the viability
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of the system from thermodynamic, economic , and environmental perspectives.
While several indices have been formulated to assess the performance of multi-
carrier DES only a fewindicators have been reported to give deep insights into the
a ° a « pepfddrhance. The commonly used performance indicators are those that
compare the performance of the multi-carrier system which is modelled here as a
micro-CCHP ( -CCHP) to that of a conventional separate cooling, heating and
power (SCHP plant [249]. In this study, the energy utilisation factor, exergy
efficiency, primary energy saving, artificial thermal efficiency and CO; emissions
reduction have been usedto assess the performance of the multi-carrier DESfrom

technical, economic, and environmental perspectives.

a) Energy utilisation ratio:

The energy utilisation ratio (EUF) evaluatesthe performance of the DESfrom the
first law perspective. However, because electric power is difficult to produce and
highly priced compared with heating or cooling which can be produced with low
grade energy and not commensurately priced, EUF is used instead of thermal

efficiency. The EUF of d -CCHPis expressed as:

07Y0 © : : (6-4)
a "O0w
where 0 & is the refrigerating effect of the ARS, 0 w is the heating
load of the DWH, & — is the mass flowrate of the wood chips fuel and

‘O'0w— is the high heating value of the fuel. The net electrical power from the

system, @ W FE W

b) Exergy efficiency:

Exergy efficiency (— ) measures the quality of the energy conversion processes in
the energy system. Itis a thermodynamic performance indicator , derived from the
second law of thermodynamics that maps the flow of energy supplied into a system,
and reveals where thermodynamic imperfection in a system occurs the most. For a
system operating at conditions above the dead state defined by temperature and

pressure, 4 ¢ wgpurand0 p T 0, fkhe exergy efficiency is expressed as:
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_ (6-5)

where Y 0 is the evaporator temperature, "Y 0 is the temperature of

the boiler and Y 0 is the temperature of the flue gas.

c) Primary energy saving

Another very insightful way of evaluating the performance of a multi-carrier DES is

by comparing it to the performance of conve ntional SCHP plants. Theprimary
energy savings PES estimates the amount of fuel that could be saved in running a
plant as a CCHP instead of as a SCHP, arttlis could be deployed as an economic
indicator. If the PES is positive, some of the input fuel erergy has been saved, while

a negative PES value suggests running the plant as a SCHP may be more beneficial.
The PES of a CCHP can be obtained from the following expressiofi35], [101]

.o 0
h h h

where — is the thermal efficiency of a conventional power plant, — j

is the efficiency of a conventional boiler, and , is the coefficient of

performance (COP) of a conventional chiller.

d) Artificial thermal efficiency:

If the energy of the fuel used to produce the heating and cooling in a separate boiler
with an efficiency, — and a separate thermal cooler with a COP,, are deducted
from the total fuel energy supplied to the CCHP, andthe electrical power output of

the plant is divided by the remaining fuel energy, then another performance

criterion , called the artificial thermal efficiency (ATE), is the outcome. This
performance indicator ev aluates the efficiency of utilising the fuel to produce

electric power in a CCHP system. Therefore, the ATE of the multicarrier energy

system is expressed as[88]:

0 "YO (6-7)

~
g
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e) COz emissions reduction:

An established way ofevaluating the performance of a MDESIis by quantifying its
impact on the environment [250]. This can be achieved by comparing the CQ@
emissions reduction (CO2 ER)of the system to that of a conventional SCHP system.
A positive CQ ER suggests that the energy system is emittingless emissions
compared to the SCHP and vice versa. The C@ERof the multi -carrier energy system
can be evaluated from the following expression [87]:

&

8 8 (6-8)

h h

0 00Y p

6.1.3. System integration and solution approach
Fig.6-1presents the algorithm for implementing the solutions of the MDESmodels
in the MATLAB and Aspen plus® environment. A code has been developed in the
MATLAB environment to interface the ST model with the models built in Aspen
plus®. Hence, the cantrol and operation of the system was achieved in the MATLAB

environment.

