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Abstract 

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

of the global economy in this post-COVID era. j~{ ®¦©£zÜª §¦§¬£w« ¦¥ ~wª © ª{¥ «¦ 

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, decentralised energy 

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

wastage and ability to utilise local available clean fuels to drive the energy conversion 

processes in the system.  

In this PhD thesis, three new 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 multi-

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 prime mover 

~wª x{{¥ z{­{£¦§{z «¦ §©{z y« wyy¬©w«{ ©{ª¬£«ª ¦| «~{ {¥} ¥{Üª §{©|¦©¤w¥y{ w«  «ª 

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 reliability 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 back-up to fulfil l the electricity demand. The 

optimal number and type s 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 back-up in load 

following mode yields 60.70% and 33.71% reductions in the LCOE and CO2 emissions, 

respectively compared to the DG back-up system but with slightly higher LPSP. 

While 61.4%, 33% and 24.47% reductions in the LCOE, CO2 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 back-up 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 CO2 emissions but 

increases the number of start -ups of the back-up by 36%. However, it demonstrates 

additional capabilities in handling complex systems by doubling 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 as in 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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Nomenclature 

ὧǿ  Unit cost 
Α
έὶ ΑȾὰ 

Ὣ Acceleration due to gravity (ms-2) 

Ὤ Specific flow enthalpy (J/kg)  

Ὧ X¦£«±¤w¥¥Üª y¦¥ª«w¥« 

Ὧ Power temperature coefficient (%/ ᴈ) 

άȟά  Mass of working fluid (kg) and mass flowrate (kg/s)  

ὲȟὲ Diode ideal factor, component life (years)  

ή Quantity of charges conveyed by an electron (Coulombs) 

ὸ Time (s) 

ὺ Specific volume (m3/kg) or velocity (m/s)  

ὃ  Generation area of PV module (m2) 

ATC Annual total cost ($)  

ATE Artificial the rmal efficiency ( -) 

ὅ  Capacity ὃὬ, cost Α 

ὅ  Isobaric specific heat capacity (J/kgK) 

ὅ  Isochoric specific heat capacity (J/kgK) 

CR Cooling ratio  

Ὀ  Euclidean distance  

DOD Depth of discharge  

$030 Defficiency of power supply probability  

Ὁ Internal energy (J) 

Ὁ  Band gap energy of the semi-conductor used in the cell  

Ὂ  Factor compensating for losses due to dirt, wires, module 

mismatch on PV surface 
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&5% Fuel utilisation efficiency  

Ὃ  Solar irradia nce  

ὌȟὬ Flow enthalpy (J), specific flow enthalpy (J/kg)  

Ὄὠ  Heating value  *ȾËÇ 

Ὅ PV cell current (A) 

Ὅ Cell reverse current (A)  

ὑ Short circuit current temperature coefficient  

,## Life cycle cost ($)  

,#/% Levelised cost of energy ($/kWh)  

,030 Loss of power supply probability  

ὔ , ὔ Number of PV cells in parallel and series, respectively 

./#4 Nominal operating cell temperature ( ᴈ)  

.0# Net present cost ($)  

ὖ Pressure (Pa), Power (W) 

0%3 Primary energy savings  

ὗ Heat transfer (J)  

Ὑ Blade radius (m) and Resistance (ohms) 

Ὑ Specific gas constant (J/kgK) 

RI Ranking index  

Ὕ Temperature ὑ  

ὠ Voltage (volts) or volume of the heat exchanger spaces (m3)   

ὡ Work (J)  

ὤ Elevation (m) 

Subscripts  

ὥάὦ Ambient  
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ὃὲὲ Annualised 

ὥὺὩ Average 

ὄὥὸ Battery  

Ã, C Compression (cold) space, scale index; cell 

ὧὬ Charge 

ÃÏÎ Condenser 

ὨὭίὧὬ Discharge 

ὨὭίί Dissipation 

Å Expansion (hot) space 

ÅÖÁÐ Evaporator 

ÅØÐ Expander 

Ὢ, Ὂ Fuel or refrigerant ; Cut-out 

Ὂὅ Fuel consumption 

ὫὩὲ Generation  

ÈȟὬ Heater space, hot; horizontal 

ÈÕÂͅÈ Hub height 

 

 

 

 

ὍǪὃ  Installation and acquisition 

ὭὲὪ Inflation  

Ὥὲὸ Interest  

ËȟὯ Cooler; shape factor 

ὰ Load 

ά Mechanical 

άὥὼ Maximum 

άὭὲ Minimum 

έ Surface 

έǪά  Operation and maintenance 

ÐÈ Phase  



 

x 
 

ὴὧ Power conditioning  

Òȟὶ Regenerator, rate 

ὶὩὪ Reference 

ÒÅÆÐ Refrigerant pump 

ὶὩὴ Replacement 

ÒÓ Reverse saturation 

ÓÃ Short circuit  

ÓÈ Shunt  

Greek Letters  

‌ Temperature coefficient  ϷȾᴈ  

„ Standard deviation  

ὼӶ  Mean  

… Emission factor ὯὫὋὌὋȾὯὫὪόὩὰ 

‎ Specific heat ratio   

• Crank angle (degrees) 

‰ Phase angle (degrees) 

ᴚ Stroke of the piston or di splacer (m)  

‚ Coefficient of performance  

Rotational speed (rad/s) ‫  

‍ Temperature coefficient ᴈ  

”  Density of gas ὯὫάϳ  

‰  Porosity in wire mesh  

Angular speed ὶὥὨίϳ  ‫  

–  Efficiency  

‚  Coefficient of perform ance  

ɝ Change in quantity 

‐  Heat exchanger effectiveness  
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‘  Dynamic viscosity ὔίάϳ  

Abbreviations  

ARS Absorption refrigeration system  

BMC Biomass combustor 

BMD Biomass drier 

"33 Battery storage system 

CC Circuit charging 

CCHP Combined cooling, heating and power 

CCP Combined cooling and power 

CERTS Consortium for electric reliability technology solution  

CHP Combined heating and power 

CSP Concentrated solar power  

DES Decentralised energy system 

DG Diesel generator 

DWH Domestic water heater  

EMS Energy management strategy 

FST Finite speed thermodynamics 

FTT Finite time thermodynamics  

G Generation 

'(' Greenhouse gas 

GT Gas turbine 

HDI Human development index 

HRES Hybrid renewable energy system 

ICE Internal combustio n engines 

ICPC International panel on climate change 

IRENA International renewable energy agency 
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JC Job creation 

LF Load following  

LINMAP Linear programming technique for multi -dimensional analysis of 

preference  

RE Renewable energy 

REA Rural electrification agency 

MCFC Molten carbonate fuel cell  

MOEA Multi -objective evolutionary algorithm  

MOPSO Multi -objective particle swarm optimisation  

MOSaDE Multi -objective self-adaptive differential evolution 

MT Micro turbine  

NDC Naturally determined contr ibution  

NIS Negative ideal solution 

NSGA II Non-dominated sorting genetic algorithm  

/2# Organic Rankine cycle 

PEM Proton exchange membrane 

PES Primary energy saving 

PIS Positive ideal solution 

06 Photovoltaic  

SCHP Separate cooling, heating and power 

3/# State of charge 

SOFC Solid-oxide fuel cell 

34 Stirling engine  

34# Standard test condition  

TOPSIS Technique for order of preference by similarity to ideal solution  

UC Unit commitment  

74 Wind turbine  
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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 technologies into 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 been built to support the work that is presented in the thesis. Finally, 

it outlines  the research aim and main objectives and 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 worldÜª 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 been increasing in recent years 

as can be observed in Fig. 1-1. It was estimated that the global electricity production 

for 2012 will be about 22,000 TWh [3]×[5]. Nearly a decade after, global electricity 

production has risen by over 22%, while the 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 COVID-19 on the global economy. This 

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  oil, 

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. 1-1. Global energy production and consumption  (source: BP Energy outlook 

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 RE based solutions 

has continued to rise on a yearly basis, with projections 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 2016 [9],[13], [14]. The other 

reasons for the expanding share of renewables in the global energy mix include, the 

intensifying climate change challenges [15], increasing attempts to 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 next section. 

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 [19]×[21]. 

Meanwhile, 63.7% of the global population live in countries with average energy 

demand per capita of less than 100 GJ/head [9]. While North America has the highest 

energy consumption per capita of 217 GJ/head, Africa is at the bottom of the ladder 

with only 14 GJ/head [9]. The increasing transition to RE based technologies could 

help to close this wide gap in energy security. Therefore , the procurement of 

renewable electricity to off -grid location s 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 × small islands, 

developing states and land-locked developing countries × with the help of 

sustainable energy systems. In turn, this 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 been 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]×[24].  

1.1.2. Carbon emissions reduction pathways 

According to the International Renewable Energy Agency (IRENA), about two -third s 

of the global carbon emissions are emitted from the energy sector . In the last fifty 

years, global CO2 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 6.3% in 2020, due to COVID 19 travel restrictions and 

general reduction s 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  and the global economy recovers [9]. The greenhouse effect 

× remotel y caused by the rise in the global temperature s with growing carbon 

emissions × has been cranking up ecological problems such as, flooding, acid rain, 

increased volcanic activities, deforestation, and wild fires. In the Paris agreement, the 
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target is to limit the growth in the global average temperature to below 2ᴈ 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 agreement , 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 emissions, while 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 gases and other emissions from industrial 

processes. On the otherhand, scope 2 emissions are derived from the consumption 

of grid electricity , while scope 3 emissions are indirect emissions t hat occur in the 

value chain of a company. Based 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 IRENA, if NDC is 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, especially in this post-

COVID era.   

1.1.3. Nigerian energy mix and future direction  

Nigeria has a population of over 180 million people and about 80 million people are 

unconnected to the electricity grid [23], [27]. Sadly, most 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 o f 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 × the trio is the so-called energy trilemma [28]. More recently, a fourth 

dimension × that concerns energy justice × has been added, leading to the energy 

quadrilemma [29]. The grid electricity  has an installed capacity of over 10 GW, and 

about 2 GW is generated from base load power plants that are mainly hydro-

powerplants , while the rest are produced from thermal power plants [30]. However, 

the grid transmission capacity stands at 7 GW, and provides an average supply 

reliability of about 40%, a consequence of the weak power transmission 

infrastructure  [30]. Due to the low grid reliability,  a sizable 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 RE capacity 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 being deployed into the Nigerian 

energy mix and has increased by more than six folds since 2011. Nevertheless, this is 

still insignificant compared to South Africa with the highest RE share in Africa [10].   

Nigeria has committed to increasing her share of RE power by 13 GW as 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 back-up systems [23]. 

Hybrid solar PV and battery systems notably present high energy costs, augmented 

emissions and low reliability and may not support economic activities in the remote 

locations [32]×[34]. Moreover, energy systems that can produc e more than one 

energy vector, save primary energy and perform better than the  hybrid systems. 
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These energy systems are 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. The deployment 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 produc ing 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 popular DES concepts are the hybrid 

renewable systems (HRES), combined heating and power (CHP), combined cooling 

and power (CCP), combined cooling, heating, and power (CCHP) and multi -carrier 

systems [35]. 

Multi -carrier energy systems are energy systems that integrate 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 chips [37]. Unlike conventional energy 

systems, DES are installed close to the energy 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 locally 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 arise from the effective management of the flow 

of energy vectors in the various units of the system. These issues are elaborately 

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 perio dic 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 back-up to augment their reliability  [44]×

[48]. Unfortunately,  the utilisation of DG as a back-up in HRES results in additi onal 

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 back-up in 

HRES can be minimised by utilising programmable back-ups fired by low-carbon 

energy sources such as biomass fuel. To this end, biomass powered back-ups are 

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

However, notwithstanding the numerou s interesting features of the Stirling engine 

(ST) [51]×[53], only a few studies utilised biomass driven ST as the back-up in HRES 

configurations. This may be a consequence of their  low electrical efficiency, 

particularly at the micro -power scale [54], [55]. Thankfully, this problem can be 

solved by incorporating another heat engine to recover th e 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 fulfil l the electric load could reduce the cost of energy of a HRES and 

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 reductions were observed compared to 
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conventional separate cooling, heating and power systems [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 cycles driven CCHP were 

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, fur ther 

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 enhance the 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, particu larly 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 co-produce cooling, heating, 

power, and dry woodchips. Finally, a system that leverages on the strengths of the 

proposed HRES and multi-carrier energy system, by deploying the ST+ORC to 

simultaneously serve as back-up to the HRES and drive the multi-carrier system 

could offer further improvements in system performance. This DES configuration 

has not been investigated before and is being proposed in this study.  
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1.2.2. Modelling challenges and 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 

«~{ {¥} ¥{Üª §{©|¦©¤w¥y{ [64]. Since Urieli and Berchowitz [65] implement ed 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 simple analysis with polytropic processes and accounted 

for  several losses in the engine. They 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, and considered the 

shuttle heat loss and mass leakage through the gap between the displacer and the 

cylinder wall in the formulation of the governing  equations of the engine. This model 

predicts the brake power  and thermal efficiency of the experimental  engine with a 

relative error of × 2.6% and + 3.78%, respectively. 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 comprehensively 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]. 

