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Abstract 

As population numbers and people's standards of living increase, so does the global 

energy demand and carbon dioxide emissions and it is imperative that new sustainable and 

renewable energy sources are sought, as the world's natural resources are depleting. Electricity 

generation presents the biggest opportunity to lower CO2 emissions and in an emerging world 

where the demand for alternative renewable energy systems is growing it is expected that one 

of the technologies in conjunction with conventional storage which will play a key role in 

reducing emissions is hydrogen fuel cell technology with hydrogen storage. 

Many attempts have been made to realise optimisation algorithms of renewable energy 

system using multiple techniques in literature. These attempts have consisted of using 

mathematical models combined with rules and object oriented modelling in order to assist in 

the design of renewable applications. The integration methods described in previous papers up 

to date seems to offer mainly technical and/or economical optimisation parameters. None of the 

presented methods seems to be based on a unified model where multi objectives and/constraints 

are taken into account above technical and economic considerations. There are also few 

practical examples of analysis and optimisation of hybrid renewable energy systems in a 

complete optimisation model where the behaviour of renewable energy sources, battery banks, 

electrolysers, fuel cells and hydrogen storage tanks are reviewed throughout the simulation in 

detail. For a successful transition to a renewable energy economy, optimisation of renewable 

energy systems must evolve to take into account metrics additional to technical performance 

and cost. A Normalised Weighted Constrained Multi-Objective (NWCMO) meta-heuristic 

optimisation algorithm has been proposed in conjunction with optional constraints for 

achieving a compromise between mutually conflicting objectives in multiple simultaneous 

categories; technical, economic, environmental and socio-political objectives, to simulate and 

optimise a renewable energy system with balanced outcomes. The socio political objective is 



 

 

 

represented by a proposed socio acceptance matrix which outputs a weighted measured social 

acceptance indicator towards proposed renewable energy systems. The methodology was 

implemented using an adjusted Particle Swarm Optimisation algorithm and tested against data 

and other studies from the literature. In each case the original results could be reproduced, but 

the newly-implemented algorithm was further able to find a more optimal design solution under 

the same constraints. In addition, the influence of additional quantified socio-political inputs 

was explored. 

This thesis presents a review of issues for integration of hydrogen energy technology into 

energy systems, emphasising electricity generation using fuel cell hydrogen technology. 

Integration of energy storage, sizing methodologies, energy flow management and their 

associated optimization algorithms and software implementation are addressed. The model 

presented in this thesis offers a streamlined integration of design rules, optimization techniques 

and constraints merged into one planning system. The outcome is a model offering an end user 

the possibility to carry out a proper feasibility study prior to embarking on implementing a 

renewable system. An optimisation methodology based on four classes of objective (technical, 

economic, environmental, socio-political) is presented, benchmarked and tested against various 

hybrid renewable energy systems with conventional and hydrogen storage.  
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generator litre) 

2Hfc  Fuel cell hydrogen 
consumption (kg/h) 

consfuel  Fuel consumption diesel 
generator (l) 

G Solar radiation (W/m2) 

refG  Reference solar radiation 
(W/m2 

GBCA Green Building Council of 
Australia 

gbest Global best 
GHG Greenhouse gas 
GMT Greenwich Mean Time 
GW Gigawatt 
h Height (m) 
H2 Hydrogen 

2levelH  Tank of hydrogen tank 

2min levelH −  Minimum hydrogen tank 
level  

2max levelH −  Maximum hydrogen tank 
level  

HRES Hybrid renewable energy 
systems 

i Nominal interest (%) 
Init Initial cost ($) 
INV Inverter 

tk  Temperature loss factor 
(1/°C) 

kW Kilo watt 
kWp Kilo watt peak 
kWh Kilo watt hours 
LCOE Levelized cost of energy 

($/kWh) 
LMT Local Meridian Time 
LMST Local Mean Solar Time 
LOD Longitude 
LPS Loss of power supply 
LPSP Loss of power supply 

probability 
LSMT Local Standard Meridian 

Time 
n System life time (years) 
NPV Net present value ($) 
NWCMO Normalise weighted 

constrained multi objective 
OM Operation and maintenance 

batP  Energy of battery (kWh) 

Pbest Particle best 

chP  Charge energy (kWh) 

dP  Power of device (kW) 

elep  Electrolyser consumption 
(kW) 

fcp  Power of fuel cell (kW) 

Pgen  Generated power (kW) 

PEM Proton e×change membrane 
PEMFC Proton e×change membrane 

fuel cell 
dieselP  Output power from diesel 

generator (kW) 
elep  Electrolyser electrical 

consumption (kW) 

genP  Generated power (kW) 

dieselgenP  Power from diesel generator 
(kW) 

PMI Power management interface 
Pr Rated power (kW) 

REP  Generated power from 
renewable energy sources 
(kW) 

PSO Particle swarm optimization 
PV Photovoltaic 

Apv  Area of pv system (m2) 

cappv  Capacity of pv system (kW) 

modcappv  Capacity of pv module (kW) 

lifepv  Life of pv system (years) 

invlifepv  Life of pv inverter (years) 
q  Fuel consumption (l/hr) 

2HQ  Mass flow of hydrogen 
(kg/hr) 

2n HQ −  Nominal mass flow of 
hydrogen (kg/hr) 

BR  
Ratio between global and 
tilted solar energy 

DR  Ratio between diffused 
global and titled solar energy 

RF Renewable factor (%) 
RES Renewable energy system 
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RR  
Ratio of reflected solar 
energy on a tilted surface  

SF Safety factor 
SOC State of charge (%) 
Socio Socio-political 

objSocio  Socio-political objective 
maxSOC  Maximum level of battery 

charge (%) 
minSOC  Minimum level of battery 

charge (%) 
( )SOC t  State of charge 

SSGC  Sir Samuel Griffith Centre 

ambT  Ambient temperature (°C) 

cfT  Temperature correction 
factor (°C) 

Tec Technical 

objTech  Technical objective 
TEL Total energy lost (kWh) 
TPV Total present value ($) 
Tref Reference temperature (°C) 
v Velocity (m/s) 