As seen in the algorithm, the wood chips feed rate and required final moisture
composition are exported to the respective Aspen plus blocks from MATLAB. The
Aspen models of the BMD and BMC are run from MATLAB and the program paused.
The temperature and specific heat capacity of the flue gas produced after the
combustion of the wood chips is sent to the ST heater in MATLAB. Using a predefined
pinch point tempe rature, the MATLAB model of the ST is run for a given speed of the
engine. The algorithm for solving the governing equations of the S has been
presented in Chapter 4 and Fig.4-4. If the ST model converges, the results of the
energy consumed by the ST heater and that exhausted from the ST cooler are
exported to the Aspen plus blocks to implement the Aspen plus models. The Aspen
plus program is then run at this point and the steady state solutions of the ORC, ARS
and DWH models are obtained. If themodel converges, the results of the heat rates,
work rates, exergy rates, etc. from these models are returned to MATLAB.
Furthermore, these results and that generated for the ST are employed in the

computation of the performance indicators of the multi-carrier system.
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(o)

Fig.6-1 Algorithm for the integration of the MATLAB and Aspen plus models of the
subsystems of the multi -carrier DES.

The steps described so far are repeated iteratively for different mass flow rates of

the refrigerant flowing through the ARS, to achieve different cooling ratios, 6 Y

. Finally, the entire process is repeated for another speed of operation

of the prime mover. Note that if the Aspen plus program does not converge, the
woodchips feed rate, a is changed. The Apen model may not converge if
the flue does not contain sufficient energy to drive some of the subsystems of the
multi -carrier DES. Onthe other hand, if the MATLAB STmodel does not converge,
the pinch point, w"Y between the flue gas and the ST heater temperature is
adjusted. The MATLAB functions for implementing the parametric analysis of the

multi -carrier system have been presented in Appendix B.
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6.1.4. Validation of the subsystems of the micro-CCHP
This section presents the validation of the ST, ORC amnl ARS which are subsystems
of the multi-carrier DES. The model results have been largely validated against other

model results and experimental data derived from literature.

6.1.4.10RC validation
The model for the prediction of the performance of the ORC engine has been
implemented in Aspen plus®. The predicted results from the ORC model have been
validated againstexperimental data [20] from a laboratory scale micro -ORC utilising
a scroll expander. Table 6-2 presents the comparison between the Aspen ORC
model results and the experimental data, while Table 6-3 is the operating parameter
of the experimental engine. As seen inTable 6-2, the model predicted results agree
remarkably with the experimental data and the maximum relative error recorded in

the deviation is 6.43% for the efficiency.

Table 6-2. Validation of the Aspen plus ORC model against experimental data.

Quantity Model result  Experimental result Relative error (%)
Net power (W) 1037 980 5.80
Heat added (W) 10441 10500 -0.56
Efficiency (%) 9.930 9.330 6.43
Refrigerant flow (kg/s) 0.045 0.045 0.00
Pressure ratio (-) 4.760 4.760 0.00

Table 6-3. Flow properties of the experimental ORC engine[20].

Stream Fluid State Y 3 0 QOGO & Qu
12 R245fa Vapour 89.54 1000.0 0.045
13 R245fa Vapour 53 210.0 0.045
15 R245fa Liquid 35 210.0 0.045
11 R245fa Liquid 36 1000.0 0.045
CWwi Cold Water Liquid 26 195.0 0.580
CWO Cold Water Liquid 32 195.0 0.580
C Hot Water = Compressed 121 205.0 0.445
d Hot Water = Compressed 113 158.4 0.445
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6.1.4.2 Validation of the single-effect ARS
In this section, the validation of the ARS model developed in Aspen plus® is
presented. In a previous study, Somer et al. [98] validated their ARS model built in
Aspen plus® against results fromthe EES, due to the paucity ofthe experimental
data. They remarked that the EES model results provide more information than
would be obtained from the experimental data. The goproach adopted in this study
to validate the developed Aspen model of the ARS, compareshe model results to
the results obtained in Somer et al. [98]. To ensure consistency, simiar operating
data of the single-effect lithium bromide -water ARS has been used and is presented
in Table 6-4. As seen inTable 6-5 that represents the results obtained from the
model and Somer et al.[98], the discrepancy between both model results is less than

1% indicating very good agreement between the models.

Table 6-4. Single effect LiBr/water ARS operating parameters [98].

Stream Fluid ) Y 3 0 Q0 & QU1 b
17 LiBr/H20 0 32.7 0.672 1 57.4
18 LiBr/H20 0 327 7.461 1 57.4
19 LiBr/H20 0 89.9 7.461 1 57.4
20 LiBr/H20 0 63.8 7.461 0.918 62.6
21 LiBr/H20 0 53.3 7.461 0.918 62.6
22 LiBr/H20 0.01 43.1 0.672 0.918 62.6
23 Water 1 78.4 7.461 0.083 0.0
24 Water 0 40.2 7.461 0.083 0.0
25 Water 0.07 1.3 0.672 0.083 0.0
26 water 1 1.3 0.672 0.083 0.0

Table 6-5. Results from the Aspen plus model of the ARS.