Shengjun et 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 times improvements in the total avoidable exergy destruction 

and cost rates, respectively, of a geothermal energy based multi -carrier DES by 

¬¥z{©«w¢ ¥} «~{ ª°ª«{¤Üª parametric optimisation.  So far, the parametric 

optimisation of the multi -carrier energy system proposed in Section 1.2.1 has not 

been performed to find its optimal operating 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  DG back-up [71].  Therefore, more emissions are produced , and the energy 

cost increases because of the use of high pollutant emitting and expensive 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 reliabilit y of the system as the 

objective functions.  Thus far, the optimal sizing optimisation of the  HRES proposing 

ST based back-ups described in Section 1.2.1 has not been performed.  

1.2.3. Energy management challenges in decentralised 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 shaving and the fuzzy logic are popular for managing HRES 

[75]×[77], the scheduling approach has been deployed to manage 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 that is inimicw£ «¦ «~{ y¦¤§¦¥{¥«Üª £ |{ [77], [80]. While the peak shaving 

presents a problem of over sizing of the system leading to excessive dumping of 

power [81]. There have been attempts to solve these challenges by proposing a 

hybrid of the LF and CC [82] and the deployment of several small capacity back-ups 
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in CC [83]. Ayodele et al. [83] deployed 3-split DG as back-up in circuit charging. They 

compared the results to a single DG back-up system and found 46%, 28%, 82%, and 

94% reductions in life cycle cost, cost of energy, CO2 emissions, and dumped power, 

respectively.  

The scheduling EMS approaches rely on the forecast of the future production of 

renewable generators and the y¦¥ª¬¤{©ªÜ energy demand, 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 that can 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 by deploying 

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 

 ¤§©¦­{ «~{ ª°ª«{¤Üª ©{£ wx £ «°B  «  ª ¥¦« y£{w© ~¦®  « ® ££  ¤§wy« «~{ §{©|¦©¤w¥y{ ¦| 

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 multi-carrier 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 of a test location. Hence, the following 

are the specific objectives: 

a) To propose new configurations  of decentralised energy systems including:  

(i)  Hybrid renewable energy system that deploys a wood chips powered 

combined Stirling and ORC or split Stirling as a back-up;  

(ii)  A multi -carrie r system that is driven by Stirling and ORC to simultaneously 

produce cooling, heating, power, and dry wood chips and;  

(iii)  An integrated decentralised energy system concept that deploys Stirling 

and ORC to back-up the HRES and drive the multi -carrier system  in parallel.  

b)  To develop a computer simulation tool based on the comprehensive coupling of 

several loss effects to the adiabatic model of 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. 

c) 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 

biomass fuel on its performance.  

d)  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. 

e) To determine the optimal configuration of the novel HRES that 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 sustainability. 

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

the optimal system. 

1.4. Thesis outline   

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. Additional ly, it focuses on the 

review of the existing knowledge on the modelling, optimisation , and energy 

management of these systems. This is intended to draw new insights into the topics 

and identif y the gaps in the literature. Finally, the chapter outlines the identified gaps 

in the literature.  

Chapter 3 introduces the n ew decentralised energy systems configurations  

formulated and proposed in this study . The chapter presents the process and 

thermodynamic diagrams of the formulated syst ems and describes the energy 

conversion processes. Finally, it describes the characteristics of the test location and 

assesses the local weather data and available energy resources of 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 model ling 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, the chapter 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 engine and presents the robust validation of the model predicted 

results against experimental data and other theoretical models . In addition, it 

discusses the 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 implementing the 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 analysis to 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 Systems 

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 of different 

configurations of the energy system. Additional ly, 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, opt imisation and energy 

management of decentralised energy systems. Finally, it outlines the knowledge gaps 

in the literature on these topics and this will be central to  the works that will be 

undertaken in th is 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 was originated . Decentralised energy 

systems (DES) are simply 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 DES in this thesis precludes energy systems that 

operate in grid-connected mode.  

Several concepts of DES have 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 DES, combined heating and power 

(CHP), combined cooling and power (CCP), combined heating, cooling and power 

(CCHP) and multi -carrier energy systems have been deployed to generate two or 
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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 the second 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 i ts performance. These models are the basis for undertaking the sizing 

optimisation of DES systems that have been extensively undertaken in the literature. 

Since DES deploys 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 system [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 considerable attention 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 DES found in the literature include  the HRES, CHP, CCP, CCHP, multi-

carrier and HRES integrated CHP/CCP/CCHP energy systems. In these energy 

system concepts, internal and external combustion engines such as Stirling engines 

(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 back-up 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 by the ease of maintenance, 
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cost, energy demand, local pollution, in-situ available fuel and 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. The ST has some fascinating features. Similar to the 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, 12 × 35% [88], [92] and 9.2 × 33% 

[54], [55], respectively. Regrettably, about 60% of the total fuel energy in an internal 

combustion engine is lost in the exhaust [93]×[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 re-using the waste heat from its 

exhaust, the level of 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 emphasis 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. 2-1 illustrates  a simple hybrid renewable energy system (HRES) 

concept comprising solar photovoltaic ( PV) modules, wind turbine s (WT) , battery 

storage system (BSS) and diesel generator (DG) back-up, to match the electric load  

of the consumers.  

 

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

The energy sources constituting a HRES are mainly determined by the locally 

availabile resources in the design location and the intended application, among other 

factors. DES deploying the HRES concept are characterised by high efficiencies, low 

transmission losses, low voltage [103], and ability to manage and coordinate the 

subsystems in a more decentralised manner [104]. However, some endogenous 

challenges, such as high storage costs, less usable energy during the year, 

intermittent energy generation, lack of protection , and environmental/safety 

concerns [105], set commercialisation barriers.  

The earlier concepts of renewable energy systems utilised a single renewable energy 

resource to fulfil the electricity demand of the targeted consumers [106]×[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 and can 

only be augmented by deploying large storage facilities, thereby resulting in 

increased energy cost [32]×[34]. Nonetheless, these types of DES systems are easier 

to design and manage, but the 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 

1) Complementarity of the RE sources helping 

to overcome individual weaknesses 

Depends strongly on local weather 

conditions  

2) Can utilise local grid networks, minimising 

cost of grid expansion 

Increased complexity of the system 

with the increasing number of the 

sub-systems  

3) More stable and can reliably match load 

demand 

Lack of adequate knowledge for 

¤w¥w} ¥} «~{ ª°ª«{¤Üª ¦§{©w« ¦¥ 

As can be seen in Table 2-1, HRES integrating 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]. Internal combustion engines (ICE), 

such as the DG, have been popularly deployed as the back-up 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 and MT or even fuel 

cells, as the back-up. Most HRES present 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 PV-DG 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 for 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 [114] proposed 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, while the 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 single resource (solar PV only and BSS) 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 and observed that large storage capacity contributed to the increase in the 

levelised cost of the system. Kaabeche et 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 st orage capacity of the 

battery. Belfkira et al. [47] proposed a hybrid WT-PV-DG and BSS configuration  to 

match the 15 kW peak electric load demand of a location in Dakar, Senegal. It 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 HRES ranges from 0.271 × 0.510 $/kWh and for these figures, the 

cost effectiveness can be achieved for such remote locations. 

Bhaktar and Mukherjee [116] evaluated a solar PV only system with fi xed tilt and two -

axes tracking system intended for similar locations in India. Adaramola et al. [117] 

modelled a HRES that is comprised of solar PV-WT-DG and BSS  for some locations 

in Ghana and 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. Maleki et 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, hydro-power 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 (diesel generator  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 Singal [123] 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 designed for a village settlement in India; 

and Ghaem Sigharchian et al. [124] that investigated the feasibility of deploying biogas 

driven gas engine as a back-up for a solar PV-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 to 

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], [36].    

2.2.2.1. Single prime mover cogeneration systems 

Several authors have deployed sole prime mover s to drive the power and cooli ng or 

heating generation from cogeneration DES. Fig. 2-2 is an example of a CHP 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.     

 

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 and optimisation of a novel CCP 
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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 ST based 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% reductions in 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 solar-powered 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 small 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 wood chips. 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 of the higher ash content 

of the form er. Damirchiet  al. [130] experimentally examined the technical viability of 

using bagasse, pruned wood, poplar, switchgrass and sawdust to fire a gamma-type 

ST driven micro -CHP plant. 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 been undertaken . 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 (SOFC) serves as the 

topping cycle and ST the bottoming cycle. As Fig. 2-3 illustrates , waste heat from the 

SOFC is 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.   

 

Fig. 2-3. Schematic of the SOFC-ST 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 by 24.61%. Balakheli et al. [131] proposed a CHP driven by a combined 

cycle of DG and ST bottoming cycle , and powered by the waste heat recovered from 

the former . 

Rokni [132] deployed a SOFC in 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 SOFC improved 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 system driven by a combined cycle 
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comprised of  municipal solid waste (MSW) powered SOFC topping 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, CO2 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 comprising a 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 stand-alone 

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) analysis of the plant based on 

thermodynamic models and obtained energy and exergy efficiencies of 63.62% and 

58.48%, respectively. Saneye and Katebi [137] evaluated the energy, exergy, 

economic and environmental performance of a small scale CHP that is fired by a 

micro -turbine integrated to  a SOFC bottoming cycle. They obtained the optimal 

system configuration by conduct ing 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 si multaneously 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 p roduce 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 reductions 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 that an 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 R-11 as the best refrigerant. 

 

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), CO2 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 this system configuration, syngas is produced from 

the gasification of the MSW to drive the generation of electricity in the SOFC plant. 

Also, the waste 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 efficienc y 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 PES and CO2 ER of the system as a function of some of the operating 

and geometrical parameters of the engine. It was observed that PES and CO2 ER 

were enhanced by 29.47% and 36.22%, respectively compared with the conventional 

separate energy generation systems. 

Braimakis and Karellas [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 recuperati on and superheating of the 

working fluid on the performance of the system and noted that it does not yield a 

significant increase in the systemÜª efficiency. Karami and Sayyaadi [141] evaluated 

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 using 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 and PES of 76.94% 

and 43.25%, respectively. Also, it was found that exergy is destroyed predominantly  

in the fuel cell and system exergy efficiency of 53.86% was reported . 

Charhartaghi and Kharkashi [143] modelled a micro-CCHP that deployed a PEM FC 

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 ratios of 81.55%, 54.55% and 45%, respectively 

from the numerical investigation. Kaldehi et al. [144] modelled an alpha-type ST 

driven small scale CCHP system for 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 CO2 

emissions. 

Mago [145] investigated the performance of a biomass fuel energised CCHP driven 

by a ST operating at constant efficiency, and meeting constant thermal heat load. It 

was reported that about 50% cost savings could 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. Multip le prime movers t ri -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 single primary energy to produce combined power f rom a molten-carbonate fuel 

cell (MCFC), ST and GT. As Fig. 2-5 indicates, natural gas is the input fuel to this 

energy system. It is steam-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.  

 

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 in Fig. 2-5. The autho©ª |¦¬¥z «~{ YY^f y¦¤§¦¥{¥«ªÜ y¦¥«© x¬« ¦¥ «¦ 

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 the main prime mover 
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of the DES, whereas the ORC powered by recovered waste heat serves as a 

bottoming cycle. Additional waste heat is recovered from the ORC to drive the 

heating and cooling systems. It was found that an overall efficiency of 74% can be 

achieved in this tri -generation system compared with an electrical efficiency of 46% 

obtained for t he combined SOFC and ORC system.  Mehrpooya et al. [149] conducted  

an energy and exergy audit of a CCHP system powered by a MCFC 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% and 71.71%, respectively were 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 realised by 

minimising the avoidable exergy destruction.  

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 system concept that is capable of producing 

many energy vectors and other useful goods has been defined in Section 1.2. Fig. 2-6 

represents  a multi -carrier DES that 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 herein. 

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 audits. They also conducted 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 prime 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 steam turbine isentropic efficiency , results in a corresponding 

increase in the exergy efficiency. 

Agnew et 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, a biomass burner is deployed to supply the heat input  to the ORC, while 

the working fluid of the O RC powers 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 system. It 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 powered 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 decentralised energy systems 

The other  concept being deployed to achieve a remarkable reduction in the GHG 

emissions of DES is the utilisation of HRES to supply primarily the electricity need of  

the consumers. Then, a back-up driven by thermal energy from green energy 

sources or fossil fuel is deployed to produce the complementary energy vectors and 

other useful goods. This energy system is called a HRES integrated DES and could be 

a HRES-CCHP, HRES-CCP or HRES-CHP DES concept [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 as clean 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.   

 

Fig. 2-7. Schematic of HRES integrated decentralised energy systems producing 

many different goods [37] . 

Bracco et al. [153] formulated mathematical models to optimise the real-time 

operation of a HRES integrated DES comprising PV, CSP driven ST, MT, absorption 

chiller, electric vehicles and many forms of energy storage devices. They 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 and components 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 co nsumes, which is an estimation of the 

complexity of the model. It is, therefore, important to ensure a reasonable 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 modelling 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 presented models for simulating the generation and 

storage of power in the WT, PV and battery 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 th is model. Fig. 2-8 presents the predicted results from the PV model 

developed in this work and it shows the variation of the PV cell current , 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 cut-in 

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 simulations for 

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 mor e 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 i nto the original model. With this  

model, the effects of degradation and corrosion on battery capacity over the battery 

life can be evaluated accurately.   



Chapter 2 
 

36 
 

2.3.2. Modelling of prime m overs 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 issues and the temperature of the heat sink, the ST and ORC are the most 

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]. As Fig. 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.  