BV  Battery voltage (V) 

cutinv  Cut in velocity (m/s) 

cutoutv  Cut out velocity (m/s) 

vma× Ma× velocity 

rv  Rated velocity (m/s) 

w Weighted 

α Friction coefficient 

fcα  Coefficients of the electrical 
consumption curve 
(kg/kWh) 

eleα  Coefficients of the electrical 
consumption curve 
(kg/kWh) 

eleβ  Coefficients of the electrical 
consumption curve 
(kg/kWh) 

batε  CO2 emissions from battery 

2( )eqkgCO  

batinvε  CO2 emissions from battery 
inverter 

2( )eqkgCO  

ecε  Economic constraint 

envε  Environmental constraint 

genε  CO2 emissions from 
generator 

2( )eqkgCO  

pvauxε  CO2 emissions from 
au×iliary PV devices 

2( )eqkgCO  

pvε  CO2 emissions from PV 

2( )eqkgCO  

pvinvε  CO2 emissions from PV 
inverter 2( )eqkgCO  

modpvε  CO2 emissions from PV 
modules 

2( )eqkgCO  

pvstrε  CO2 emissions from PV 
structure 2( )eqkgCO  

pvwireε  CO2 emissions from PV 
wire 2( )eqkgCO  

socioε  Socio-political constraint (1) 

 Total system emission 

2( )eqkgCO  

techε  Technical constraint (%) 

bη  Battery efficiency (%) 

eleη  Efficiency of electrolyser 
(%) 

2 tan kHη  Efficiency of the hydrogen 
tank (%) 

invη  Inverter efficiency (%) 

σ  Self discharge rate (%) 

pvauxγ  Emissions from pv au×iliary 
devices 2( )eqkgCO  

pvinvγ  Emissions from pv inverter 

2( )eqkgCO  

modpvγ  Emissions from PV module 

2( )eqkgCO  

pvstrγ  Emissions from PV structure 

2( )eqkgCO  

pvwireγ  Emissions from PV wires 

2( )eqkgCO  
 

sysε
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1 Introduction 

1.1 Background 

Primary energy sources can be classified into two main groups: renewable and 

non-renewable of which the latter is still the dominate contributor. According to US 

Energy Information Administration (EIA) from 2012, the majority of the fuel share 

market is made up of oil (31.4%) coal (29%) and natural gas (21.3%), totalling 81.7%. 

The remaining 18.3% of the fuel market consists of nuclear (4.8%), hydro (4.8%), 

biofuels and waste (10%) and renewables including geothermal, solar, wind, heat etc. 

(1.1%) [1, 2]. It is predicted that non-renewable sources will continue to be heavily 

dependent in 2040 on holding 80% of the energy market share. The renewable share of 

total energy use (including biofuels) is forecast to increase from 9% in 2012 to 12% in 

2040. The predicted annual growth between 2012 and 2040 for coal is estimated at 

0.4%, natural gas 1.4%, nuclear power 0.2%, whilst petroleum will have a negative 

growth of -0.5%.  Renewable sources are predicted to grow in this time span by 1.7% 

[1]. Not only does fossil fuel have severe environmental consequences, such as global 

warming contributions, but fossil fuel creates an unhealthy economic dependence.  

Although fossil fuels have played an important role in enabling the world to develop to 

where it is today, it is time for a new fuel economy to emerge [3].  

There is a renewed interest in hydrogen, not only due to technical developments 

and greater competition in the energy industry, but also due to energy security, air 

pollution and climate change [4]. There are two main forces, namely fuel cell 

technology and fossil fuel depletion, which are steering the world, toward what is 
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broadly known as the hydrogen economy [5] .The hydrogen economy, is seen as a 

collection of sustainable energy technologies, which use a hydrogen vector (carrier) to 

store and distribute energy from an energy source [6]. It is predicted that the hydrogen 

economy will phase out the fossil fuel economy in years to come and if the predictions 

are accurate, the future of this planet promises cleaner energy, revolving around 

hydrogen [5]. The hydrogen economy shows great potential, when it comes to 

combating all of the issues surrounding the fossil fuel economy, i.e., elimination of 

pollution and consequently reduction/elimination of greenhouse gases and a distributed 

production, which eliminates the economic dependence on oil [5]. It must be pointed 

out that, once fossil fuels are phased out, it is highly unlikely that a single energy vector, 

such as hydrogen, would dominate the energy sector, as a combination of energy 

sources would be required for a diversified and secure energy supply [7].  

Several countries in the world have already pledged their commitment towards a 

future reliant on renewable energy as a primary energy generation source. Germany, for 

instance, has a goal to generate 80% of its electricity from renewable hybrid energy 

technologies by 2050.  

At present, remote areas and island rely on the import of fossil fuels such as diesel 

for transportation, electricity generation and process heat. The high reliance on 

importation, makes remote areas vulnerable, as they are relying on a fuel which is 

depleting, is in high demand and is subject to global politics. Energy security has in 

particular, influenced islands nations to be advocates of a hydrogen energy transition, as 

they are at the front line of vulnerability to high oil prices and climate change [4]. Use 

of generated renewable energy resources locally, will assist in diversifying the energy 

mix and enable an autonomous energy generation and subsequently reduce emissions 

and electricity transportation costs [8]. There are several remote areas in the world, 
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which do not currently have a grid connection and some areas which may never be 

connected to the grid.  The cost of extending the existing electricity grid or and 

transporting fuel to these remote areas, is not economically feasible, hence the need for 

other alternative energy options. Iceland announced its intention to become the world's 

first hydrogen society in 1999 and hopes to export hydrogen to Europe and other 

countries in the future. Iceland has taken steps already in making this a reality by 

forming a joint venture with Shell Hydrogen, Daimler Chrysler and Norsk Hydro to 

convert the island's buses, cars and boats to hydrogen and fuel cells over the next 30 

years [4]. Hawaii is planning to become a mid-Pacific refuelling point and aims to ship 

its generated excess hydrogen to Oceania, other states and Japan. Vanuatu has similar 

aspirations, hoping to export hydrogen energy to neighbouring islands [4]. 

Due to expected legislation and government intervention for reliable power supply 

to remote communities, it is expected that developments in alternative energy options, 

will need to be intensified. Thus it is crucial to develop renewable systems which do not 

need to extend existing electricity grids or that rely on transport of fuel, but can rather 

work as an independent system, capable of generating and storing energy, to suit the end 

user load demand profile. 