Quantity Unit Model result Somer et al.[98] Error (%)
0 w 10764 10772 0.071
0 W 14665 14592 -0.500
0 w 14000 13923 -0.552
0 w 11429 11432 0.008
: - 0.7330 0.738 0.670
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6.2. Simulated results of multi-carrier system and discussion

Here, the impact of retrofitting the S T with an ORC on the power output and thermal

efficiency is assessed and compared witha standalone STfor a range of speeds of
operation of the ST prime mover. Thereafter, a detailed parametric analysis has
been conducted on the effect of the cooling ratio and wood chips moisture

composition on the dynamic performance of the proposed multi-carrier system that

has been modelled as a nicro-CCHP. Parametric analysis reveals the functional

relationship between the operating parameters of a system and its performance. In
general, it is very essential to highlight the domain of anoptimisation problem and

unveil the local and global optima andhas been widely undertaken [69], [96] [125]

6.2.1. Resultsof the dynamic performance of the hybrid prime mover
In Chapter 3 and Fig.3-3, the thermodynamic diagram of the combined power plant
is presented. The ST is the topping cycle, while the ORC is the bottoming cycle that
has been deployed to recover the exhaust waste heat and improve the combined
performance of the heat engine. Therefore, in this section, the performance of the
standalone ST is compared to that of a hybrid ST and ORC, over a range of

operational speeds of the ST prime mover.

Fig.6-2 indicates the power output of sole ST and ORC and STORC as well as the
thermal efficiency of the combined cycle over a range of speeds of the topping cycle.
It is seen that the power output from the combined cycle nearly doubled for most
of the speeds investigated compared with that of the standalone ST. The power
output from the ST increases as the speed of the engine increases. However, a
decrease in the power output with the increase in speed is observed at very high
rotational speeds, which are characterised by an increase in the losses in the engine.
Similarly, the power output from the ST +ORC combined power configuration
increases appreciably with the increase in the speed of the ST, and slightly declines
at the high speed of the prime mover. The noticeable reduction in the negative slope
of the power o utput at high speeds for the ST+ORC system, compared with the ST
only, can be attributed to the increase in the power output from the ORC, with the

increase in the speed of the prime mover. Waste heatrejected by the cooler of the
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STincreases as its speed increases, andherefor e, more energy is available to fire
the ORC; hence, the observed trend.
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Fig.6-2. Assessinghe impact of retrofitting a ST with an ORC on the brake power
and efficiency of a standalone ST.

Furthermore, the significance of operating a SI+ORC combhned power
configuration is evidenced by the stability in the combined efficiency. As seen inFig.
6-2, the efficiency of the combined system remained above 27% even at high engine
speeds when the losses in the engine were enormousand was largely above 30% for
the rest of the speeds. This is a remarkable improvement compared to between
12.52x 22.74% efficiency recorded for the range of speeds investigated in the
standalone ST(Fig. 5-4). It is therefore worthy of note that retrofitting an ORC to a
ST can significantly improve the performance of the standalone ST from a technical

perspective.

6.2.2. Parametric analysis resultsof the ST+ORCdriven micro-CCHP
This section presents the results for the parametric analyses conducted in this
study, to evaluate the performance of the proposed system, from different
viewpoints. To this end, three distinct moisture compositions of the wood chips fuel

have been selected: 10%, 15% and 20% to represent the likely quality of dry wood
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chips in the remote tropical locations as the climatic conditions change. This is
intended to investigate the effect of the quality of the input fuel (in -situ drying of
woody ~ 82°? !'¥ «~{ §E£w¥ « Uspargnetod analysissésybged
conducted to evaluate the effect of the variation in the cooling and heatingcapacities
of the ARS and DWH on the performance of theMDES.This will provide additional
insights into the sizing of the proposed MDES, to obtain themix of the energy vectors
it should produce to guarantee optimal performance. The performance indicators

deployed for the parametric analysis were formulated based on thermodynamic,

economic, and environmental perspectives with the help of the expressions
presented in Section 6.1.2 Table 6-6 presents the parameters of the reference

conventional standalone plant used to evaluate these performance indicators.

Table 6-6. Input parameters for CCHP performance evaluation.

Parameter Value Unit

- [101] 85 -

- 7 [101] 0.23 -
P X 220 g (kwh)?
CUuUT 836 g (kwh)?

. [102] 3.0 -

*00w [47,48] 19220 kJ/kg

-k 0.67 -

-k 0.95 -

- K 0.87 -

— 0.8 -

*The high heating value of woodchips ( ( 6 ) is given on a dry basis.