 

 

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 [51]×[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 utilise many energy sources including biomass, fossil fuels, 

solar energy, and geothermal sources [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, they can be 

alpha, beta or gamma-types ST. On the other hand, based on the drive system, ST 

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 dr ive mechanism for harvesting 

electrical energy from biomass sources.  

 

Fig. 2-10. The Stirling engine configurations (a)  h× type with crank drive (b)  ̡× type 

with crank drive (c)  ɹ× type with crank drive (d )  ̡× type with rhombic drive and (e) 

 h× 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 has been undertaken using 

empirical, analytical and numerical models [160]. Furthermore, based on the depth 
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classified as zero-order, 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 comp uting time [163].  

Since the first attempt was made to develop a first-order model to predict the 

performance of the ST by Schmidt in 1871 [155], several other endeavours have been 

explored «¦  ¤§©¦­{ ¦¥ iy~¤ z«Üª ¤¦z{£D i¦ |w©B ¤¦ª« ¦| «~{ ¤¦z{£ª developed are 

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) S T. They 

y¦¥y£¬z{z «~w« «~{ iy~¤ z«Üª w¥z m{ª« |¦©¤¬£w w©{ z || y¬£« «¦ ¬ª{ ®~{¥ y¦¤§w©{z 

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 variables of 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 f irst Law 

(thermal ) efficiency of the experimental engine, for t he range of operating 

parameters defined in developing the models. Regardless, 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 ST [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 × 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 researchers deployed modelling tools based on classical 

thermodynamics, such as the finite-time thermodynamics (FTT) [170], [171] and the 

finite -speed thermodynamics (FST) [172]×[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 S T are usually easy to 

implement, reducing the complexity and the computational costs associated with 

higher order models [177], these models accuracy are limited because of the 

assumed isothermal processes. In addition, analytical models do not relate the 

{¥} ¥{Üª ¤w ¥ z{ª }¥ §w©w¤{«{©ª «¦ its thermal performance metrics.  

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 
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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. 2-11 and 

Fig. 2-12) and conducted a mass and energy balance at the ingress and egress of 

«~{ª{ y¦¥«©¦£ ­¦£¬¤{ªD j~{ ©{ª¬£« ¥} z ||{©{¥« w£ {¨¬w« ¦¥ªB £ ¥¢ ¥} «~{ {¥} ¥{Üª 

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. 

 

                      Fig. 2-11. Stirling engine control volumes  [157]. 

 

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.  

Author(s)  Model 

type 

Losses considered Experimental engine Key findings 

Heat losses  Work losses   

Timoumi et al. 

[178] 

Adiabatic Considered losses due to 

energy dissipation, external 

and internal conduction, 

shuttle effect.  

Spring hysteresis 

losses. 

3 kW beta-type 

GPU-3 engine. 

Model prediction accuracy 

of engine thermal 

efficiency improved by 

39.5% compared to Ref. 

[65] but over predicted 

experimental data by 35 %. 

Cheng et al. 

[179] 

Numerical  Heat loss due to imperfect 

regeneration. 

Work loss due to 

pressure drop in the 

heat exchangers and 

forced shaft work.  

0.3 kW beta-type 

engine 

Numerical model 

predicted the engineÜs 

shaft power by 12×20% 

more than the 

experimental results, 

whilst the thermal 

efficiency of the engine 

obtained from the 

numerical model was 4.2% 
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higher than that of the 

latter.  

Alfarawi et al. 

[180] 

Non-

adiabatic 

Considered losses due to 

shuttle effect, conduction 

in the heat exchangers, and 

imperfect regenera tion. 

Accounted for 

pressure drop and 

forced work in the 

piston losses. 

Gamma-type 

engine. 

Model over predicted the 

{¥} ¥{Üª §¦®{© w¥z 

efficiency by 15%, although 

this value varied, as 

expected with the hot end 

(heater) temperature  

Babaelahi and 

Sayyaadi [181] 

Non-

adiabatic  

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 work  

losses due to mass 

leakage into the 

buffer space, 

variation in the 

working pressure 

around the piston  

and mechanical 

friction . 

3 kW beta-type 

GPU-3 engine. 

Model predicts output 

power and efficiency of 

the experimental engine as 

a difference of 20.7% and 

7.1%, respectively. 

Babaelahi and 

Sayyaadi [67] 

Polytropic  Considered the effect of  

heat leakage from 

expansion to compression 

Finite speed losses in 

the piston, pressure 

drop in the heat 

3 kW beta-type 

GPU-3 engine. 

Reported errors as a 

difference of 14.34% and 

3.14% in predicting the 
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spaces, shuttle heat losses 

and non-ideal heat 

recovery of the 

regenerator.   

exchangers and mass 

leakage from the 

working space to the 

buffer space. 

power output and the 

energetic efficiency of the 

experimental engine, 

respectively. 

Babaelahi and 

Sayyaadi [182] 

Polytropic  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. 

Finite speed losses in 

the piston, pressure 

drop in the heat 

exchangers and mass 

leakage from the 

working space to the 

buffer space. 

3 kW beta-type 

GPU-3 engine. 

Prediction error s of 3.42% 

and 8.30% were obtained 

from the model for the 

thermal efficiency and 

power, respectively. 

Sayyadi and 

Ghasemi [183] 

Polytropic  Coupled losses due to non-

ideal regeneration to the 

thermal model.  

Effect of inertia losses, 

finite speed losses, 

pressure drop in heat 

exchangers, and 

mechanical friction 

losses. 

3 kW beta-type 

GPU-3 engine. 

-4.03% and -14.88% 

prediction errors in the 

thermal efficiency and 

indicated power is 

obtained. 
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Araoz et al. 

[184] 

Adiabatic  Accounted for losses due to 

axial conduction, shuttle 

heat transfer and imperfect 

heat regeneration. 

Pressure drop in the 

flow processes and 

forced compression and 

expansion losses. 

7.5 kW GPU-3 

Stirling engine. 

Found that at higher 

temperatures, 

intermediate and low 

pressure levels, the model 

predicted better results 

than the fourth order LeRC 

model. 

Li et al. [68] Polytropic  Coupled shuttle heat loss 

into the thermal model and 

accounted for regenerator 

imperfection and 

conduction losses at every 

time step.   

Coupled work loss due 

to mass leakage into the 

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. 

3 kW beta-type 

GPU-3 engine 

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 recent ly 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. Third-order 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 lts than 

the existing adiabatic models. This is because the authors oversimplified the 

complex processes in the engine to optimise 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 3-D CFD modelling study. The authors 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. 

j~{° ©{§¦©«{z w¥ {©©¦© ¦| GKDGK;  ¥ §©{z y« ¥} «~{ {¯§{© ¤{¥«w£ {¥} ¥{Üª §¦®{© 

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 gamma-type 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 has the best performance. Several other recent studies, where the 

thermal modelling of different configurations of S T using the 3-D CFD approach 

were implemented  have been reported [190]×[192].  

Although the 3-D CFD analysis provides more insight about the flow fields in the 

engine, and the distribution of the losses, results obtained from this approach were 

not significantly bett er than that of existing second-order models. This was 

attributed to the difficulty in representing  the complex processes in the ST, in a CFD 

model. Moreover, CFD analyses consume so much computing time compared to 

second-order numerica l 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], [194]. Unlike the Rankine steam cycle, the ORC 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 1970s [96], [193], [194].  

The ORC has similar components 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 in Fig. 2-13.  

 

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 3-D CFD 

analysis has 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 engines based on the developed models such as, the 

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

The choice of working fluids for application  in an ORC engine is a very important 

topic that has been attracting significant attention from researchers. As it  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 Radulovic [99] 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 

perfo rmance and relative stability. However, methanol is a wet refrigerant and can 

be highly combustible. It is also inimical 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 duty DG. 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 low-and-

medium grade heat source whereas the latter will suffice at a high grade heat 

source. In addition, they concluded that R245fa is a stable refrigerant capable of 

yielding very high efficiencies at a heat source temperature below 150ᴈ.  

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], 

[199]×[202]. Unfortunately, R245fa has two major limitations: low decomposition 

temperature (167ᴈ) 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 R1233zd, studied by Shengyun et 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 the optimisation 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 DES, to 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 2.2.1 that 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 characteristic s of the intended users. Historically, two generic 

optimisation approaches have been extensively employed in the design of HRES and 

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 assessed [105]. On the other hand, the latter is 

deployed where it is difficult to collect weather data over a long-term for a given 

location, because of inaccessibility issues [105]. Traditional optimisation methods 

employed in micro -grids design are: graphical methods; linear programming; 

iterative approach; and the least square method [203].  

In recent times, mimetic algorithms  such as Genetic Algorithm (GA), Particle 

Swarm Optimisation (PSO), Ant Colony Optimisation (ACO), Biogeography 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], [204], [205]. 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], [119]. Most single objective optimisation of 

HRES involve 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 oversizing of the 

system, high cost of energy, excessive dumping, low reliability and renewable 

energy penetration, and inefficient utilisat ion of the available resources [207]. 

Therefore, multi -objective optim isation of HRES is 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]×[213]. They are the loss of power supply probability 

(LPSP), deficiency in power supply probability (DPSP), cost of energy (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 non-linearity 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 front ier. 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 (LINMAP)[217] 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 a combination 

of evolutionary algorithm s and decision making tools have been deployed 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 back-up 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 

tool  

Decision making 

tool  

Objective function   Decision variable 

Bukar et al. [219] GOA  COE and DPSP  Number of WT, PV in parallel 

and autonomous days 

Xu et al. [120] MOPSO  LCOE and LPSP Number of PV and WT in 

parallel, reservoir storage 

capacity, hydro-turbine power  

Belouda et al. [220] MOPSO  Cost of system and LPSP 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  LPSP and COE Number of PV and battery in 

parallel and  WT 

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

parallel 

Gonzalez et al. [49] MOGA  NPC and environmental 

impact 

Number of WT and PV area 
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Zhao et al. [72] Fruit fly   ATC and pollutant emissions Number of PV and battery in 

parallel and  WT 

Dufo-lopez et al. [205]  MOEA Truncation 

technique 

System cost, HDI and JC Number of PV, WT and battery 

in parallel and types of PV, WT, 

battery, inverter and diesel 

generator  

Ramli et al. [223] MOSaDE  LPSP, renewable fraction and 

COE 

Number of PV in parallel and 

WT and hour of operation of 

biogas generator 

Al-masri et al. [77] Grey wolf TOPSIS LPSP, Total current cost and 

GHG emissions 

Number of PV and battery in 

parallel and  WT 

Sun [224] MOPSO TOPSIS COE and pollutant emissions Number of PV and battery in 

parallel and  WT 

Rathish et al. [225] GA  NPC, unmet load, CO2 

emissions 

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 sizing optimisation, 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 have been some attempts in the literature to im prove on the performance of 

the Stirling engine, by optimising the engi¥{Üª §w©w¤{«{©ªD Togyani et al. [53] 

determined the optimum heat source temperature, stroke, mean effecti ve pressure 

and frequency of a beta-type ST that will yield improved efficiency, power output 

and reduced pressure drop . Also, they employed the improved non-dominated 

sorting Pareto front GA (NSGA-II) to conduct the design optimisation  of the engine 

and selected the best solution from the Pareto front by deploying TOPSIS, LINMAP 

and Fuzzy 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.  

Hooshang et 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 selected in 

this study are the phase angle, displacer stroke and working frequency of 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 
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decision variables and MOPSO was deployed to implement  the optimisation. 

Further,  the solution that is closest to the ideal solution  from the Pareto front was 

selected using the 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 S T 

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 methods 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 engine parameters to be optimised.  The differential 

evolution, GA and adaptive simulated annealing 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 efficiency of the original 

engine rose by 2% 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 pressure. They adopted a quasi-

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 have been 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. First, they 

performed a parametric study to highlight the impact of the evaporation pressure, 

superheat degree, condensation temperature and the exhaust temperature at the 

{­w§¦©w«¦© ¦¬«£{« ¦¥ «~{ {¥} ¥{Üª «{y~¥¦-economic performance. Also, based on the 

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. It 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 engine powered  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 R123. It was concluded that R125 showed excellent economic and 

environmental performance in the trans -critical cycle.  
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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-

II 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, a sensitivity analysis was 

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 worth of 740 

$/year.   

Ahmadi et al. [150] performed the multi -objective optimisation of a solar-based 

multi -generation DES system using NSGA-II. 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 increase in the pinch point results in a decrease in the exergy 

efficiency and a reduction in the cost rate.  

Boyaghchi and Safari [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. Th is study solved the optimisation 

problem with the NSGA-II and selected 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. 

Ghaebi et al [125] deployed GA to optimise the thermal efficiency, exergy efficiency 

and sum unit cost of the product  (SUCP) of a Kalina cycle integrated ejector 

refrigerator CCP energy system. Further, they selected the evaporator pr essure, 

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 SUCP can 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 micro-

grids [73], [74].  

2.5.1. Heuristic energy management strategies 

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], [75]×[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 CC strategy on the other hand, ensures the back-up 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 charg ing 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 deploys 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 a DES. Das and Zaman [82] proposed utilising the 

LF or CC based on the 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 hybri d 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 reductions 

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 a DES by 

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 DES that 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 systemÜª total cost and 

emissions reduced drastically with the deployment of batter y storage systems. 

Similarly, Parpergiougio and Silvente [230] examined the management of a DES that 

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 and resulted 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 in the 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 l 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 PV, WT, 

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 generators reduce.  Although this approach 

is an improvement over the previous studies, it is still lacking because the systemÜª 

energy management is not coupled to the sizing optimisation.  