There are several methods to create hydrogen, such as electrolysis of water, 

fermentation, thermochemical and photochemical water splitting, but the main method 

is still reforming of fossil fuels [9]. The latter option, should only be seen as a short 

term option, as the reliance on fossil fuels still remains. After all, the goal is to have a 

pure hydrogen economy, where hydrogen is derived from renewable sources, which 

means that enough electricity must be generated sustainably, for electrolysis to occur on 

a large scale. Currently the following renewable sources exist to create electricity, 

namely hydroelectric dams, solar cells, wind turbines, geothermal power, wave and tidal 
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power and co-generation. Out of these renewable sources, solar energy has the capacity 

to make the most difference, towards a shift to a hydrogen economy [3].  

Hydrogen is a low density gas and requires energy to be compressed, for it to be 

stored. Research is being conducted at present, in finding optimum storage solutions and 

once a storage method is found, which can standardize the market, then hydrogen 

stations and transport infrastructure, will be developed. The main question with the 

hydrogen economy, is crucial, namely from where will the hydrogen be generated, 

followed by questions relating to transport, distribute and storage of hydrogen [3]. 

Obviously hydrogen will not replace fossil fuels until these questions are successfully 

answered. Unlike fossil fuels, which all come from stored solar energy millions of years 

ago and is released upon burning of coal for instance, hydrogen requires creation in 

real-time, as there is no ready-made energy storage. The kind of standardization 

required for storage mediums to suit a hydrogen infrastructure, judging from past global 

technology transitions will take time [3]. 

1.2 Context 

In Australia, there is a reasonable amount of research occurring in hydrogen fuel 

cell systems, but in terms of engineering and implementation, a niche still remains to be 

occupied. The expertise in designing, sizing and installing these systems for specific 

purposes is not yet established. This lack of expertise was recently shown in the hybrid 

hydrogen fuel cell installation at Sir Samuel Griffith Centre, Nathan Campus, Griffith 

University in Brisbane, where local industry still needs to develop the expertise required 

for a smooth and seamless installation. Several off-the-shelf products such as fuel cells, 

electrolysers and hydrogen storage systems, are now readily available, so that is not an 

issue. The issue is knowing how to integrate the components, having applications where 

they can meet the criteria, taking into account factors such as cost and facility. Most 
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renewable systems are either undersized or oversized, due to a gap in knowledge and 

expertise in the application and of the system itself whilst other systems simply have 

issues with integrating all components. For renewable systems to be feasible and to be 

integrated on a commercial scale, systems need to be appropriately sized for its 

application and to operate as a complete system. 

Many attempts have been made to realise a renewable energy system design 

algorithm using multiple techniques. These attempts have consisted of using 

mathematical models combined with rules and object oriented modelling in order to 

develop a model to assist in the design of renewable applications. The integration 

methods described in previous papers mainly focus on technical and/or economic 

optimisation of systems with little regard for its environmental and social acceptance.  

A detailed literature review was conducted by Eriksson and Gray [10] in the field 

of optimisation of renewable energy systems where a research gap was highlighted in 

multi objective optimisation of energy systems for a holistic sustainable and social view 

in conjunction with technical and economical aspects. From the literature review there 

appeared to be no versatile model for a wide range of renewable energy devices which 

incorporate multiple objectives into a unified model. This thesis elaborates and applies 

the idea, discussed in the literature review by Eriksson and Gray [10], of a four-

dimensional multi-objective meta-heuristic simulation and optimisation model which 

simultaneously takes into account technical, economic, environmental and socio-

political objectives to optimise renewable energy systems.  

The key and specific research question of this thesis is hence to determine how to 

optimise renewable energy systems as a unified model taking into account multiple 

objectives.  
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1.3 Purposes 

The main purpose and specific aims of this study are to: 

• Quantify renewable energy system behaviours, in order to develop a 

theory for the process, a model which understands the workings of 

individual components and the manner in which they are connected.   

• Take into account a social interface in the optimisation model, an 

interaction with the end user and client where criteria would be developed 

based on  discussions, in terms of function of building, load profiles, cost 

constraints, time off grid and proposed components in the renewable 

system. These discussions would feed into the configuration of the model.  

• Develop an algorithm or a "standard/methodology" based on a set of 

objectives and/or constraints, which allows the successful integration of 

components, taking into account application, sizing, purpose, reliability of 

supply, system costs, environmental emissions and social acceptance. 

Different priorities depending on the application, will be given to different 

objectives and/or constraints criteria and will need to be included in the 

initialisation of the model. 

1.4 Objectives 

The broad objectives of the project include: 

• Explore the viability of HRES systems for different applications. 

• Assess the performance, cost, environmental and social aspects of HRES 

systems; 



Hybrid renewable energy systems with battery and hydrogen storage 

 Page 31   
 

• Explore ways of optimising the operation of hybrid renewable energy 

storage systems based on technical, economic, environmental and/or 

socio-political objectives with potential user constraints.  

1.5 Significance, Scope, and Definitions 

This project aims to assess the viability of hybrid renewable energy storage 

systems for stationary applications using existing and proposed installations in the 

world from a supply reliability, economic, environmental and socio-political point of 

view. This aim includes the following Scope of Work: 

• Study and analyse various literature sources, review studies and existing 

national and international hybrid renewable energy storage systems; 

• Carry out energy analysis and optimisation modelling of Hybrid 

Renewable Energy Storage (HRES) systems with conventional storage and 

hydrogen storage systems; 

• Analyse building loads and building services and their effect on 

optimisation outcomes and sizing of hybrid renewable energy storage 

systems; 

• Design a model to assist a user to understand how the renewable system 

works and to predict its behaviour.  

• Enable systems to be appropriately sized to suit the application to enable a 

feasible renewable energy system for integration on a commercial scale. 

The algorithm needs to include important fundamental criteria about the choice of 

components and how they are sized, to suit different purposes. For instance, a hospital 

would need a crucial essential supply, an iron clad guarantee, which assures that the 

hospital will not run out of power. An industry such as mining on the other hand, may 
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not be able to entirely depend on renewable energy, due to its remoteness and huge 

energy demand.  

The proposed algorithm will be tested by analysing existing and proposed 

systems, by bench marking against optimisation results found in published papers and 

will be analysed from a holistic view, where the component models will be seen as 

black boxes, which can be inter changeable with any model to suit the application.  

The analysis will then progress to look at different scenarios of proposed and 

potential renewable systems for various applications and model these to outline the 

parameters in the methodology model. From the analysis, it is expected that the 

outcome will be a design strategy and an understanding of optimal component selection, 

sizing, interfacing and system efficiencies, tailored to each and every system 

application, regardless of whether it is an industrial, commercial or residential 

application. 