6.2.2.1. Impact of cooling ratio on the multi -carrier EUF

Fig. 6-3 (@), (b) and (c) present the effect of the cooling ratio on the energy
utilisation efficiency (%5 )&f the proposed multi-carrier system in a 3-D plot, when
fired with wood chips of different moisture compositions and for a range of
rotational speeds of the prime mover. It is seen that the ratio of th e cooling to

heating loads hasa strong impact on the %5 &f the system. This impact is more
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severe when the ST prime mover is operating at a low speed. The %5 &eclines
remarkably as the# 2Zincreases, although the decline in%5 Becomes less intense as
the cooling ratio tends to unity [88]. This implies that the energy in the fuel is better
utilised in producing some useful energy in the form of hot water, than in producing
cooling. The high efficiency of the hot water boiler compared with the low COP of

the single effect ARS may be responsible for the observed trend.

(a) (b)
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Fig.6-3. Evaluating the impact d cooling ratio on the EUF of ST+ORCired 0 O0"Y
using wood chips of (a) 10% (b) 15% and (c) 20% moisture compositions.
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Meanwhile, when the system is producing more heating compared to cooling (# 2

@), the %5 &8ecreases with an increase in the speed of the prime mover. At low
speed, the MDESutilises only a small proportion of the energy in the fuel to produce
power, making the unused energy available for highy efficient hot water heating in
the boiler. However, as the speed increases, the § will start t o consume more
energy, because of the increase in the losses in the engine; hence, th@bserved
decline in the %5 .&n contrast, for # 2 1@, the %5 #creases, then peaks at the
mid-speed of about 41.67 Hz( ¢ v TO®)and starts to decrease. This behaviou
of the %5 &ith an increase in the speed of the ST prime mover for # 2 1@ vary

with the moisture content in the wood chips.

Thus, Fig.6-3 (a) shows, for dry wood chips moisture composition of 10%, that the
%5 &lightly increases as the speed of the engineincreases and plateaus ata high
speed. This is because the sfficiently dry wood chips supply more energy to the
combined power system, which enables it to generate significantly higher power
than cooling. As aconsequence, the%5 & influenced more by the combined power
output, as seen in H. (6-4), resulting in a trend similar to the combined power
output in Fig.6-2. Therefore, a higher %5 & achiewed as the quality of the wood
chips fuel improves, with in-situ drying of the feedstock irrespective of the cooling

ratio and speed of the prime mover.

6.2.2.2.Impact of the cooling ratio on the multi -carrier exergy efficiency

Fig.6-4 (a), (b) and (c) show the impact of the cooling ratio and rotational speed of
the prime mover on the exergy efficiency (— ) of the proposed multi-carrier system
on a surface plot when fired with wood chips of different moisture composit ions. As
seen in Fig. 6-4, — decreases with an increase in the cooling ratio, although this
decrease is more evident when the woodchips is supplying more thermal energy,
i.e., contains less moisture. While — increases with anincrease in the speed of the
ST but flattens out at high rotational speeds and for very low # 2 when the energy
system is producing more heating. This is the case since the energy conversion
process in heating is very efficient; hencae, yieldingahigher — . Conversely, low grade

energy is usually required to produce cooling in the ARS. Therefore, at low speed,

152



Chapter 6

when the combined power plant is generating less power, most of the unspent

energy is destroyed in the stack, resulting in lower second law efficiencies (- ).

Further, the high variation in — between the global optima (# 2 T and FOA N
T @ X WYandthe local optima (# 2 ™o w@nd& OA K U [from 71% to 20% when
using woodchips with 10% moisture content (Fig. 6-4 (a)) suggests that exergy
destruction is more intense in this scenario because the plant is being run at higher
temperatures. Hence, it is important to operate the MDES system within the
optimum conditions of the cooling ratio and rotational speed, to fully utilise the

available energy and enhancehe efficiency.

(a) (b)

Fig. 6-4. Evaluating the impact ofthe cooling ratio on the MDES exergy efficiency
using wood chips of (a) 10% (b) 15% and (c) 20% moisture compositions.
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6.2.2.3.Cooling ratio versus multi-carrier system PES
Fig.6-5 (a), (b) and (c) are the surface plots depicting the combined influence of the
cooling ratio and the rotational speed of the prime mover on the primary energy
savings 0 'Oj'When wood chips of different moisture composition are deployed to
fire the system. As defined in Section 6.1.2 the 0 ‘O®mpares the energy
consumption of the MDESto that of a SCHP.