Thus, bi-level optimisation that couples the sizing optimisation and the systemÜª 

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 bi-level 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, Rullo et al. [79] 

proposed a bi-level sizing and energy management of a HRES. However, 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. Fuzzy logic-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 if-then 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 

manage the 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 DG using GA for a HRES comprising 

PV, WT, DG and 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 Mohammadian [232] implemented the 

energy management of a grid-tied WT-PV-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 management 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 standalone WT and PV energy system 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 optimise the cost of 

charging electric vehicles with power generated by a PV-battery system or supplied 

by the grid with the goal to achieve a fixed energy price during the peak hours. 

Ramadesigan and Bonkole [235] 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 PV, FC, 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 consensus 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 ways to 

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 governing differential equations and 

considers additional loss effects has been explored, 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 deployment of split DG appears to be 

prom ising 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 split 

solution, such as the split ST has been deployed as back-up 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 back-up to augment the reliability of a HRES and 

overcome the challenges associated with sole prime mover back-ups.  

The parametric analysis and optimisat ion of different DES concepts are interesting 

topic s that have been extensively researched. While there are numero us records of 

studies where dual prime mover s of ST and FC or GT were deployed to improve the 

electrical efficiency of the system, studies on DES concepts that deployed ST and 

ORC are limited. More so, to reduce GHG emissions, solar and biomass powered 

DES have been explored. For the biomass fired system, the quality of the biomass 

fuel is an issue of great concern 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].  

One traditional  way of controlling the quality of the woodchips fuel is by undertaking 

in-situ drying of the feedstock w ith 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 ª°ª«{¤Üª performance . This study has not received significant attention in the 

literature, particularly for the proposed CCHP configuration that de ploys combined 

ST and ORC prime movers. It is also important to determine the optimal operating 

regime of this DES system to ensure its optimal performance. Unfortunately, t here 

are no evidence of studies undertaken to find the optimal operating conditions of a 

biomass powered  micro -CCHP driven by a hybrid ST and ORC. 

The literature further  reveals that the control and management of the flow of energy 

in DES is a hot topic that has been receiving significant 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, is lacking in two ways.  

First, most of the authors have deployed the receding horizon approach to solve the 

MILP formulated for the unit commitment prob lem of managing the energy of DES. 

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 

forecast 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 forecasting errors that may negatively impact 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 if-then 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 the rules are formulated based on 

the experience of the designer. The deployment of a hybrid of the modified heuristic 

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 the modified heuristic approaches were 

deployed in DES energy management. Moreover, 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 on the modelling, control and optimisation 

of DES, the following are the knowledge gaps that have been identified:  
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i)  Absence of studies 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 engine in 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 

¤¦z{£Üª §©{z y« ¦¥ wyy¬©wy°D 

ii)  Lack of record of studies that propose d the deployment of a dual ST+ORC 

driven multi -carrier DES based on biomass combustion, to produce cooling, 

heating, electric power , and dry wood chips fuel and conduct s robust  

parametric analysis to study the influenc e 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. 

iii)  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 .  

iv) Absence of studies that proposed the deployment of a biomass fired split ST 

or ST+ORC in CC or LF mode, respectively as the back-ups of a hybrid WT, PV 

and battery storage system and determine  the optimal number of components 

by simultaneously considering technical, economic, and environmental 

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

v) 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 fr om a hybrid renewable energy integrated  

multi -carrier system and implement s a bi-level optimisation that integrate s the 

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 3.1 illustrates  the process diagram and 

describes the mode of operation of the formulated HRES configurations. 

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 concepts that integrate HRES based DES and the multi-carrier 

system. Section  3.2 describes the test location for the new DES configurations being 

proposed in this thesis and evaluates the 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 a sequel to the critica l 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, a new HRES configuration  

that hybridise d solar-wind-battery energy storage system and deploys a split Stirling 

engine (ST)+organic Rankine cycle (ORC) as the back-up 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 back-up, 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 new 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«~¦©Üª knowledge, 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 multi-carrier energy system, which has received very limited attention 

in the literature.  In this DES concept, the split ST+ORC back-up will play two vital 

roles. One, to augment the power generation by the HRES and secondly, to 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 configuration  proposed in this thesis comprises the wind turbine  (WT), 

solar photovolt aic panel (PV), battery storage system (BSS) and split Stirling engine 

(ST) and organic Rankine cycle (ORC) back-ups. Fig. 3-1 represents  the schematic 

diagram of the HRES that is designed to fulfill  the electric load of  the customers in  

the test location. As Fig. 3-1 illustrate 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, ὖ  É or by deploying n-number of ST, ὖ  É 

or  combined cycle ST and ORC, ὖ  É. 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 cyc le 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, ὖ  É  is fed directly into the AC load bus. On the contrary, 

the direct current (DC) power generated by the solar PV, ὖ  É will be fed through 

the DC-AC inverter into the AC bus. Therefore, the DC-AC inverter is one of the 

power electronics th at has been deployed in this HRES configuration to convert all 

the DC power to AC power. The other power conditioning components are  the 

rectifier and the charge controller.  

 



Chapter 3 
 

69 
 

 

 

                             Fig. 3-1. Schematic of hybrid WT-PV-battery storage and split ST+ORC back-up energy system. 
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The rectifier converts the excess AC power being generated by the WT or the split 

ST+ORC into DC power, 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 charge the 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 augment 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, ὖ  É 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 Ὓὕὅ É and ὖ   É.  

Further, to prevent wet expansion in the expander of the ORC due to low refrigerant 

temperature at the evaporator outlet, a limit has been set on the deployment of ORC 

when the main ST back-up is utilising the split mode or following the load. Note that 

the ORC is fired by the waste heat, ὗȟ  É  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 available wood chips fuel and other renewable resources. 

3.1.2. Proposed configuration of  multi -carrier energy system 

The multi-carri er 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 d rives 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 is evident 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 a solid separator to remove 

the solid combustion products , such as ash and carbon soot, that could result in the 

fouling of the heat exchangers (state 6A). The remaining 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 

y¦¦£{© z¬© ¥} «~{ {¥} ¥{Üª  ª¦«~{©¤w£ §©¦y{ªª  s readily absorbed by the organic 

working fluid of the ORC, in a cooler/evaporator configuration. This waste heat is 

utilised to vapor ise 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 cycle 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. As Fig. 3-3 illustrates, the bottoming ORC 

cycle operates between the condenser and evaporator pressures, ὖ  and ὖ , 

respectively, while the topping ST cycle operates between the heater and cooler 

temperatures, Ὕ and Ὕ, respectively. ὗ ȟ represents the thermal exchange 

between the cooler of the ST and the evaporator of the ORC. Also, ЎὝ  is the pinch 

point temperature difference between the combustion flue gas, Ὕ  and the heater 

wall temperature, Ὕ . 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, ὗ , thereby dropping to state 9A (see Fig. 

3-2 (b)).  Then the water vapour refrigerant produced from the desorber at state 23, 



Chapter 3 
 

72 
 

 



Chapter 3 
 
 

73 
 

 

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, ὗ  (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 state 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 state 10. In this design, the water sent to 

the DWH is preheated by picking up the waste heat from the absorber, ὗ  and 

condenser, ὗ  of the ARS, which serve as economisers. The system described so far 

deploys several layers of waste heat recovery to minimise the loss of useful exergy 

in the system. Hence, it could yield improved thermodynamic, economic and 

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

The final DES configuration that is proposed in this thesis integrat es the proposed 

HRES to the multi-carrier 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. 3-1 and 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. As Fig. 3-4 shows, 

dry woodchips (assumed to have been dried by the flue gas as previously described) 

is sent into the combustor where it  is combusted. The combustion flue that contains 

some internal energy, ὗ  is 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 in the location, while 

the split ST+ORC and the battery storage are deployed to fulfil  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 is essential. So, a central controller has been deployed and it is fed with 

the signal of the SOC (t) of the battery, net load, 0 Ô 0 Ô 0 Ô 0 Ô  

i.e., the difference between the load and the power generated from the PV and WT 

systems and the electric load, ὖ Ô of the consumers, at every time step. Based on 

these signals, it controls the dispatch of the BSS and the split-ST+ORC back-up. 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 integrated 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 multi-carrier 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 multi-carrier energy system 

and is a promising energy solution to supply cheap, reliable and clean 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 the energy demand and renewable 

resources in the test location. This is intended to assess the 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  ¥­{ª«¦©ª  ¥«¦ «~{ ¥w« ¦¥Üª {¥{©}° ª{y«¦©B «¦ x¬ £z ª¬ª«w ¥wx£{ 

energy solutions. 

One of these prospective sites earmarked for new energy solutions is the Onye-Okpan 

community; a coastal community in southern Nigeria (latitude: 5.98º N and longitude: 

8.47º 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.  

 

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 location 

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 kW, it 

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. 

 

          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 in Fig. 3-7 as A and B, respectively. It can be seen that, the solar 

insolation at the location records a high value of about 900 W/m2 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 sunshine of 7 hours with an average 

solar insolation of 4.52 kWh/m2. 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 solar insolation between 500-800 W/m 2 is experienced in the mid-

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

in intensity as expected, due to stormy weather.  

 

              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 31 ᴈ 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 evident  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 in Fig. 3-10, sharp variations in the wind speed at 

the test location is evident all year round, although not as intense as in the case of the 

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, Ὃ (W/m 2) at the test location.  

 

 

Fig. 3-9. Heat map of average daily hourly ambient temperature, Ὕ (ᴈ) at the test 

location. 
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                 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 deployed to evaluate the frequency of  the wind speed in the test location 

based on the presented historical data and it is given as [210]: 
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The Weibull shape factor, Ὧ can be obtained from the following expression: 
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And the wind scale index, ‟ is given as: 
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where „’ is the standard deviation and ὼӶ’ mean wind speed in the test location. 
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If Ὧ ς is substituted in Eq. 3-1, a Rayleigh function is obtained as: 

 
ὖὈὊ

ς’

‟
Ὡὼὴ

‡

‟
 (3-4) 

In this case, the Rayleigh scale index can be estimated from [210]: 

 
‟

ς

Ѝ“
’ ρȢρψ’  (3-5) 

The Weibull distribution of the wind velocity at the test location is shown in Fig. 3-11 for 

different hub heights. It is seen in Fig. 3-11 that wind speed of 3.0 m/s has the highest 

frequency of occurrence in the year  and this is observed for a hub height of 50 m. With 

the decrease in the hub height, the peak Weibull frequency increases, while the 

average wind speed decreases. Meanwhile, wind speed, ’ σȢυ m/s is observed for 

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

 

 
Fig. 3-11. Weibull distribution of wind speed probability at the test location for one year. 

Fig. 3-12 is the hourly average wind 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 × June and August × 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 × 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 wind energy 

resources to support the s iting of a HRES.  

 

 

Fig. 3-12. Heat map of the average daily hourly wind speed at 50m hub height at the test 
location. 

The estimate of biomass resources for locations in Nigeria is 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 
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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 back-up to 

augment the power supply of the HRES and in parallel serve as the prime mover for 

the multi -carrier system, if properly harnessed.  

 

          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 available local clean energy resources to meet the daily 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 an interesting 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 on a 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/m2 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 of 3.5 m/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 lo cation is derived, and has been 

estimated to have energy potentials of about 500 GJ. Hence, wood chips 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 

}¦­{©¥ ¥} {¨¬w« ¦¥ª  ª x{ ¥} {¯§£¦©{zB «¦  ¤§©¦­{ «~{ ¤¦z{£Üª §©{z y« ¦¥ wyy¬©wy°D 

Section 4.1 presents 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¬«~¦©Üª §w§{© published in a peer 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: 

(i)  The thermodynamic processes in the engine attained steady state at the end of 

each cycle of its operation. 

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

(iii)  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, k, r, h, e to represent the 

compression (cold) space, cooler, regenerator, heater and expansion (hot) space, 

respectively, while double suffices, ck, kr, rh, he represent the interfaces betwee n the 

cold space × cooler, cooler × regenerator, regenerator × heater and heater × hot 

space, respectively as depicted in Fig. 4-1. The system of governing equations in the 

Simple analysis were derived by employing the equation of state of an ideal gas and the 

mass and energy conservation principles to each 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.  

 

 

     Fig. 4-1. Schematic  diagram 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 model [65]. 

ὖ                                     Pressure of the working fluid in the engine 

Ὠὖ                                               Variation of pressure in the engine   

ά ȟὭ ὧȟὯȟὶȟὬȟὩ               Mass of workin} |£¬ z  ¥ «~{ {¥} ¥{Üª y¦¤§¦¥{¥«ª 

Ὠά                                                         Change in the mass of working fluid 

Ὠά
ὖὨὠ

ὙὝ
  

Ὠά ά ȟὭ ὧȟὯȟὶȟὬȟὩ  

Ὠά ά                                                                                  Mass flow of working fluid  

Ὠά ά ά  

Ὠά ά ά  

Ὠά ά ά  

Ὠά ά  

ὭὪ ά πȟὝ ὝȠὩὰίὩ Ὕ Ὕ                            Conditional temperature variation  

ὭὪ ά πȟὝ ὝȠὩὰίὩ Ὕ Ὕ   

ὨὝ Ὕ ȟὭ ὧ ȟὩ              Temperature variation in working spaces 

‬ὗ ὠὨὖ ὅ Ὕ Ὠά ὅ Ὕ Ὠά                              Heat lost from cooler           

‬ὗ ὠὨὖ ὅ Ὕ Ὠά ὅ Ὕ Ὠά       Heat flux through the  regenerator     

‬ὗ ὠὨὖ ὅ Ὕ Ὠά ὅ Ὕ Ὠά                             Heat gained in heater                                                                                                                               

‬ὡ ὴὨὠ                                                                    Expansion work done by displacer 

‬ὡ ὴὨὠ                                                                   Compression work done by piston  
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4.2. New non-ideal thermal model with various losses 

The proposed enhanced non-ideal 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 shutt le 

heat loss has been coupled to 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 leakage into the co ld 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], [182], where 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 gap and 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 ha s 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: losses 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 losses 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 deployed to 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 assumption that 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: 

(i)  The thermodynamic processes in the engine attained steady state at the end of 

a cycle of its operation. 