1.6 Delineation 

Whilst it is expected that a methodology will be developed, which will be able to 

adapt to any user application, whether it is residential, commercial or industrial, it is 

foreseen that HRES systems with hydrogen storage will mainly be installed in industrial 

and commercial applications due to cost constraints in residential applications.  

In this instance renewable energy sources are represented by PV and wind due to 

their mainstream commercial nature for off grid applications.  

On site hydrogen production from electrolysis and storage in metal hydride 

storage tanks is emphasized due to being seen as the most viable hydrogen production 

option for stationary commercial applications.  
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1.7 Thesis Outline 

In chapter 2, a literature review is carried out to demonstrate a thorough 

knowledge of the research area and provide arguments to support the study focus and to 

develop a conceptual framework for generation of hypotheses that establish the research 

question. Studies will be carried out on existing and emerging renewable technologies, 

such as hydrogen, fuel cells, photovoltaics, storage and hybrid renewable energy storage 

systems to form a picture of the historic and future implementation, as well as 

integration, of renewable energy systems; 

In chapter 3, the adopted design is outlined at a high level and in introductory 

form to achieve the aims and objects set out in chapter 1. The first section of this 

chapter discusses the background to the methodology and outlines the system design 

methodology by describing the objectives, analysis and search functions and 

mathematical models. Details of the participants in the study, the instruments used in 

the study and the procedure and timeline for completion of each stage of the study is 

then briefly outlined. The second section outlines the data acquisition methods and 

limitations of the study and finally system configurations for optimisation are outlined.  

Chapter 4 consists of an in depth outline into the implementation of the 

optimisation model and describes mathematical expressions of the implemented 

objectives, constraints and renewable generation and storage models. The final section 

of the chapter benchmarks the optimisation model against a set of published test outputs 

in the literature.  

The subsequent chapters Chapter 5, Chapter 6 and Chapter 7 outline various case 

studies for the Sir Samuel Griffith Centre, a solar and wind farm in ColdStream South 

Australia and a solar farm in HWY92, USA respectively. The chapters consist of 
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simulations of the specific hybrid energy system designs in various arrangements to 

establish certain objective parameters.  

Finally, in chapter 8, conclusions, limitations and recommendations are discussed 

along with practical implications and potential future research work.  
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2 Literature Review 

2.1 Foreword 

This chapter consists of a published paper: Optimization and integration of hybrid 

renewable energy hydrogen fuel cell energy systems – A critical review in the journal 

Applied Energy and provides an overview of principles and available technologies for a 

hydrogen fuel cell based energy system in terms of relationship to the electricity grid, 

the micro grid and integration of hydrogen energy technology.  The paper also provides 

a review of existing methods for optimisation of renewable energy systems for a 

technical, economic, environmental and socio-political approach and describes existing 

implementation algorithms and available software tools to carry out optimisation. An in-

depth literature review of optimisation of renewable energy systems is presented 

followed by a proposed method to go beyond the mainstream current techno-economic 

assessment of hybrid renewable energy systems.  
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Nomenclature

3d three dimension
ABSO Artificial Bee Swarm Optimization
AC alternating current
ACO Ant Colony Optimization
ACS Annual System Cost
AE Annual Emission Cost
AFC alkaline fuel cell
AI artificial intelligence
ANN artificial neural networks
ARMA Autoregressive Moving Average
BAT bat algorithm
BB Big Bang
BBO Biographic Based Algorithm
BC Big Crush
B/C benefit cost analysis
BEVs battery electric vehicles
CAES compressed air energy storage
CO2 carbon dioxide
COE cost of energy
CPU central processing unit
CRF capital recovery factor
DC direct current
DMFC direct methanol fuel cell
DPSP deficiency in power supply probability
EENS expected energy not supply
EGSA Enhanced Gravitational Search Algorithm
ESCA Electricity System Cascade Analysis
EENS Expectation of Energy Not Supplied
ELF Equivalent Loss Factor
EMS energy management system
FC Fuel Consumption
FCEV fuel cell electric vehicle
GA Genetic Algorithm
GOT Global Optimization Toolbox
GW gigawatt
H2 hydrogen
HS Harmony Search
HSSA harmony search simulated annealing
IEEE Institute of Electrical and Electronic Engineers
IRR Internal Rate of Return

KW kilo watt
kWh kilo watt hours
LCC levelized capital cost
LCE life cycle emissions
LCOE Levelized Cost of Energy
LHV lower heating value
LI lithium
LOA Level of Autonomy
LOLE Loss of Load Expected
LOLP Loss of Load Probability
LOLR Loss of Load Risk
LPSP Loss of Power Supply Probability
MDPFT Maximum Daily Power Failure Time
Mg magnesium
MPa megapascal
NPC net present cost
NPV Net Present Value
NSGA non dominated sorting genetic algorithm
PAFC phosphoric acid fuel cell
PEM proton exchange membrane
PEMFC proton exchange membrane fuel cell
PP Payback Period
PSO Particle Swarm Optimization
PV photovoltaic
RES renewable energy system
SA Simulated Annealing
SCC Social Cost of Carbon
SDO Simulink Design Optimization
SMES superconducting magnetic energy storage system
SOC state of charge
SOFC solid oxide fuel cell
SMCS Search Based Monte Carlo Simulation
SWER single wire earth return
TEL Total Energy Lost
TPNPC Total Energy Deficit
TS transitional states
Wt% weight percent capacity
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1. Introduction

Electricity generation with little or zero CO2 emissions is
expected to be the biggest contributor to limiting global warming
to 2 �C [1]. With the accelerating move away from centralised elec-
tricity generation based on fossil fuels, energy systems are becom-
ing more internally complex and more diverse. There is abundant
literature discussing decentralized renewable energy systems in
many configurations, depending on the primary energy source/
resource (direct solar, wind, hydro, geothermal, ocean energy, bio-
mass, etc.), energy carrier (heat, chemical forms such as hydrogen,
electricity), energy storage (thermal, chemical (e.g. hydrogen,
ammonia), electrical (e.g. battery, supercapacitor), mechanical,
gravitational) and application. An energy carrier may be accumu-
lated directly into storage (e.g. electricity stored in a battery), or
transformed to a different form for storage and retrieval (e.g.
hydrogen via electrolysis/fuel cell). The basic principles of integrat-
ing components to form a renewable energy system are detailed in
standard texts, e.g. Ref. [2].