(a) (b)
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Fig.6-5. Evaluating the impact ofthe cooling ratio on the PES ofthe ST+ORCfired
- $ %Bsing wood chips of (a) 10% (b) 15% and (c) 20% moisture compositions.
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It is seen that for 6 'Y T& u(significantly more heating than cooling), the 0 ‘O"Y
increases with the speed of the prime mover, peaks and decreases slightly{56], [133]
This behaviour is expected, given thatthe losses in the STincreases with anincrease

in speed, which makes less enery available for heating the water. However, ashe

6 "Ytends to unity, the 0 O™¥imply increases, peaks and plateaus as the speed
increases. This is a consequence of the high ratio ofthe power to cooling being
generated. In addition, it has been shown that retrofitting the ST with ORC helps to
minimise the deterioration in the performance at high rotational speeds. Thus,the
increasing lossesin the ST at high rotational speedshas minimal impact on the 0 ‘O;"Y

hence, the observed trend for 6 'Y 1& u

Meanwhile, very low and even negative) ‘O ¥ seen whenthe DESis producing more
cooling than heating and the prime mover is operating at low speeds. In particular,
for the ST operating between frequencies; ¢ v "Oi ‘Qno TOd (p L TT TV
pUTimT & "Qad 6 'Y T, negatived ‘O ¥ seen inFig.6-5 (b) and (c). Given that
at low frequencies, and when producing a lot of cooling, the fuel energy supplied to
the energy system is not efficiently utilised to produce power and cooling. Thus,
negative ‘O i¥unavoidable in this range of operation of the engine. Therefore, it will
be more beneficial to operate the energy system as a SCHP for these ranges of

speeds and cooling ratios.

Further, over 40% 0 ‘O1¥seen inFig.6-5 (a) for more than 60% of the surface. While
in Fig.6-5 (b) and (c), it is over 30% and 20% 0 ‘'O, Wespectively, for more than 60%
of the surface. In this regard, the more the energy supplied into the system, the more
likely it will be to save energy in amulti-carrier energy system arrangement where
several forms of useful energy are coproduced. This underscores some of the
advantages in operating multi-carrier system configuration compared to the
conventional SCHP, such asthermal power plants, where only 30% of the input
energy is actually utilised in running the plant. More importantly, from these results,
some form of flexibility in the operation and management of the energy system is
plausible, since significant primary energy savings is guaranteed over a range of

speeds and cooling ratios regardless of the quality of the wood chips fuel.
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6.2.2.4.Cooling ratio and frequency versus the multi-carrier DES ATE
Fig.6-6 (a), (b) and (c) show the effect of the cooling ratio and the rotational speed
of the prime mover on the artificial thermal efficiency ( ! 4 Y6n a surface plot when
wood chips of different moisture composition are deployed to fire the system. In Eq.
(6-7), the! 4 Yexpressed as the ratio of the power produced by the MDESand the
energy consumed by the energy system with the exclusion of the energy that could

have been utilisedto produce cooling and heating, separately.

(@ (b)

_—

Fig.6-6. Evaluating the impact ofthe cooling ratio on the ATE ofthe ST+ORCfired
0 ‘OO Dsing woodchips fuel of (a) 10% (b) 15% and (c) 20% moisture compositions.
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As seen inFig.6-6, the! 4 #ecreases with the increase in# 2especially at low speed
of the prime mover. However, the rate of the decrease in! 4 %&duces as the # 2
tends to 1[88]. The global optimum is seen in a region on the surface plots defined
by& OAN y Uand# 2 1@, although the region of the global optimum reduces
and drifts towards the lower speed regions as the input fuel quality improves. At low
rotational speed of the ST and low # 2 when the system is producing more heating
than cooling, only a small proportion of the energy supplied to the system is utilised
to produce power. Correspondingly, high! 4 % seen as expected, from the
denominator of Eq. (6-7), suggesting that the energy supplied has been efficiently

utilised to produce p ower.

Further, as the speed of the prime mover increases (beyond& OA N 1t U, the! 4 %
starts to decrease for # 2 T1@&, due to the increase in the losses in the S. On the
other hand, for # 2 1@&, the! 4 Yacreases as the speed of the F prime mover
increases. Comparing Fig.6-6 (a), (b) and (c), the fuel is better utilised to produce
power from the multi-carrier energy system, as opposed to producing other forms

of useful energy products when the moisture content in the wood chips is low, i.e.,
higher input energy. This is seen from the! 4 % o 1t Pecorded for over 70% of the
surface area inFig.6-6 (a) compared with ! 4 % ¢ v Rand! 4 % ¢ 11 for over 70%

of the surface areas inFig.6-6 (b) and (c), respectively.