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

(iii)  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. 4-2 is the updated CVs in 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 is via the gap between the cylinder wall and the displacer and 

the annular gap around the connecting rod into the crankcase, respectively as shown 

in Fig. 4-3. The interface between the hot CV and the cold CV has been assigned suffix, 

ce, while leak, 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. 

 

Fig. 4-2. Schematic diagram of the control volumes of a non-ideal Stirling engine [65].    

 
Fig. 4-3. Representation of the gaps for 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: 

ὗ‏  ȟ ὗ‏ ὗ‏ ὗ‏ ὗȟ‏ ὗ‏

άὧȟὝ ά ὧȟὝ ὡ‏ ȟ ὡ‏ Ȣ Ȣ

ὡ‏ ὡ‏ Ȣ ὡ‏ ὧὨάὝ  

               

(4-1) 
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where ‏ὗ ȟ (W) is the ideal heat gained or lost and ‏ὡ ȟ (W) the  ideal work rate 

of the system (engine fluid) in any CV. The first and final terms 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 i and o standing for flow ingress and egress from the 

CV. Here, ‏ὗ (J), ‏ὗ  (W), ‏ὗ  (W), ‏ὗȟ  (W), and ‏ὗ  (W) are  the 

addit ional 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,  ‏ὡ Ȣ Ȣ (W), ‏ὡ  (W), ‏ὡ Ȣ (W), and ‏ὡ  (W)  model the work 

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

and the pressure drop, respectively. ὧ 
Ȣ

 and ὧ 
Ȣ

 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 by ɿ1 , has been modelled as [169], 

[178]: 

 
ὗ‏

πȢτὤ ὯὈ

ὐὒ
Ὕ Ὕ  (4-2) 

where ὤ (m), Ὧ ( ), Ὀ (m), ὒ (m), and ὐ (m)  w©{ «~{ z ª§£wy{©Üª ª«©¦¢{B «~{©¤w£ 

conductivity, di ameter, length and annular gap between the displacer and the cylinder 

wall, respectively.          

If only the shuttle heat loss and enthalpy leakage through the displacer clearance gap 

are considered in Eq. (4-1), the energy balance of the compression CV and expansion 

CV will reduce to: 

ὗ‏                    ὗ‏
ὧ

Ὑ
ὴὨὠ

ὧ

Ὑ
ὠὨὴ ὧὝ Ὠά ὧὝὨά   (4-3) 
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ὗ‏  ὗ‏
ὧ

Ὑ
ὴὨὠ

ὧ

Ὑ
ὠὨὴ ὧὝ Ὠά ὧὝὨά  (4-4) 

where Ὑ 
Ȣ

  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]:   

 
ά “Ὀ

ὖ

τὙὝ
Ὗὐ

ὐ

φ‘

Ўὖ

ὒ
  (4-5) 

where Ὕ  (K), Ὗ  ( ), ‘ ( ), and Ўὖ (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: 

 Ὠά Ὠά Ὠά   (4-6a) 

                             Ὠά Ὠά Ὠά   (4-6b) 

 Ὠά Ὠά Ὠά  (4-6c) 

 Ὠά Ὠά Ὠά  (4-6d)  



Chapter 4 

95 
 

If Eq. (4-3), (4-4), (4-6a) and (4-6c) are combined and factorised, and noting that the 

compression and expansion processes are adiabatic, i.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: 

 

Ὠά
ὗ   ὴὨὠ‏   ὠὨὴ  ὧὝὨά

ὧὝ
Ὠά  (4-7) 

 

Ὠά
ὗ   ὴὨὠ    ὠὨὴ    ὧὝὨά‏

ὧὝ
Ὠά  (4-8)  

From the perfect gas equation, the instantaneous mass variation of the working fluid 

in the remaining CVs can be obtained from the following expression: 

  
Ὠά

ὠ

ὙὝ
ὨὖȟÉ ËȟÒȟÈ (4-9) 

The instantaneous total amount of the working fluid in the engine is not expected to 

be constant because of the partial leakage of the engine gas into the crankcase. Thus, 

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

expression: 

  ά ά ά ά ά ά ά  (4-10) 

where ά  (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]: 

 
ά “Ὀ

ὖ ὖ

τὙὝ
Ὗὐ

ὐ

φ‘

ὖ ὖ

ὒ
  (4-11) 

where Ὗ ( ), ὴ  (Pa), Ὀ (m), ὒ (m), and ὐ (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 Eq. (4-7), (4-8) and (4-9) into the 

resulting expression, the variation in the pressure of the working fluid is obtained as: 

  

Ὠὖ

          

Ὠά
Ὑ (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 Eq. (4-12) has been formulated. In fact, Eq. (4-12) 

encompasses the comprehensive modifications that have been made to the traditional  

model aiming to improve on its accuracy. Meanwhile, the instantaneous change in the 

temperature of the working fluid in the hot and cold CVs has been obtained from the 

ideal gas equation as follows: 

  
 ὨὝ Ὕ

Ὠὠ

ὠ

Ὠὖ

ὖ

Ὠά

ά
ȟ É ÃȟÅ (4-13) 

4.2.1.2. Energy conservation in the engine 

Also, by conducting the energy balance of the heat exchangers in the Stirling engine 

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

determined as:  

ὗ‏ ȟ

ὧ

Ὑ
ὠὨὖ

ὧ Ὕ Ὠά Ὠά Ὕ Ὠά Ὠά Ὠά    

                    

(4-14) 

ὗ‏ ȟ

ὧ

Ὑ
ὠὨὖ

ὧὝ Ὠά Ὠά Ὠά

Ὕ Ὠά Ὠά Ὠά Ὠά    

   

                

                     

(4-15) 
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ὗ‏ ȟ

ὧ

Ὑ
ὠὨὖ

ὧ Ὕ Ὠά Ὠά Ὠά Ὠά Ὕ Ὠά    

                   

(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]: 

   ὭὪ ά πȟὝ Ὕ 

ὩὰίὩȟὝ Ὕ  

         

(4-17) 

   ὭὪ ά πȟὝ Ὕ 

ὩὰίὩȟὝ Ὕ  

              

(4-18) 

   ὭὪ ά πȟὝ Ὕ 

ὩὰίὩȟὝ Ὕ ρ ‐ Ὕ Ὕ  

              

(4-19) 

   ὭὪ ά πȟὝ Ὕ ρ ‐ Ὕ Ὕ  

ὩὰίὩȟὝ Ὕ  

              

(4-20) 

  ὭὪ ά πȟὝ Ὕ 

ὩὰίὩȟὝ Ὕ 

              

(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 utilis ing 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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 ὭὪ ά πȟὖ ὖ

Ўὖ

ς
 

ὩὰίὩȟὖ ὖ
Ўὖ

ς
 

              

              

(4-22) 

  
  ὭὪ ά πȟὖ ὖ

Ўὖ Ўὖ

ς
 

ὩὰίὩȟὖ ὖ
Ўὖ Ўὖ

ς
 

            

(4-23) 

  
   ὭὪ ά πȟὖ ὖ

Ўὖ Ўὖ

ς
 

ὩὰίὩȟὖ ὖ
Ўὖ Ўὖ

ς
 

            

            

(4-24) 

 

  
 ὭὪ ά πȟὖ ὖ

Ўὖ

ς
 

ὩὰίὩȟὖ ὖ
Ўὖ

ς
 

              

            

 (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: 

  
Ὕ

ὖὠ

Ὑά
ȟÉ ÃȟËȟÒȟÈȟÅ  (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: 

  ώ Ὂὸȟώȟ ύὭὸὬ ὭὲὭὸὭὥὰ ὧέὲὨὭὸὭέὲίȟώὸ ώ   (4-27) 

where the array Ùḳ6ȟ6ȟ4ȟ4ȟ0ȟ7ȟ7ȟÅÔÃ. denotes the unknown functions.  
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4.2.2. Modelling the second and third category losses in the engine 

As stated in Section 4.2, the second and third category losses of ST are accounted for 

in the enhanced non-ideal 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 4.2.1 have been incorporated into E q. (4-1). This section presents the principles 

and methods deployed in the evaluation of these losses.  

4.2.2.1. Thermal losses in the enhanced Stirling second-order model  

The second category losses of the engine are mainly thermal losses. The 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 

losses in the engine. This loss has been modelled by expressing it as a function of the 

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

  
ὗ ȟ

Ўὖά

”
ȟÉ ËȟÒȟÈ (4-28) 

where Ўὖ (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  as [184]: 
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  ὗ Ὑ Ὕ Ὕ  (4-29) 

where Ὑ  is the conductive thermal resistance of the walls of the regenerator, 

Ὕ  (K) is the temperature of the heater wall and Ὕ  (K) is the temperature of the 

cooler wall. 

c) Heat leakage to the buffer space: 

The mass leakage into the crankcase could induce some thermal energy losses in the 

engine. Thess losses affect the performance of the engine. In Section 4.2.1, a 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: 

  ὗ ά ὧὝ (4-30) 

d)  Non-ideal heat transfer losses: 

It has been established in literature  that the introduction of the regenerator in the 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 case and 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 this thesis, the effectiveness of the regenerator was 
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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: 

  
‐  

ὔὝὟ

ὔὝὟρ
 (4-31) 

The NTU is expressed as a function of the Nusselt number (Nu) of the matrix over which the 

fluid is flowing, and is expressed  as [180]: 

  
ὔὝὟ 

τὔό

ὙὩὖὶ

ὰ

Ὠ
 (4-32) 

where ὰ (m), Ὠ  (m), ὙὩ (-) and ὖὶ (-) are the length of the regenerator, hydraulic 

diameter of the regenerator, Reynolds and Prandtl numbers, respectively. The 

hydraulic diameter, Ä  which expresses the ratio of the void volume to that of the 

wetted area in the regenerator is given as: 

  
Ὠ

τὠ ȟ

ὃ ȟ
 (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 :  

  ὔό  ρ πȢωωὙὩὖὶȢ ‰Ȣ  (4-34) 

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

be expressed as [228]: 

  
‰
ρ ὲ “Ὠ

τ
 (4-35) 

where Ὠ  (m), and ὲ   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:  

  ὗȟ ὗȟ ρ ‐  (4-36) 
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The actual thermal loads of the heater and the cooler have been obtained by 

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

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

  ὗ ȟ ὗ ȟ ὗ ὗȟ ὗ ὗ ȟ  (4-37) 

  ὗ ȟ ὗ ȟ ὗ ὗȟ ὗ ὗ ȟ  (4-38) 

Then, Eq. (4-37) and (4-38) have been used to update the temperature of the cooler 

w¥z «~{ ~{w«{©B w« «~{ {¥z ¦| {wy~ y°y£{B x° z{§£¦° ¥} «~{ d{®«¦¥Üª £w® ¦| 

cooling/heating, as expressed in the following relations [67]: 

  
Ὕ Ὕ

1 ȟὊὶὩή

Ὤὃ
 (4-39) 

  
Ὕ Ὕ

ὗ ȟὊὶὩή

Ὤὃ
 (4-40)  

where Ὤ , Ὤ , ὊὶὩή (Hz), ὃ  (Í , and ὃ  (Í  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: 

  
Ὤ

πȢπχωρ‘ὧὙὩȢ

ςὈὖὶ
ȟÉ ËȟÈ (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, 
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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 have been obtained in this study as: 

  
Ўὖ

ςὪ‘όὠ

Ὠὃ
ȟÉ ËȟÈȟÒ (4-42) 

where ό , ὃ (Í , and Ὢ (-) 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]: 

  
Ὢ

ρφ                                                ὙὩ ςπππ                 
χȢστσρπὙὩȢ            ςπππὙὩ τπππ
πȢπχωρὙὩȢ                           ὙὩ τπππ                

ȟÉ ËȟÈ (4-43) 

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

given by Kay and Londons [241] as: 

  Ὢ υτ ρȢτσὙὩȢ  (4-44) 

The work loss as a result of the pressure drop in the aforementioned heat exchangers 

can be obtained from the following expression: 

  
ὡ Ўὖ

ȟȟ

Ὠὠ (4-45) 

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 Eq. 4-46 and it is 

given as the sum of the pressure drops in the heat exchangers of the engine [68]: 

  ῳὖ ὖ ὖ Ўὖ

ȟȟ

 (4-46) 
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b)  Frictional work loss in the engine: 

As the displacer compresses the internal gas of the engine, the pressure of the fluid 

around the displacer grows to a value higher than the average pressure of the working 

fluid in the engine. The opposite effect is observed in the expansion process. 