Incorporating hydrogen and a fuel cell has immediate conse-
quences for the complexity of the structure of the energy system,
since an energy carrier additional to electricity is involved. This
is illustrated in Fig. 1, where two distinct options among the many
possibilities are displayed in which the electricity and hydrogen
buses/routes are connected in series or parallel. As pointed out
by Gray et al. [3], the parallel structure in which electricity is used
directly when possible to avoid the loss of efficiency through the
Fig. 1. Concept of renewable electricity supply system based on photovoltaic and/or wind
routes. Bottom: Series electricity and hydrogen routes. The grid connection could be tig
hydrogen route is preferable if overall efficiency is paramount, as
is typically the case in a stand-alone system.

Although Fig. 1 is drawn from the electricity generation and
supply perspective, the series-bus alternative could represent a
sustainably fuelled fuel-cell vehicle by inserting a physical break
and hydrogen dispenser between the electrolyser and hydrogen
storage. In Fig. 1 the inclusion of storage assists in maintaining a
continuous supply, based on one or more fluctuating electricity
generators, in locations where the grid connection is slender, unre-
liable or absent (stand-alone). Ref. [4] reviews the technical aspects
of stand-alone systems. Storage units with fast response, especially
batteries and supercapacitors, help to smooth fluctuations in the
load and absorb short-term differences between the generation
capacity and the load. As connectivity to the grid diminishes,
long-term storage via an additional energy carrier such as hydro-
gen becomes much more important. There are also various other
modes of energy storage for specific applications and locations
such as geothermal, pumped hydroelectric storage for hydro plant,
superconducting magnetic energy storage system (SMES) for long
term load levelling applications and compressed air energy storage
(CAES) for very large systems (>10 MW).

The intrinsic intermittency of renewable sources/resources gen-
erally necessitates the inclusion of energy storage somewhere in
the energy system, and this need will increasingly drive the design
process as the connection to the grid shrinks in capacity or does
not exist. Optimization and energy flow management then assume
much greater importance, because the consequences of poor
DC input with hydrogen as an energy carrier. Top: parallel electricity and hydrogen
ht, slender or absent.
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design may be serious, for instance loss of supply to a critical
service.

The great majority of optimization studies reviewed in Section 7
address mainly techno-economic objectives. In the new world of
the internationally agreed 2 �C climate-change scenario entered
in 2016, the approach of designing to meet only goals related to
the technology (capacity, availability, reliability) and economics
(return on investment, cost to the consumer) must evolve to be
able to take into account other goals: environmental goals fore-
most, especially the sustainability of the entire life cycle of the
installation and its constituent materials and waste products, but
also those with a social dimension, such as relationship to land-
scape and noise. Moreover, real-world projects are delayed, dis-
rupted or even cancelled owing to non-technical factors.

The need for a more holistic approach is desirable in general,
and obvious in the interests of improved sustainability. This prin-
ciple is especially important for the diffusion of renewable energy
technologies, since these are intended to fix the problems caused
by not accounting for CO2 emissions, and must not themselves
exacerbate those problems. An example of the latter circumstance
is switching to battery- and fuel-cell-electric vehicles without off-
setting the increased demand for electricity and hydrogen with
new sustainable generation capacity. One important goal of this
review is therefore to understand why so few published studies
of renewable energy systems in general and hydrogen-based sys-
tems in particular address non-technical matters. A further goal
is to propose an approach to incorporating environmental and
socio-political factors. This proves difficult in practice, unless the
optimization code is developed by the researcher. A simple four-
dimensional multi-objective meta-heuristic function which simul-
taneously takes into account technological, economic, socio-
political and environmental objectives is proposed in this paper,
using weighting factors to tailor the design goals to the circum-
stances and conditions under which the energy system is built.
This approach is perfectly general, but applies no less to
hydrogen-based systems and moreover adds a capability to further
distinguish the advantages and disadvantages of hydrogen-based
systems from those of other renewable energy systems, through
comparative modelling and design studies. In the final analysis,
the goal of decarbonising the global energy supply is sustainability,
which cannot be measured by purely technical and economic fac-
tors. The more holistic approach advocated here should therefore
be universal.

Upadhyay and Sharma [5] made a first attempt at formalising
the four kinds of objective referred to. Here this topic is considered
more deeply. The question is how to deal with these disparate
technical and non-technical factors within a methodology that
operates purely numerically. As pointed out by Nehrir et al. [6],
to minimise the cost of energy production while reducing environ-
mental emissions constitutes a complex multi-objective optimisa-
tion problem with conflicting objectives. Adding the socio-political
dimension significantly compounds the problem.

The remainder of the paper is organized as follows: in Section 2
the principles underlying the hydrogen fuel cell energy system,
available technologies and practical design considerations are
addressed, including the application of hydrogen in grids and
microgrids; in Section 3 optimisation, objectives and constraints
are explained for RES; in Section 4 various objectives are further
outlined; in Section 5 optimization algorithms, their classification
and the most suitable algorithms for RES are detailed; in Section 6
modelling/computation tools for energy optimization are sur-
veyed; in Section 7 case studies of integration and optimisation
methods are surveyed; the results of the surveys of methods, soft-
ware and case studies are summarised in Section 8; in Section 9 the
problem of including socio-political factors is discussed and a
meta-heuristic multi-objective optimisation function is proposed;
conclusions are presented in Section 10.

2. Hydrogen fuel-cell energy systems

2.1. Principles and available technologies

An energy system collects energy from one or more sources and
delivers it to the end user, typically in a different form, via one or
more energy transformations. In Fig. 1 the source is the sun, for
both photovoltaic and wind power. Electricity and hydrogen are
the carriers (or vectors) by means of which the captured energy
is delivered. The importance of hydrogen as an energy carrier lies
in (i) its universality, and (ii) the sustainability of the entire cycle
in which hydrogen is generated by splitting water and water is
the product of direct combustion with oxygen to produce heat,
or oxidation in a fuel cell to produce electricity. Fuel-cell principles
and practice are detailed in standard texts, e.g. [7].