6.2.2.5.Cooling ratio and frequency versus the multi -carrier DES CO; ER

Fig. 6-7 (a), (b) and (c) compare the CO2 emissions reduction (0 0O of the
proposed MDESto that of a SCHP for different cooling and heating capacities and
rotational speed of the prime mover when wood chips of different moisture
composition are deployed to fire the system. As seen inFig.6-7, the 6 00 "“tapability
of the energy system declines as the quality of the input fuel declines. Given that with
the increase in moisture content, the combustion process becomes more
inefficient, this is expected and can be seen from Eq.(6-8). The CO., emissions
reductions occur in over 80% ( Fig.6-7 (a)) , 70% (Fig.6-7 (b)), and 60% (Fig.6-7 (c))

of the surface areas for moisture contents of 10%, 15%and 20%, respectively.
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Fig.6-7. Evaluating the impact ofthe cooling ratio on the CO2 ER ofthe ST+ORCfired
0 'O'0Dsing wood chips fuel of (a) 10% (b) 15% and (c) 20% moisture compositions.

Meanwhile, negative # / % 2were localised in a region characterised by the low
speed of the prime mover and high cooling ratios. Similar to what has been reported
in the case of the0 %3he low amount of power being generated by the ST prime
mover at low speed is responsible for the observed trend. In addition, when
producing a lot of cooling, only a fraction of the energy supplied to the energy system

is utilised by the thermal chiller. The rest apparently will end in the environment as
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exhaust gas. Thus, it is expected that a conventional SCHP would reduc¢he CO,

emissions better, when operating in these regimes.

Generally, as more cooling is being produced relativeto heating, # / % 2declines
because of the lower energy conversion efficiency in the cooling compared to
heating. On the other hand, # / % 2increases with the increase in the rotational
speed of the prime mover and slightly declines at very high speedfor the case of
# 2 1@ and with high moisture in the fuel. Finally, up to 43%, 40%, and 31%
reductions in CO2 emissions can be achieved using woodchips of 10% €ig.6-7 (a)),
15% Fig.6-7 (b)) and 20% (Fig.6-7 (c)) moisture contents, respectively.

6.2.3. Proposed multi-carrier system versus other system concepts

The performance results of the proposed ST+ORC biomass powered multi-carrier
system have beencompared to the results obtained from the literature for similar
systems. In a broad sense, it is seen that deploying a hybrid of $+ORCas prime
movers in the proposed MDES conceptminimises energy losses in the system and
improves its performance indicators. In particular, compared to previous studies,
the steep decline in the 0 % &t high speed of the ST prime mover has been
significantly reduced in this MDES corfiguration [55] [56], [133] This is becausethe
waste heat, which is rejected in other studies, has been utilised to produce

additional power in the ORC.

A maximum of 55% savings irthe primary energy is recorded when the system is
fired by biomass fuel of 10% moisture content, producing more heating load, and
operating at a rotational speed of 2500 rpm compared to a 0 %G@8f 24.05%, 29.47%
and 42% recorded in [55], [56] and [133] respectively. Similarly, higher# / % 2are
seen here compared with some previous studies. In this study, a maximum # / % 2of
45% is recorded when biomass fuel with 10% moisture is deployed to produce a
significant amount of heating and power at rotational speeds above 2000 rpm. This
is more than the # / % 2of 31.06%, and 36.22% obtained in the CCHP designs j&5]
and [56], respectively, that utilised the ST only as the prime mover, but slightly lower
than 46.6% seen in[133]where a hybrid of IC engine and ST wasdeployed. This
underscores some of the gains in using hybrid prime movers in DES generating

multiple energy vectors.
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Further, the ratio of the cooling load to the heating load the system is designed to
meet has a significant impact on its performance. This impact is seen to be very
severe in the0 %&nd # / % 2where negative values were recorded, especially when
the system was fired with fuel of high moisture content. It is seen that the MDES
performed creditab ly when it serviced more of the heating load and power
compared with the cooling load and power similar to the findings in [88]. There is an
obvious need to size the system to determine how much cooling or heating it should

service.

In addition, in-situ drying of the woodchips fuel is promising and has ensured that

the quality of the input fuel is maintained in all seasons. The maximum values d® %3

s ,%5,& 4 @nd # / %2recorded for 10%, 15% and 20% moisture composition of

wood chips fuel are: 55%, 71%, 94%, 85%, 43%; 509496, 81%, 60%, 40%; and 40%,

53%, 67%, 45%, 31%, respectively. The quality of the biomass fuéd seen to have
impactedthe sys« { s U2 §{ ©| | ©cw¥y{ o {%5CEand!24 WheveCax Yy -~ £ w

significant change is observed as the moisture content of the fuel increases.