Consequently, more compression work is generated in the actual engineÜª operation 

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]:  

  
ὡ  Ǫ  ὖ

σ‎ό

ὧ

Ўὴ

ὖ
Ὠὠ (4-47) 

where ὧ , Ўὴ (Pa), and ό  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 values of  Ã and ЎÐ [181]: 

  
ὧ ‎ὙὝ (4-48) 

  
Ўὴ πȢωχ πȢρυ

ὔ

ρπππ
 (4-49) 

where ὔ (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 gas could act as a spring. This unusual behaviour 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 expression [65]:  

  

ὡ
ρ

σς
‫‎ ‎ ρὝὴ Ὧ

ὠ

ςὠ
ὃ  (4-50) 

where ) Ὧ , ‫ ), ὠ (Í ), ὠ (Í ), ὃ  (Í ) 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:  

  
ὡ ὴὨὠ ὴὨὠ ὡ  Ǫ  ὡ ὊὶὩή

ὡ  

(4-51) 

Thus, the actual thermal  efficiency of the Stirling engine is, given as: 

  
–

ὡ

ὗ ȟȢὪὶὩή
 (4-52) 

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 and its derivatives, ὠ, ὠ, Ὠὠ, and Ὠὠ as a function of crank 

angle (or time of operation of the engine) in one cycle of operation, which is expected 

to span from ʃ πЈ to ʃ σφπЈ.  

Other design parameters of the engine, such as the volumes of the cooler, heater, and 

regenerator, ὠ, ὠ, and ὠ, 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 th e fluid were 

assumed, while iy~¤ z«Üª ¤¦z{£ ~wª x{{¥ z{§£¦°{z «o obtain the initial mass of the 

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, ὸ . 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 ώ denoting 

the unknown functions is 44, and these compose of the analytical variables and 

derivatives.  

The magnitudes of seven of these variables (ὗ , ὗ , ὗ, ὡ , ὡ , Ὕ, and Ὕ) 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 spec ified 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, ὸ  (ÏÒ ʃ πЈ) should be equal to that at the end of the cycle, 

ὸ  (ÏÒ ʃ σφπЈ). Until this condition is met, which implies that the s ystem 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, ώ, provided in this step have the form of a 2-dimensional array 

of size ττρπππ. The processes described so far in this step is similar to that 
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employed in the Simple analysis [65], except for the fact that the traditional differential 

equations of the Stirling engine cited in Table 4-1 have 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 

4.2.2.1, using 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 this chapter  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 as piston 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 Model  

This chapter presents the results of the simulation of a beta-type Stirling engine with 

a ©~¦¤x y z© ­{ ¤{y~w¥ ª¤D j~{ {¥} ¥{Üª §{©|¦©¤w¥y{  ª ª ¤¬£w«{z xwª{z on the 

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 the result s 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 

authorÜs 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 GPU-3 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 GPU-3 Stirling engine was conducted in the NASA Lewis 

Research Centre and the test results of the en} ¥{Üª §{©|¦©¤w¥y{ ®wª §©{ª{¥«{z  ¥ 

[169]. MATLAB codes have been developed to implement the numerical solution of the 

governing ordinary differential equations of the engine as described in Section 4.3 and 

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 GPU-3 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 mm3 

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 mm3  

Regenerator external diameter 80 mm Others  

Regenerator internal diameter  22.60 mm 

 

Clearance volume of the piston 28.68 mm3 

Number of regenerator  8 Clearance volume of the displacer 30.52 mm3 

Dead volume of regenerator 50.55 mm3 Diameter of displacer  69.9 mm 

Material  Stainless steel wire Diameter of displacer rod  9.52 mm 

No. of wires per cm χωχω 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. 5-1 and Table 5-2, the results obtained from the enhanced model, referred 

hereinafter as the Ûf©{ª{¥« c¦z{£ÜB ~w­{ x{{¥ y¦¤§w©{z «¦ «~{ ©{ª¬£«ª ¦x«w ¥{z |©¦¤ 

the models developed by: Urieli and Berchowitdtz [65]B ©{|{©©{z «¦ wª Ûi ¤§£{ÜQ 

Babaelahi and Sayyaadi [181]B ©{|{©©{z «¦ wª Ûi ¤§£{ __ÜQ iw°°wwz  w¥z ^¦ªª{ ¥±wz{ [242], 

©{|{©©{z «¦ wª ÛYW\iÜQ ^¦ªª{ ¥±wz{ {« w£D [176]B ©{|{©©{z «¦ wª Ûf\ijÜQ Xwxw{£w~  w¥z 

Sayyaadi [67]B ©{|{©©{z «¦ wª ÛfilbÜQ wnd Li et al. [68]B «~{©{w|«{© ©{|{©©{z «¦ wª ÛficbÜD 

These models are second-¦©z{© ¥¬¤{© yw£ ¤¦z{£ª w§w©« |©¦¤ «~{ Ûf\ijÜ «~w«  ª w 

closed-form model.  

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

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

a high level 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.   

 

Fig. 5-1. Evaluating the prediction accuracy of the Present Model by comparing it with 

the experimental data and other numerical  modelsô 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 CAFS [242] and the Simple II [181] models 

(both adiabatic) did not consider the mass leakage through the displacer gap, which 

contributed significantly to the work loss es in 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 compress ion space 

has limited the accuracy of the models. 

In the PSML [68], an updated model built on the principle of polytropic processes in 

the cold and hot CVs and consequently, improving the model accuracy, prediction 

errors of × 2.6% and +3.78% in the brake power and thermal  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 crankcase have been simultaneously considered. In 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 ( Thtr  = 

977 K; Tk = 286 K; Pmean = 4.14 MPa; Freq = 41.67 Hz). 

 

Source 

i ¤§£{ 

[65] 

YW\i 

[242] 

i ¤§£{C__ 

[181] 

filb 

[67] 

f\ij 

[176] 

ficb 

qLNs 

f©{ª{¥« ¤¦z{£ 

j~ ª ª«¬z° 

h{£w« ­{ {©©¦©  ¥ x©w¢{ §¦®{© >;? A GKHDN A KKDF A ILDL A GJDI A ILDI C HDL + 0.3 

h{£w« ­{ {©©¦©  ¥ {|| y {¥y° >;? A GJLDJN A MIDHJ A IIDII A GJDKK A ODIO A IDMN - 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 

«~{ {¯§{© ¤{¥«w£ zw«w >£wx{££{z Û[¯§Ü  ¥ «~{ £{}{¥zª? ¦| «~{ x©w¢{ §¦®{© ¦| «~{ ]fk-

3 engine at various engine frequencies to t hat 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. It is evident 

that t he 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 PSML qLNs, i.e., an initial increase with the increasing frequency of  

the engine before attaining a peak value at a frequency of 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 II [181], CAFS [242], PSVL [67], PFST [176] , PSML qLNs), 

and experimental data [169], at Thtr  = 922 K, Tk = 286 K and MEPs of (a) 4.14 MPa, and 

(b)  2.76 MPa. 

This trend could be as a result of the i ncrease 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 the losses due to mechanical friction  in the 

engine, FST of the displacer, pressure drop in the heat exchangers and even the 

spring hysteresis. The increased losses in the engine at high engine frequencies 

offset the  observed gain in the ideal power, leading to a decline 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 

experimenta£ {¥} ¥{Üª x©w¢{ §¦®{© ¤¦©{ wyy¬©w«{£° |¦© «~{ {¥« ©{ {¥} ¥{ 

frequencies investigated, compared with the Simple [65], Simple II [181], CAFS [242], 

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 Hz × 54 Hz, while the PSML model 

predicted slightly better results for engine frequencies above 54 Hz.  

Similarly, based on Fig. 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 II [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 × 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 s recorded in estimating the brake power 

of the prototype engine by the Present Model for MEP of 4.14 MPa and 2.76 MPa, 

respectively. As can be noticed, the prediction error was less than 15% (based on Fig. 

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 II [181], 

CAFS [242], PSVL [67], PFST [176], PSML qLNs) at Thtr  = 922 K, Tk = 286 K and MEPs of 

(a) 4.14 MPa, and (b)  2.76 MPa. 

Meanwhile, compared with the Simple [65], Simple II [181], CAFS [242] 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 Hz and for a MEP of 4.14 MPa. As for the more 

recent PSML qLNs model, the Present Model recorded lower relative errors, for 

engine frequencies between 25 Hz and 41.67 Hz (as seen in Fig. 5-3 (a)), while the 

PSML qLNs ¤¦z{£ produced lower relative errors at all the engine frequencies 

investigated except between 16.67 Hz and 25 Hz (as seen in Fig. 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 the other thermal models  examined in this 

study, at the design mean effective pressure of the engine (MEP = 4.14 MPa). 

However, the PSML qLNs model predicted better results at the off -design conditions 

(MEP of 2.76 MPa). This could be because this 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 assumed for the design and off-design MEP cases; 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 crankcase [183]. 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 II [181], CAFS [242], PSVL [67], PFST [176], PSML 

qLNs) and experimental data [169], at Thtr  = 922 K, Tk = 286 K and 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 a 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 brake 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 contr ibutes most of the 

losses in the engine. It has been mentioned in Section 4.2.2.1 that 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 in Fig. 5-4 (a) and (b).  

As can be noticed from Fig. 5-4 (a), the thermal  efficiencies predicted by the Present 

Model at MEP of 4.14 MPa were more accurate than the other models for all the 

engine frequencies investigated, except for the mid-range frequencies (33.33 Hz × 
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45 Hz) where the PSVL [67], and PFST [176], and PSML qLNs ¤¦z{£ª {¯~ x « }©{w«{© 

wyy¬©wy°D d{­{©«~{£{ªªB «~{ y¦¥ª ª«{¥y° ¦| «~{ f©{ª{¥« c¦z{£  ¥ {ª« ¤w« ¥} «~{ 

{¥} ¥{Üª «~{©¤w£ {|| y {¥y°B ¤w¢{ª  « ª¬§{© ¦© y¦¤§w©{z «¦ «~{ ¦«~{© ¤¦z{£ªD W« w¥ 

c[f ¦| HDML cfw >Fig. 5-4 (b)), the Present Model p redicted superior results for 

engine frequencies ranging from 16.67 Hz to 41.67 Hz. 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 of -10% (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 PSML qLNsB «~w« }{¥{©w«{ £¦®{© ©{£w« ­{ {©©¦©ª w« «~{ 

¤ zC©w¥}{ |©{¨¬{¥y {ª w¥z w« «~{ z{ª }¥ c[f ¦| JDGJ cfwD m~ £{ |¦© «~{ ¦||Cz{ª }¥ 

c[f ¦| HDML cfw >Fig. 5-5 (b)) only the PFST [176] and the PSML qLNs §©{z y« «~{ 

«~{©¤w£ {|| y {¥y° ¦| «~{ {¥} ¥{ ® «~ £¦®{© ©{£w« ­{ {©©¦©ªB |¦© {¥} ¥{ |©{¨¬{¥y {ª 

wx¦­{ JGDLM ^±D This observed trend further validates the initial assertion that the 

Present Model is more superior to the previ ous 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 II [181], CAFS [242], PSVL [67], PFST [176], 

PSML qLNs) at  Thtr  = 922 K, Tk = 286 K and MEPs of (a) 4.14 MPa, and (b)  2.76 MPa. 

\ ¥w££°B «~{ ©{£w« ­{ y¦¥ª ª«{¥y° ¦| «~{ z{­{£¦§{z {¥~w¥y{z ¤¦z{£  ¥ §©{z y« ¥} «~{ 

x©w¢{ §¦®{© w¥z «~{©¤w£ {|| y {¥y° ¦| «~{ ]fkCI i« ©£ ¥} {¥} ¥{B w« £¦®B ¤{z ¬¤ w¥z 

~ }~ {¥} ¥{ |©{¨¬{¥y {ªB {ª§{y w££° w« «~{ z{ª }¥ §¦ ¥« ¦| «~{ {¥} ¥{B ¤w¢{ª  « 

ª¬ «wx£{ w¥z ª¬§{© ¦© «¦ §©{­ ¦¬ª «~{©¤w£ ¤¦z{£ª |¦© z{§£¦°¤{¥«  ¥ ª«¬z {ª  ¥­¦£­ ¥} 

«~{ z°¥w¤ y ¦§{©w« ¦¥ ¦| «~{ {¥} ¥{D 

5.2. Model predicted  result s 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 speeds of the engine. 
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5.2.1. Simulation of change in the mass and volume of the 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 the working fluid in the cold 

space starts to increase remarkably from  a crank angle, ʃ ψЈ and attains a peak 

value at ʃ ρωφЈ, while it increases from ʃ πЈ to ʃ χςЈ in the hot space before 

starting to decrease to a minimum value at ʃ ςχπЈ, similar 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 engine decreases and increases appreciably, 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 low quantity  of 

the engine fluid. Consequently, this may lead to poor heat transfer in these CVs.   

 

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 and pressure in the 

cold and hot spaces and for the entire engine. It is evident 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 of the working fluid increases and 

decreases. However, the maximum and minimum volumes are attained at  ʃ ωπЈ 

and ʃ ςχπЈ, respectively in the hot space, while the maximum value is attained at 

ʃ ρψπЈ in the 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 ʃ ρυπЈ. 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 at ʃ σσπЈ before starting to decline again with the 

appreciable increase in the volume of the fluid in the hot space.   

 

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 depicts the 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 eng ine. As Fig. 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 MPa with the increase in the angle of rotation of the 

crankshaft from ʃ πЈ to ʃ ωφЈ. 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 expansion process to prevent 

a reduction in its temperature.   