The direct production of electricity from hydrogen with no
undesirable waste products makes the fuel cell suitable for station-
ary, portable and automotive applications in small-to-medium
energy systems. From a formal systems perspective, an electrolyser
or fuel cell can be viewed as an energy transformer between two
energy carriers, involving transformation losses which should be
justified in terms of desirable outcomes. Integrated with an elec-
trolyser and hydrogen storage, as in Fig. 1, the fuel cell and its asso-
ciated components provide an alternative to direct storage of
electricity in a battery.

These alternatives are not equivalent, with each having its own
advantages and disadvantages. The fuel-cell alternative suffers
from low efficiency (around 60% for the electrolyser and 50% for
the fuel cell (LHV)). On the other hand, the volumetric energy den-
sity may be much higher than that of a battery of equivalent elec-
tric capacity [8]. Furthermore, there is in principle no self-
discharge of the hydrogen storage, except for liquid hydrogen, so
this mode is appealing for long-term storage, such as across sea-
sons, when the physical size of the storage may be quite small
compared to its energy capacity.

A very important distinguishing feature of the hydrogen alter-
native is the decoupling of power and energy ratings. In a battery
bank these are proportional owing to the modular nature of batter-
ies, for which reason a battery-electric vehicle with a large driving
range is necessarily heavy, expensive and very powerful. In the
hydrogen alternative, the fuel cell sets the power capability while
the hydrogen storage independently sets the duration for which
energy can be supplied. In Fig. 1 the battery should provide
short-term storage and smooth transients in the available power
and load, while the hydrogen storage should support long-term
roughly steady-state operation.

Hydrogen can be produced from a wide range of sources includ-
ing natural gas (steam reforming, pyrolysis, plasma reforming),
coal/oil (gasification, partial oxidation), solar energy (electrolysis,
photolytic splitting of water, thermal splitting of water), wind/
hydro/wave (electrolysis of water), fission/fusion (electrolysis of
water, thermal splitting of water), biomass (fermentation, gasifica-
tion, pyrolysis). In reality, about 96% of hydrogen production is
from fossil fuels with no carbon capture [3], therefore unsustain-
able. The balance comes from electrolysis of water, which may
be regarded as sustainable if the electricity is generated from
renewables.

Electrolysers generally deliver in the 1 MPa range of hydrogen
pressure. Referring to the demand pressure of fuel cells, which is
typically in the 0.1 MPa pressure range, shows that a storage
modality that can accept hydrogen at <1 MPa and retrieve it at
>0.1 MPa is typically required. This establishes constraints to be
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met by the storage sub-system. These constraints strongly influ-
ence the choice of hydrogen storage technology.

Hydrogen can be stored as gas, liquid or solid. The density of
hydrogen under ambient conditions is much too small for practical
applications, so mechanical compression, possibly combined with
cooling some tens of �C below ambient, is required to achieve a
practicable energy density. Fuel-cell automobiles generally rely
on advanced composite tank designs that achieve around 5 wt%
hydrogen capacity at 70 MPa. Buses generally use 35 MPa compos-
ite tanks, since energy density is less critical in large vehicles, while
stationary systems may use conventional steel tanks at �20 MPa.
In all these cases, compression of the electrolyser output stream
during charge and down-regulation to suit the fuel cell inlet during
discharge are mandatory, involving significant parasitic energy
consumption.

Hydrogen is a cryogenic liquid with a boiling point of 20.3 K at
0.1 MPa. Liquid storage is generally speaking compatible with elec-
trolysers and fuel cells. However, the increased complexity and
cost of the cryogenic liquefier are best justified for very large-
scale energy export in liquid-hydrogen tankers, for instance.

Solid-state hydrogen storage at high density is possible in a
number of ways, some of which are very compatible with typical
electrolysers and fuel cells. The topic is reviewed in the context
of stand-alone hydrogen-based energy systems by Abdin et al.
[9]. Hydrogen molecules may be adsorbed (physisorbed) by a por-
ous host (for instance nanostructured carbons), but a technically
attractive capacity is generally only possible at cryogenic temper-
atures. Dissociated hydrogen atoms may be chemisorbed to form
numerous compounds with extremely high hydrogen density,
but these compounds (for instance borohydrides) are generally
intractable because elevated temperatures are required to charge
and discharge the hydrogen. The most familiar form of solid-
state hydrogen storage is the interstitial metal hydride, in which
dissociated and chemisorbed hydrogen atoms migrate into the
crystal structure of the host metal (for instance AB5 intermetallics
where A is a rare-earth metal and B is a 3d transition metal). Metal
hydrides share with batteries the characteristic of taking up and
releasing energy at roughly constant chemical potential.

Metal hydrides are the only reversible (meaning able to be
recharged in situ rather than reprocessed externally) solid-state
hydrogen storage to have been commercialised, but for stationary
applications mainly, since the gravimetric energy density is very
low owing to the relatively heavy metallic host. High-magnesium
alloys with high gravimetric energy density require at least
300 �C operating temperature to deliver 0.1 MPa hydrogen,
whereas intermetallics may be ‘‘tuned” to operate near ambient
temperature in a very wide range of pressures, which gives them
excellent compatibility with electrolysers and fuel cells in addition
to very high volumetric energy density. The operating temperature
of the hydride is important because achieving it may involve a par-
asitic electrical load on the system. This is further considered in the
next section. The authors’ view is that metal-hydride storage is the
most practicable for stationary or portable applications. On the
other hand, the demand for materials is high – typically one atom
of metal per atom of stored hydrogen – although some alloys may
be charged and discharged �10,000 times.

The chemical reaction between hydrogen gas and the host
metal is necessarily accompanied by the evolution of heat
(enthalpy) during absorption of hydrogen and absorption of heat
during hydrogen desorption. Gray et al. [8] explain the origin of
this enthalpy and the typical value of �30 kJ/mol. H2 just above
room temperature and 0.1–1 MPa hydrogen pressure. Heat man-
agement is therefore an intrinsic requirement for using metal-
hydride storage, as discussed further in Section 2.2.3 below. Cap-
turing and using the heat rejected by the electrolyser and fuel cell
as part of the heat management strategy makes the total hydrogen
sub-system efficiency for production of electricity and useful heat
extremely high.