6.3. Parametric optimisation of multi -carrier system

The parametric analysis conducted in the previous section highlights the need to
undertake the parametric optimisation of the multi -carrier system. The goal of the
parametric optimisation is to find the operating regime of the system that will
guarantee its optimal performance. The formulation of the optimisation proble m

and the solution method have been presented in the following subsections.

6.3.1. Formulating optimisation problem

To conduct the parametric optimisation of the MDES,four performance metrics

have been seécted as the objective functions based on the observed results from
the parametric study. The selected metrics for the multi -objective optimisation are:
the energy utilisation factor (%5 )&exergy efficiency (- ), primary energy savings
(0 %9 &nd artificial thermal efficiency (! 4 J¥Based on the motivationto find the right
mix of the energy vectors the system should produce to guarantee optimal technical
and economic performance, the cooling ratio (# 3 and frequency (& O A di the

prime mover have been selected asthe decision variables for the optimisation . It is
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seen that these objectives are conflicting as evidenced by the difference in the

indicated global optima in Fig.6-3 - Fig. 6-7.

Thus, based on the selected performance metrics, the optimisation problem is

presented as:

A4 OOQE@d QQ M RQ M RAQ G AQ & (6-9)
MOF & (6-10

Subiject to:
® O O (6-1)

Eq.((6-9)) expresses the objective functions where "Qis the %5 & ,Qis the — :
"Qisthe 0 %3 , andQisthe! 4 % while the decision variables & k & O AHit)
and @ k # 2  are expressed in Eq.(6-10. In Eqg.(6-1), the constraints for the
optimisation problem are presented showing the upper and lower bounds of the

decision variables. The range of values used here are&& OA N¢ bv & cand # 2

~

p .

6.3.2. Optimisation method

In Section 6.2.2 the results of the parametric analysis of the multi-carrier system
were presented. It can be observed that the relationship between the performance
metrics and the decision variables is non-linear and presents local and global optima
For optimisation problems that involve non-linear, complex and non-convex
mathematical models, classical optimisation schemes get trapped in the local
optimum and return suboptimal final results [255]. Thus, multi-objective
evolutionary algorithm s (MOEA) that are capable of avoiding getting trapped in the
local optima have been extensively deployed to conduct parametric optimisation of

complex and non-linear energy systems|[69], [126], [152], [154], [196]

In this study, the non-dominated sorting genetic algorithm Il (NSGA-11) was deployed
to obtain the optimum solution in the form of a Pareto frontier. The elitist NSGAII
utilises three operators that mimic the natural selection and genetic principles in its

operation, namely: selection, crossover and mutation, to generate the next offspring.

It work's with a population of points called individuals that consists of the values
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(binary or integer) of the decision variables and are potential solutions to the
optimisation problem. These points are chosen randomly, tested for fithess, mated
(cross-over) and mutated to produce a new set of individuals for the subsequent
generation, until the stopping criteria is attained. The evolutionary based
optimisation methods generate a set of non-dominated optimal solutions called the
Pareto frontier [256]. More details on the principles of evolutionary based

optimisation algorithms can be found in[257], [258]

In this study, a MATLAB function that calls in the multiobjective genetic algorithm
(GA) operator from the Math -works toolbox has been deployed to solve the
optimisation problem and can be found in Appendix B.3. The details of the GA
operator are presented in Table 6-7. An integration between MATLAB and Aspen
plus® has been created to determine the objective function s by establishing a link

that exchanges the necessary variables between the two software.

Table 6-7. Specifications of the GA operator.

Parameter Value
Population size 50

Population type Double vector
Pareto fraction 0.5

Maximum generation 100
Cross-over operator Intermediate
Cross-over fraction 0.8

6.3.3. Decision making procedure
As has been noted in the literature review conducted on optimisation of DES in
Chapter 2, the evolutionary based optimisation techniques produce a set of Pareto
optimal solutions for the multi -objective optimisation problem . Any solution in the
Pareto frontier can be considered as an optimal operating regime of the multi -
carrier system. Therefore, it is at the discretion of the de signer to select the best
solution from the Pareto set [218] One popular way of doing this is by deploying a
decision making tool [218] Several decision making tools have been formulated in
the literature for selecting the optimal solution from the Pareto optimal set
[218]219]220]. Here, the technique for order preference by similarity to the ideal
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solution (TOPSIS) has beendeployed to select the best solution from the set of
optimal operating regimes obtained from the multi -objective optimisation of the
MDES.