 

               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 angle, ʃ σππЈ and then increases again until the 

end of the cycle. The other phase of negative change in pressure 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 ʃ σππЈ and 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 a very 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]. 

 

            Fig. 5-9. Heat and work flow as a function 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 f low in the engine is performed and 
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presented in a Sankey diagram. Fig. 5-10 is the pressure-volume diagram predicted 

by the developed model for the hot and cold volumes of the engine. The region 

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 in Chapter 4 and Eq. (4-12). As can be seen, the specific 

volume of the engine fluid in the cold space decreases between the crank angles of 

ʃ ρως Ј to ʃ σφπ Ј in the 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 ʃ ωφЈ  to ʃ ςχπЈ. The maximum pressure in the cold space 

is recorded at  ʃ ςτ Ј,  just at the end of the compression process while it is 

observed at ʃ σσφ Ј in the hot space, which is the early phase of the expansion 

process. 

 
           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 star ted at ʃ π Ј or σφπЈ in the cold 

space, it began at ʃ ςχπ Ј in the hot space, due to the ωπЈ 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 shrink and 

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

Fig. 5-11 illustrates the energy flow audit in the Stirling engine. As it is evident, the 

second and third category losses in the engine have been accounted for in this 

energy audit. In Sections 4.2.2.1 and 4.2.2.2, the second and third category losses are 

accounted for in the enhanced model development , which are mainly the heat and 

work transfer losses, respectively, and these were presented and elaborately 

discussed. 

 
Fig. 5-11. Energy audit of the engine showing the second and third category losses. 
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As Fig. 5-11 shows, 13.0 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 in Chapter 4 and Eq. 4-51, it is the difference between the net 

quasi-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 losses 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 losses contributed 

the smallest amount of heat losses.  

It can be observed from Fig. 5-11 that 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 the 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 quasi-ideal 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], [243]. However, 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 ὐὈϳ  × the ratio 

of the clearance between the displacer and engine cylinder to the displacer 

diameter × 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 MPa and 1.38 MPa, respectively. This study is intended to highlight the 

level of the influence the leakage of engine fluid into the cold space has on its 

performance at different engine operating conditions.  

Fig. 5-12, Fig. 5-13, and Fig. 5-14 show the impact of the dimensionless gap number 

ὐὈϳ  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 1Ȣυ ρπ. 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 engine, 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 Hz, but 

becomes significant as the frequency increases from 33.3 Hz to 41.67 Hz. 

Consequently, the design point of the engine, ὐὈϳ τȢπ ρπ, 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. 

 



Chapter 5 
 

130 
 

 

Fig. 5-12. The impact of the gap dimensionless number on the brake-power of the 

prototype Stirling engine, operating at different engine frequencies, Thtr  = 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 number exceeds ςȢπ ρπ , 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 for helium gas 

than for hydrogen gas. Meanwhile, as the frequency of the engine increases 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 deterioration 

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, Thtr  = 977 K, Tk = 

286 K  and MEP of 2.76 MPa and utilizing helium or hydrogen as the working fluid. 

Likewise, based on Fig. 5-14, appreciable changes in the brake power output from 

the GPU-3 engine did not occur until a dimensionless gap number of σȢπ ρπ  was 

obtained for the engine operating with a MEP of 1.38 MPa. Beyond this value, the 

brake power reduce s significantly with the increase in the dimensionless gap 

number; however, the impact is not as pronounced as in the cases of MEPs of 2.76 

MPa and 4.14 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 MEPs of 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 the MEP 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 increase in 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 GPU-3 Stirling 

engine, reducing the dimensionless gap number from τȢπ ρπ  to ςȢπ ρπ  leads 

to a 16% increase in the brake power from the engine if helium gas is used as the 

working fluid and a 15% increase with hydrogen gas.   

 

 

Fig. 5-14. The impact of the gap dimensionless number on the prototype Stirling 

engine, operating at different engine frequencies, Thtr  = 977 K, Tk = 286 K and MEP of 

1.38 MPa and utilizing helium or hydrogen as the working fluid. 

Fig. 5-15, Fig. 5-16 and Fig. 5-17 represent  the impact of the dimensionless gap number 

on the thermal efficiency  of the GPU-3 for the operating conditions earlier 

mentioned. It is evident from Fig. 5-15 that for both engine gases, the thermal  

efficiency of the engine starts deteriorating significantly when the dimensionless gap 

number increases beyond ρȢυ ρπ . As described in Chapter 4 and Eq. (4-2), with 

an increase in the displacer gap, the shuttle thermal loss decreases, thus resulting 

in a decrease in the thermal  efficiency of the engine [68]. The decrease in the thermal  

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 as this 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, the engine working with helium has the thermal  efficiency at the 

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

engine.   

 

 

Fig. 5-15. The impact of the dimensionless gap number on the thermal efficiency of 

the prototype Stirling engine, for different engine frequencies, Thtr  = 977 K, Tk = 286 

K and 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 a MEP of 4.14 MPa is observed; except that there are appreciable changes in the 

thermal  efficiency of the engine observed for the d imensionless gap number greater 

than ςȢπ ρπȢ This 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 the thermal  efficiency observed for a MEP of 2.76 MPa is less 

significant compared with t he case of a MEP of 4.14 MPa. While the thermal  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.  

 

 

Fig. 5-16. The impact of the dimensionless gap number on the energetic efficiency of 

the prototype Stirling engine, for different engine frequencies, Thtr  = 977 K, Tk = 286 

K and 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 engine is not so significant at MEP of 1.38 MPa, as seen in Fig. 5-17, especially for the 

engine using helium. It is seen that, at this low 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 in the other cases, 

although the impact is less intense in this case. Finally, the thermal  efficiency of the 

GPU-3 Stirling engine could improve by 22% for helium and 30% for hydrogen, if the 

dimensionless gap number is reduced from τȢπ ρπ to ςȢπ ρπ . 
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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, Thtr  = 977 K, Tk = 286 

K and MEP of 1.38 MPa and utilising 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 tested with 

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 ls at the engine 

frequencies investigated, apart from the newly developed PSML qLNs model 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 it is consistent in 

predicting accurate ly the experimental data at all engine speeds. 

Also, the model was 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 reveals that the work and heat 

losses in the engine are predominantly driven by the 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, the 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 assessed and 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 optimis ing 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, integratio n, parametric analysis and 

opti misation of the new multi -carrier decentralised energy system configuration 

described in Chapter 3.  Section 6.1 undertakes 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 the simulated 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 

develops the 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 been undertaken . These findings and key results obtained have been published 

in «~{ w¬«~¦©Üª §w§{©ª  ¥ a peer reviewed journal and 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, wood chips 



Chapter 6 
 

138 
 

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 DWH were undertaken in the Aspen 

plus® environment. Aspen plus® is a Fortran-based 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 DES and 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 steamNBS have 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) × 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 are undertaken in the following.  

6.1.1.1. Aspen 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 (DRY-FLSH) blocks (see, Fig. 3-2(a) for the Aspen 



Chapter 6 
 

139 
 

flowsheet). In the DRY-REAC, some of the volatile components in the wood chips 

(e.g., moisture) are vaporised with the aid of the high temperature flue  gas. Then the 

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 analysis 

Moisture  30.00 

Fixed Carbon 19.40 

Volatile matter  80.00 

Ash 0.60 

6.1.1.2. Aspen 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 non-stoichiometric 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].  

6.1.1.3. Aspen modelling of the organic Rankine cycle 

In this study, five custom Aspen plus® blocks have been used to achieve 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 be added 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 process 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: 

  ὡ ὡ ὡ  (6-1) 
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where ὡ  ὡ   ª «~{ §¦®{© §©¦z¬y{z x° «~{ ehYÜª «¬©x ¥{ w¥z ὡ  ὡ  is the 
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6.1.1.4. Aspen 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 been recovered in this study, to economise the water before it 

gets to the DWH. Two pressure reducing valve blocks have been selected to throttle 

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 design using two heater blocks, where 

heat is taken from the hot side to the cold side as seen in the flowsheet in Fig. 3-2 

(b). Finally, owing to the complexity of the processes in the desorber, a combination 

of two heaters and a flash separator block  were selected to implement this process.  

Thus, the COP of the ARS can be obtained from the expression: 

  
‚

ὗ

ὗ ὡ
 (6-3) 

where ὗ  ὡ  is the heat load of the evaporator of the refrigerator  and 

ὗ  ὡ  is the heat absorbed by the generator of the thermal chiller . 

6.1.1.5. Aspen modelling of the water heater  

In this DES system modelling, the heating of the domestic hot water was 

implemented in Aspen plus® using a heat-exchanger 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 exiting the desorber of the ARS serves as the hot stream 

inlet to the block.   

6.1.2. Multi -carrier  system performance index 

For an energy system that 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 few indicators have been reported to give deep insights into the 

ª°ª«{¤Üª performance. 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 CO2 emissions 

reduction have been used to assess the performance of the multi -carrier  DES from 

technical, economic, and environmental perspectives. 

a) Energy utilisation ratio: 

The energy utilisation ratio (EUF) evaluates the performance of the DES from 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 a ‘-CCHP is expressed as: 

  ὉὟὊ
ὡ  ὗ ὗ

ά ὌὌὠ
 (6-4) 

 

where ὗ  ὡ  is the refrigerating effect of the ARS, ὗ  ὡ  is the heating 

load of the DWH, ά   is the mass flowrate of the wood chips fuel and 

ὌὌὠ  is the high heating value of the fuel. The net electrical power from the 

system, ὡ ὡ ȟ ὡ . 

b)  Exergy efficiency:  

Exergy efficiency (–) measures the quality of the energy conversion processes in 

the energy system. It is 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 ςωψȢρυ + and 0 ρπρ Ë0Á, the exergy efficiency is expressed as: 



Chapter 6 
 

143 
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ρ ὗ
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where Ὕ  ὑ  is the evaporator temperature, Ὕ ὑ  is the temperature of 

the boiler and Ὕ  ὑ  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. The primary 

energy savings (PES) estimates the amount of fuel that could be saved in running a 

plant as a CCHP instead of as a SCHP, and this could be deployed as an economic 

indicator. If the PES is positive, some of the input fuel energy 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 expression [35], [101]: 

  ὖὉὛρ
ὗ

ȟ ȟ ȟ

 (6.6) 

where – ȟ   is the thermal efficiency of a conventional power plant, –ȟ   

is the efficiency of a conventional boiler, and ‚   is the coefficient of 

performance (COP) of a conventional chiller.  

d)  Arti ficial 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, and the electrical power output of 

the plant is divided by the remaining fuel energy, then another performance 

criterion , called the artificial the rmal 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 multi-carrier  energy 

system is expressed as [88]: 

  ὃὝὉ
ὡ

ὗ
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 (6-7) 
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e) CO2 emissions reduction: 

An established way of evaluating the performance of a MDES is by quantifying its 

impact on the environment [250]. This can be achieved by comparing the CO2 

emissions reduction (CO2 ER) of the system to that of a conventional SCHP system. 

A positive CO2 ER suggests that the energy system is emitting less emissions 

compared to the SCHP and vice versa. The CO2 ER of the multi -carrier energy  system 

can be evaluated from the following expression [87]: 

  ὅὕὉὙ ρ
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6.1.3. System integration and solution approach 

Fig. 6-1 presents the algorithm for implementing the solutions of the MDES models 

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 control 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 ST 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 the model converges, the results of the heat rates, 

work rates, exergy rates, etc. from these models are returned to MATLAB. 

Furthermore, these resul ts and that generated for the ST are employed in the 

computation of  the performance indicators of the multi -carrier system .  
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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,  ὅὙ

. 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, ά  is changed. The Aspen model may not converge if 

the flue does not contain sufficient energy to drive some of the subsystems of the 

multi -carrier DES. On the other hand, if the MATLAB ST model does not converge, 

the pinch point, ῳὝ 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 and 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.  

6.1.4.1. ORC validation 

The model for the prediction of the performance of the ORC engine h as been 

implemented in Aspen plus®. The predicted results from the ORC model have been 

validated against experimental 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 in Table 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 Ὕ ᴈ  ὖ Ὧὖὥ ά ὯὫίϳ  

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 

CWI 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 from the EES, due to the paucity of the experimental 

data. They remarked that the EES model results provide more information than 

would be obtained from the experimental data. The approach adopted in this study 

to validate the developed Aspen model of the ARS, compares the model results to 

the results obtained in Somer et al. [98]. To ensure consistency, similar operating 

data of the single-effect lithium bromide -water ARS has been used and is presented 

in Table 6-4. As seen in Table 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 ὼ  Ὕ ᴈ  ὖ Ὧὖὥ ά ὯὫίϳ  ‚  Ϸ  

17 LiBr/H2O 0        32.7   0.672      1      57.4 

18 LiBr/H2O 0 32.7   7.461      1 57.4 

19 LiBr/H2O 0 89.9   7.461      1 57.4 

20 LiBr/H2O 0 63.8   7.461 0.918 62.6 

21 LiBr/H2O 0 53.3   7.461 0.918 62.6 

22 LiBr/H2O      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 (%)  

ὗ  W 10764 10772  0.071 

ὗ  W 14665 14592 -0.500 

ὗ  W 14000 13923 -0.552 

ὗ  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 with a standalone ST for 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 micro -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 an optimisation  problem and 

unveil the local and global optima and has been widely undertaken [69], [96] [125]. 