Demonstration-scale hybrid energy systems incorporating
hydrogen storage have been surveyed by Abdin et al. [9].
2.2. Practical design considerations

The goal of optimization is an acceptable compromise between
possibly conflicting requirements. Optimization requires a candi-
date design of the physical energy system as a basis and the tech-
nical outputs of the process are then the sizes (capacities, ratings)
of the components. Some of the important technical considerations
that are prerequisite to drafting a design to feed into the optimiza-
tion are discussed in the following sections. Subsequent design
questions relate to the detailed operation of the system and the
design goals to be met through optimization. High-level questions
include: is the time-averaged renewable generation capacity
greater that the time-averaged load; are there special limitations
associated with the location (shading, noise, etc.); if grid-
connected, what is the required contribution to the total energy
demand or, if stand-alone, what is the required reliability of sup-
ply; is the hydrogen storage able to absorb hydrogen at the rate
of production by the electrolyser and supply it to the fuel cell at
the rate required by the electrical load; and so on? The answers
to these questions are to be factored into the optimization as
inputs. Low-level questions include: what are the lead times of
the components; do any components need to be customized to
generate a certain output; what interfaces are required to commu-
nicate with the components; and so on? The answers to these
questions may affect the feasibility of a particular design once
optimized.
2.2.1. Relationship to the electricity grid
For the purpose of the present discussion, we define a microgrid

as the local connection network between a group of distributed
generators, energy storage devices and loads. A detailed outline
of microgrid architectures for low voltage distributed generation
has been given by Patrao et al. [10]. Freris and Infield [11] discuss
the special considerations required for the integration of time-
variable ‘distributed’ or ‘embedded’ renewable sources into power
networks. Grid integration issues (e.g. power fluctuations of
injected power and cost of line extension) underpin the decision
on how to (or not to) connect a microgrid to the external grid.

Traditionally, the microgrid can operate disconnected from the
grid (stand-alone or island mode), or tightly connected at a single
point, or have a slender connection (for instance single-wire earth
return), or have an unreliable connection (subject to outages in
extreme weather, for instance). Tight connection requires condi-
tioning of the power generated from renewable energy as well as
controlling the flow of power between the microgrid and external
grid. Hydrogen technology may be more or less advantageous
depending on the connection between the microgrid and the exter-
nal grid and the potential need for hydrogen for other purposes,
such as fuel-cell vehicles. Ultimately, this point should be settled
by testing a candidate design through modelling and optimization.

The high-capacity DC interconnect is a recent technology with
the ability to mediate between a microgrid and nearby grid with
very different operating scenarios [12]. For AC networks Boroojeni
et al. [13] introduced a bi-level control framework in which power
networks serving a number of communities benefit from dis-
tributed renewable resources as well as local storage units and
bulk generation to maintain reliability. In the first level of the pro-
posed control scheme, community-level controllers are designed
based on a stochastic model of demand and renewable generation
to maintain an agreed level of reliability for the community.
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These considerations also apply to grid-connected energy sys-
tems incorporating hydrogen and fuel cells, with extra require-
ments discussed in Section 2.2.3 below.

At the present state of technology, in which renewable hydro-
gen supply is dominated by electrolysis, direct integration of
hydrogen storage and fuel cells into national grids makes sense
only in certain circumstances, such as the ready availability of
hydroelectricity, because of the inefficiencies of the fuel cell and
electrolyser. In locations that are grid connected but are subject
to natural disasters that disrupt the grid connection, a hybrid elec-
tricity supply system incorporating hydrogen storage, with the
characteristics of an off-grid system [8] could maintain both elec-
tricity and hydrogen supply for essential services, including some
battery electric vehicles (BEVs) and fuel cell electric vehicles
(FCEVs), for the duration of the grid outage. Integration of power
supply and transport is a powerful argument for hydrogen genera-
tion from renewables in new developments at some distance from
the national grid, when a slender DC connection could offset the
need for massive storage attached to the microgrid and mediate
the differing demands of the two grids.

2.2.2. Microgrid topology
The incorporation of storage of electricity and/or hydrogen into

the microgrid implies choices about how the microgrid itself works
internally and its relationship to the hydrogen subsystem. An
example of a real hybrid stand-alone renewable hydrogen fuel cell
system is shown in Fig. 2. Hydrogen flows parallel to the electricity
flow (upper alternative in Fig. 1) and PV generation supplies the
load directly when available. Excess PV power is used to charge
the battery banks and feed the electrolyser to produce hydrogen,
according to a control algorithm which itself needs to be verified
and optimized during the overall optimization of the system
design. The hydrogen is stored as a metal hydride. In this system
the fuel cells are used to charge the batteries and are operated
when the battery SOC falls to a pre-set level, for instance 20%. An
energy management system (EMS) is linked to all devices on the
microgrid to control power flow and ensure safe operation.

This example serves to expose several issues to be addressed in
settling on a conceptual design for the energy system. The micro-
grid illustrated in Fig. 2 is predominantly AC, with inverters inter-
facing native-DC components to the AC bus, with the exception of
the electrolyser, which in this instance is externally AC, with inter-
nal rectification. The choice between AC, DC or hybrid microgrids is
Fig. 2. Example of a real hydrogen fuel-cell system design. The main electrica
further discussed below. The integration of the hydrogen storage
and fuel cell is discussed in more detail in Section 2.2.3.

Although the load supplied is most likely AC, the generator(s)
may be intrinsically AC or DC, while the storage most commonly
involves intrinsically DC components. This reality naturally delin-
eates three configurations of the microgrid: DC-coupled, AC-
coupled and a hybrid configuration utilizing both DC and AC [2].
These possibilities are illustrated and discussed by Chauhan [4].
An overarching principle that is very relevant to the incorporation
of hydrogen storage is to minimise the number of energy transfor-
mations, since these involve inefficiencies.

In a DC-coupled system the generating components are con-
nected to the bus via DC/DC or AC/DC converters. This configura-
tion can directly feed suitable DC loads, whereas AC loads are fed
via a DC/AC converter. Bidirectional converters may be deployed
for connected storage components, although batteries may be con-
nected directly to a bus specified for the battery voltage, thus min-
imising the number of transformations in the energy path. A DC-
coupled scheme enables a fairly simple configuration, as synchro-
nization is not required for integration of the various energy
sources.

An AC-coupled system integrates generating components such
as wind and solar via DC/AC or AC/AC converters. AC loads are
fed directly from the bus whereas AC/DC converters feed DC loads.
As with the DC-coupled system, a bidirectional inverter may be
used for storage systems. Synchronization may be required. In
addition, these systems may suffer higher conversion losses, as rec-
tifiers have relatively low efficiency compared to inverters and DC-
DC converters [14].