The following are the steps in the TOPSIS decision making proces$259]:
(a) Compute the weighted normalised optimised results. The weighted

normalised data 6 is given as:

W . . .
0 0 83— "Q plt&ElNQ plrs
B ¢ (6-12
W
where U is the weight obtained from the decision matrix and w are the optimised

results.

(b) Calculate the separation of each of the weighted normalised results from the
positive and negative ideal solutions, PIS and NIS, respectively. The Euclidean

distance between an alternative and the PIS is given as:

0 6 6 Q pltBe (6-13

In a similar manner, the distance between an alternative and the NIS is given as:

0 6 o0 Q pltBe (6-14
where the positive ideal solution is the maximum solution (minimum solution in a
minimisation problem) in a maximisation prob lem, given as:0 I'JA @ and the
negative ideal solution isthe minimum solution (maximum solution in a minimisation

problem) in a maximisation problem , given asO il ED [259].

(© Calculate the ranking index and arrange the ranking indices in a descending
order. The ranking index is given as:
YO o 0 pht8 & 6-1
o o 2° (6-19

The alternative with the highest 2 )is selected based on this approach.
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Based on the scoring criteria listed in Table 6-8 the decision matrix has been
obtained with the input of some experts and is shown in Table 6-9. The decision
matrix is solved to determine the maximum eigenvalue (I A A0 1) 19 and
the corresponding eigenvector ( ! 1) 1, which is then normalised to obtain

the desired weight of the objective function ,0 in Eq6-12for each of the alternatives.

Table 6-8. Judgement criteria for the decision matrix [260].

¥ {¥7 «° 1| 8z{l« ¥ ¥

G [ -~WE ©§! Ocw¥y

m{ w¢ o 8! O« w¥y{

[22{ ¥« WE | ©O 2«
Z{ o] ¥2 «Ow«{ z d

Wx a8 | £ «{ og§! ©c

I O £ A

BJBL _¥«{©a{z w«{ -V

Table 6-9. Decision matrix from experts for TOPSIS analysis
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6.4. Multi-carrier system parametric optimisation results
This section presents the Pareto optimal solutions obtained from the multi-objective
optimisation problem, from qualitative and quantitative perspectives. Fig.6-8 shows

guantitatively the Pareto frontier of the optimal so lutions in a 3-D plot when wood
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chips fuel containing 10% moisture after drying is combusted to power the MDES
The conflict in the objective functions is evidenced by the spread in the optimised
data. As seen inFig. 6-8, the optimal data present both dominated and non-
dominated solutio ns. It is also evident that there is no single solution that maximises
all the objectives; every single solution on the Pareto frontier is a plausible optimal
operating regime of the energy system. Hence, the need to apply the TOPSIS

decision making tool to select the best alternative.

Woodchips - 10% wet

%K Optimised Data

TOPSIS BEST
EUF: 0.852

0'516‘. n,: 0.566
0515\5 PES: 0.513
] %*i
05143 %9%
- ] ¥
" 05134 35& * ek
B 3 % *
] *
0.512 3 * * gk
0.5113 ?f‘ * * $¥
0.51 i *
3 *
0.509 J

0.59
0.95

0.55 0.75

Fig.6-8. Pareto frontier of the optimised results and the TOPSIS best solution.

The weight assigned to each of the objective functions has been obtained as
described in Section 6.3.3and are 12.68%, 36.07%, 42.57%, and 8.67%, for the5 ,&
—,0 %&8nd! 4 Y%espectively. Using these weights and theTOPSISsteps described
in Section 6.3.3 the TOPSIS scheme was deployed and the bestolution was
selected. The TOPSIS besgives%5 & @@ y— T X0 %3 ™ pand! 4 % 1@ ¢
These values were obtained for the decisionvariables;& O A ¢ @ pHz) and # 2
& o Y . Thus, when operating optimally, the proposed multi-carrier DES will
operate at low to medium speed and produce at least 3 times more heating than

cooling.
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Fig.6-9 - Fig.6-10show the qualitative presentation of the Pareto optimal results
obtained for each of the objective functions plotted against the decisio n variables,
on the simulated solution domain. The TOPSIS best selected for each of the

objective functions is also indicated in these figures.

Fig. 6-9. Optimised exergy efficiency plotted against the decison variables and
showing the TOPSIS best for dry woodchips fuel.

Fig.6-10 Optimised results of primary energy savings plotted against the decision
variables and showing the TOPSIS best.
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