6.2.1. Results of 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 ST+ORC 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 output 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 heat rejected by the cooler of the 
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ST increases as its speed increases, and therefor e, more energy is available to fire 

the ORC; hence, the observed trend.  

 

Fig. 6-2. Assessing the impact of retrofitting a ST  with an ORC on the brake power 

and efficiency of a standalone ST. 

Furthermore, the significance of operating a ST+ORC combined power 

configuration is evidenced by the stability in the combined efficiency. As seen in Fig. 

6-2, the efficiency of the combined system remained above 27% even at high engine 

speeds when the losses in the engine were enormous and was largely above 30% for 

the rest of the speeds. This is a remarkable improvement compared to between 

12.52 × 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 results of the ST+ORC driven 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 mo isture 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 

wood y~ §ª? ¦¥ «~{ §£w¥«Üª §{©|¦©¤w¥y{D \¬©«~{©B a parametric analysis has been 

conducted to evaluate the effect of the  variation in the cooling and heating capacities 

of the ARS and DWH on the performance of the MDES. This will provide additional 

insights into the sizing of the proposed MDES, to obtain the mix 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 

–ȟ  [101] 85 - 

– ȟ  [101] 0.23 - 

…  ψχ 220 g (kWh) -1 

…  ςυτ 836 g (kWh) -1 

‚  [102] 3.0 - 

*ὌὌὠ   [47,48] 19220 kJ/kg 

–ȟ  0.67 - 

–ȟ  0.95 - 

– ȟ  0.87 - 

–ȟ  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 (a), (b) and (c) present the effect of the cooling ratio on the energy 

utilisation efficiency (%5&) of 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 has a strong impact on the  %5& of the system. This impact is more 
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severe when the ST prime mover is operating at a low speed. The %5& declines 

remarkably as the #2 increases, 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.  

 

 

 

 

Fig. 6-3. Evaluating the impact of cooling ratio on the EUF of ST+ORC fired  ὓὈὉὛ 

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

πȢυ), the %5& decreases with an increase in the speed of the prime mover. At low 

speed, the MDES utilises only a small proportion of the energy in the fuel to produce 

power, making the unused energy available for highly efficient hot water heating in 

the boiler. However, as the speed increases, the ST will start t o consume more 

energy, because of the increase in the losses in the engine; hence, the observed 

decline in the %5&. In contrast, for #2 πȢυ, the %5& increases, then peaks at the 

mid-speed of about 41.67 Hz (. ςυππ ÒÐÍ) and starts to decrease. This behaviour 

of the %5& with an increase in the speed of the ST prime mover for #2 πȢυ 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& slightly increases as the speed of the engine increases and plateaus at a high 

speed. This is because the sufficiently dry wood  chips supply more energy to the 

combined power system, which enables it to generate significantly higher power 

than cooling. As a consequence, the %5& is influenced more by the combined power 

output, as seen in Eq. (6-4), resulting in a trend similar to the  combined power 

output in Fig. 6-2. Therefore , a higher %5& is achieved 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 an increase in the speed of the 

ST but flattens out at high rotational speeds and for very low #2s when the energy 

system is producing more heating. This is the case since the energy conversion 

process in heating is very efficient; hence, yielding a higher –. Conversely, low grade 

energy is usually required to produce cooling in the ARS. Therefore, at low speeds, 
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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 πȢρ and FÒÅÑ

τρȢφχ (Ú) and the local optima (#2 πȢωω and &ÒÅÑςυ (Ú) 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 rotati onal speed, to fully utilise the 

available energy and enhance the efficiency. 

 

 

Fig. 6-4. 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. 
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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 (ὖὉὛ) when wood chips of different  moisture composition are  deployed to 

fire the system. As defined in Section 6.1.2, the ὖὉὛ compares the energy 

consumption of the MDES to that of a SCHP.  

 

 

 

 

Fig. 6-5. Evaluating the impact of the cooling ratio on the PES of the ST+ORC fired 

-$%3 using wood chips of (a) 10%  (b) 15% and (c) 20% moisture compositions. 
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It is seen that for ὅὙ πȢςυ (significantly more heating than cooling), the ὖὉὛ  

increases with the speed of the prime mover, peaks and decreases slightly [56], [133]. 

This behaviour is expected, given that the losses in the ST increases with an increase 

in speed, which makes less energy available for heating the water. However, as the 

ὅὙ tends to unity, the ὖὉὛ simply increases, peaks and plateaus as the speed 

increases. This is a consequence of the high ratio of the 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 losses in the ST at high rotational speeds has minimal impact on the ὖὉὛ; 

hence, the observed trend for  ὅὙ πȢςυ .  

Meanwhile, very low and even negative ὖὉὛ is seen when the DES is producing more 

cooling than heating and the prime mover is operating at low speeds. In particular, 

for the ST operating between frequencies; ςυ ὊὶὩήσπ Ὄᾀ (ρυππὔ

ρψππ ὶὴάὫὪὶ) and ὅὙ πȢψ, negative ὖὉὛ is seen in Fig. 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 ὖὉὛ is 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%  ὖὉὛ is seen in Fig. 6-5 (a)  for more than 60% of the surface. While 

in Fig. 6-5 (b) and (c), it is over 30% and 20% ὖὉὛ, respectively, 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 a multi -carrier energy system arrangement where 

several forms of useful energy are co-produced. This underscores some of the 

advantages in operating multi -carrier system  configuration compared to the 

conventional SCHP, such as thermal 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%) on a surface plot when 

wood chips of different moisture composition are  deployed to fire the system. In Eq. 

(6-7), the !4% is expressed as the ratio of the power produced by the MDES and the 

energy consumed by the energy system with the exclusion of the energy that could 

have been utilised to produce cooling and heating, separately.  

 

 

 

Fig. 6-6. Evaluating the impact of the cooling ratio on the ATE of the ST+ORC fired  

ὓὈὉὛ using woodchips fuel of (a) 10%,  (b) 15% and (c) 20% moisture compositions. 
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As seen in Fig. 6-6, the !4% decreases with the increase in #2, especially at low speed 

of the prime mover. However, the rate of the decrease in !4% reduces as the #2 

tends to 1 [88]. The global optimum is seen in a region on the surface plots defined 

by &ÒÅÑτυ (Ú and #2 πȢτ,  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% is 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 &ÒÅÑσπ (Ú ), the !4% 

starts to decrease for #2 πȢτ, due to the increase in the losses in the ST. On the 

other hand, for #2 πȢτ, the !4% increases as the speed of the ST 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%σπϷ recorded for over 70% of the 

surface area in Fig. 6-6 (a) compared with !4%ςυϷ and !4%ςπϷ for over 70% 

of the surface areas in Fig. 6-6 (b) and (c), respectively.  

6.2.2.5.   Cooling ratio and frequency versus the multi -carrier DES CO2 ER 

Fig. 6-7 (a), (b) and (c) compare the CO 2 emissions reduction (ὅὕὉὙ) of the 

proposed MDES to 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 in Fig. 6-7, the ὅὕὉὙ capability 

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 CO2 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 of the cooling ratio on the CO2 ER of the ST+ORC fired  

ὓὈὉὛ using wood chips fuel of (a) 10%,  (b) 15% and (c) 20% moisture compositions. 

Meanwhile, negative #/%2 were 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 the 0%3, the 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 reduce the CO2 

emissions better, when operating in these regimes.  

Generally, as more cooling is being produced relative to heating, #/%2 declines 

because of the lower energy conversion efficiency in the cooling compared to 

heating. On the other hand, #/%2 increases with the increase in the rotational 

speed of the prime mover and slightly declines at very high speed for the case of 

#2 πȢς and with high moisture in the fuel . Finally, up to 43%, 40%, and 31% 

reductions in CO2 emissions can be achieved using wood chips of 10% (Fig. 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 been compared to the results obtained from the literature for similar 

systems. In a broad sense, it is seen that deploying a hybrid of ST+ORC as prime 

movers in the proposed MDES concept minimises energy losses in the system and 

improves its per formance indicators. In particular, compared to previous studies, 

the steep decline in the 0%3 at high speed of the ST prime mover has been 

significantly reduced in this MDES configuration   [55] [56], [133]. This is because the 

waste heat, which is rejected in other studies , has been utilised to produce 

additional power in the ORC.  

A maximum of 55% savings in the 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%3 of 24.05%, 29.47% 

and 42% recorded in [55], [56] and [133], respectively. Similarly, higher #/%2 are 

seen here compared with some previous studies. In this study, a maximum #/%2 of 

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 #/%2 of 31.06%, and 36.22% obtained in the CCHP designs in [55] 

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 was deployed. 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 the 0%3 and #/%2 where 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 of 0%3, 

ʂ , %5&, !4% and #/%2 recorded for 10%, 15% and 20% moisture composition of 

wood chips fuel are: 55%, 71%, 94%, 85%, 43%; 50%, 61%, 81%, 60%, 40%; and 40%, 

53%, 67%, 45%, 31%, respectively. The quality of the biomass fuel is seen to have 

impacted the sys«{¤Üª §{©|¦©¤w¥y{ ¤{«© yª §w©« y¬£w©£°B «~{ %5& and !4% where a 

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 selected 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%3) and artificial thermal efficiency ( !4%). Based on the motivation to find the right  

mix of the energy vectors the system should produce to guarantee optimal technical 

and economic performance, the cooling ratio (#2) and frequency (&ÒÅÑ) of the 

prime mover  have been selected as the 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: 

  άὥὼὭάὭίὩ Ὢὢ ὪὢȟὪὢȟὪὢȟὪὢ (6-9) 

  ὢ‭ὢȟὢ  (6-10) 

Subject to: 

  ὢ ὢ ὢ  (6-11) 

Eq. ((6-9)) expresses the objective functions where Ὢ is the %5& , Ὢ is the – , 

Ὢ is the 0%3 , and Ὢ is the !4%  while the decision variables ὢḳ&ÒÅÑ (Hz) 

and ὢ ḳ#2  are expressed in Eq. (6-10). In Eq. (6-11), 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 &ÒÅÑςυȟυψȢσσ and #2

πȟρ.  

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 II (NSGA-II) was deployed 

to obtain the optimum  solution in the form of a Pareto frontier. The elitist NSGA-II 

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 integ er) of the decision variables and are potential solutions to the 

optimisation problem. These points are chosen randomly, tested for fitness, mated 

(cross-over) and mutated to produce a new set of individuals for the subsequent 

generation, until the stoppin g criteria is attained. The evolutionary based 

optimisation methods generate a set of non-dominated optimal solutions called the 

Pareto front ier [256]. More details on the principles of evolutionary based 

optimisation algorithm s can be found in [257], [258]. 

In this study, a MATLAB function that calls in the multi-objective 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 been deployed 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 process [259]: 

(a)  Compute the weighted normalised optimised results. The weighted 

normalised data ό  is given as: 

  ό ύȢ
ὼ

В ὼ

 Ὥ ρȟςȢȢὲȠὮ ρȟςȢȢά 
(6-12) 

where ύ is the weight obtained from the decision matrix and ὼ 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: 

  
Ὀ ό ό Ὥ ρȟςȟȣὲ (6-13) 

In a similar manner, the distance between an alternative and the NIS is given as: 

  
Ὀ ό ό Ὥ ρȟςȟȣὲ (6-14) 

where the positive ideal solution is the maximum solution (minimum solution in a 

minimisation problem) in a maximisation prob lem, given as: Õ ÍÁØ
ᶪ
Õ and the 

negative ideal solution is the minimum solution (maximum solution in a minimisation 

problem) in a maximisation problem , given as: Õ ÍÉÎ
ᶪ
Õ [259]. 

(c)  Calculate the ranking index and arrange the ranking indices in a descending 

order. The ranking index is given as: 

  
ὙὍ

Ὀ

Ὀ Ὀ
 Ὥ ρȟςȣȢȢὲ (6-15) 

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 (ÍÁØȿÄÅÔ! ʇ) πȿ) and 

the corresponding eigenvector ( ! ʇ) π, which is then normalised to obtain 

the desired weight of the objective function , ύ in Eq.6-12 for each of the alternatives. 

       Table 6-8. Judgement criteria for the decision matrix [260]. 
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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 

quantitatively the Pareto frontier of the optimal so lutions in a 3-D plot when wood 

 
[k\ ʂ  f[i Wj[ 

[k\ G ρ
τ 

ρ
σ 

H 

ʂ  J G ρ
ς 

K 

f[i I H G σ 

Wj[ ρ
ς 

ρ
υ 

ρ
σ 

G 

      Table 6-9. Decision matrix from experts for TOPSIS analysis 
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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 in Fig. 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 t o select the best alternative. 

 

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 6.3.3 and are 12.68%, 36.07%, 42.57%, and 8.67%, for the %5&,  

–, 0%3 and !4%, respectively. Using these weights and the TOPSIS steps described 

in Section 6.3.3, the TOPSIS scheme was deployed and the best solution was 

selected. The TOPSIS best gives %5&πȢψυ, – πȢυχ, 0%3πȢυρ and !4%πȢφς. 

These values were obtained for the decision variables; &ÒÅÑςωȢρρ (Hz) and #2

πȢςσψ . 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. 6-10 show 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 decision variables and 

showing the TOPSIS best for dry wood chips fuel. 

 

Fig. 6-10. Optimised results of primary energy savings plotted against the decision 

variables and showing the TOPSIS best. 








































































































































































































































































































