A hybrid DC/AC-coupled configuration has the advantage that it
caters for both DC and AC loads, hence eliminating unnecessary
energy conversions and increasing the source-to-load efficiency.
The downside is that these systems are naturally more complex
in terms of control and energy management.

System efficiency may further be improved by selecting individ-
ual components capable of being integrated in different ways to
suit the bus. This ensures that conversion losses are reduced as
conversion steps are eliminated. Fig. 3 shows the example of a
hybrid-bus microgrid, where the electrolyser may be purchased
as AC powered, despite being intrinsically DC.

A factor in favour of having a DC bus instead of or in addition to
an AC bus is particular to PV generation, which may produce large
power transients as clouds pass over the array. As a matter of prin-
l components are duplicated in the interest of redundancy and reliability.
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ciple, these transients should be smoothed by batteries or superca-
pacitors as close as possible to their source, before DC–AC
conversion.

Overall, the most common components in hybrid renewable
energy systems incorporating hydrogen are native-DC (PV, elec-
trolyser, fuel cell, battery) and in the authors’ view a DC-bus micro-
grid is likely to be simpler, more efficient and more robust than an
AC-bus microgrid in this case.

2.2.3. Integration of hydrogen energy technology
Incorporating hydrogen energy technology into an energy sys-

tem adds complexity in several ways, including: two primary
energy carriers (electricity, hydrogen) and a secondary energy car-
rier (heat) in the case of metal-hydride storage must be managed
by the system controller, along with the transformations between
them; extra safety and hazard requirements; the mechanical
design of the metal-hydrogen or compressed hydrogen storage
tank interacts with the pressure and temperature necessary to
store the desired amount of hydrogen.

Some battery (or supercapacitor) capacity within the microgrid
is necessary in practice to stabilise the DC bus (or DC sections of
the bus) and protect the fuel cell from rapidly changing loads,
which shorten its lifetime. In this scenario, the battery capacity
may be optimized to smooth peak demand and so reduce the
needed peak renewable power capacity as a cost saving exercise,
while maximising the cycle life of the fuel cell.

Metal-hydride storage is particularly suitable for stationary
applications because the charge–discharge characteristics resem-
ble those of a battery: the majority of the hydrogen capacity is
available within a fairly restricted pressure range, in contrast to
pressurised gas storage where the amount of hydrogen in storage
is (ignoring the compressibility factor) proportional to the
pressure.

In the metal-hydride case, the enthalpy of reaction of the hydro-
gen with the host metal is unavoidable: it must be removed during
hydrogen absorption and supplied during desorption. A simple
approach, at least in principle, is to associate the hydrogen storage
with a thermal storage unit, as illustrated in Fig. 2. Choosing a
hydrogen storage alloy so that the pressure band defined by the
maximum supply pressure of the electrolyser and the minimum
demand pressure of the fuel cell encompasses the range of operat-
ing pressure of the metal hydride for a convenient temperature
(e.g. 50 �C) allows the metal-hydride enthalpy to be preserved
within the system rather than dissipated, which would involve
extra parasitic electricity consumption as well as wasting energy.
The fuel-cell coolant should be coupled to the metal hydride, either
directly or through the thermal storage, since the waste heat from
the fuel cell suffices to supply the desorption enthalpy of the metal
hydride [8] as long as the required delivery temperature is within
the range of permissible fuel-cell stack temperatures. This arrange-
ment makes up for thermal losses and also provides a potentially
valuable hot-water resource. We note that Mg-based metal-
hydride storage with its�300 �C operating temperature is basically
incompatible with low-temperature fuel cells, including the PEM
type.

A further problem particular to metal-hydride storage is to
know the amount of hydrogen remaining in storage. The corre-
sponding variables to voltage, current and SoC for a battery are
pressure (approximately logðpÞ in fact), mass flow rate and mass
of hydrogen in storage. For a battery, SoC and voltage are related
in a characteristic way. Hydrogen content and pressure are related
in a characteristic way for a small sample of metal hydride under
isothermal constraint, but the relationship is two-valued, i.e. it
exhibits hysteresis. Moreover, the temperature distribution and
hysteresis combine in a macroscopic metal-hydride tank to cause
compositional inhomogeneity, and this breaks the global relation-
ship between pressure and hydrogen content for the tank [15]. The
solution is to carefully integrate the hydrogen flow and avoid
cumulative errors as much as possible.
3. Optimization

Optimization in the present context is the act of obtaining the
best result in a given set of circumstances and subject to con-
straints which are not only technical in nature. From the point of
view of the stakeholders in the energy system, optimization may
be seen as getting the best result from the committed resources,
including the sources of energy and finance, under constraints
derived from the objectives discussed in Sections 4.1–4.4. Opti-
mization proceeds by examining objective questions such as what
is the optimal number of PV panels, battery size, fuel cell capacity
and hydrogen storage which satisfy a building load (for instance) at
any given time while also satisfying a constraint in the form of, for
instance, annualized system cost [16,17]. At the simplest level, the
principal output from an optimization process in a RES is a speci-
fication of the size (energy and/or power capacity) of each compo-
nent of a system whose configuration was pre-determined. At a
more sophisticated level, optimization could also be carried out
over a set of possible configurations of the system components
(for instance a choice of microgrid bus type), including real-time
reconfiguration enacted by the system controller (for instance
routing energy through electricity or hydrogen, or both). Correct
component sizing is the key to achieving a properly functioning
system that meets its technical and non-technical design goals,
but sizing interacts strongly with the choice of component
configuration.

In practice optimization proceeds by finding the conditions that
give the minimum value of a function which numerically expresses
the value of the optimized system to the stakeholders in that sys-
tem. Mathematical programming techniques are usually applied to
find the minimum of a function of set variables under a prescribed
set of constraints [18].

The problem can be stated as follows:

Find X ¼

x1

x2

:

:

xn

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

which minimizes f ðXÞ ð1Þ

subject to the constraints

gjðxÞ 6 0; j ¼ 1;2 . . . ;m
ljðxÞ ¼ 0; j ¼ 1;2 . . . ;p

ð2Þ



E.L.V. Eriksson, E.MacA. Gray / Applied Energy 202 (2017) 348–364 355
where f ðXÞ is the objective function, X is an n-dimensional design
vector, gjðxÞ and ljðxÞ are inequality and equality constraints respec-
tively. The number of variables n and the numbers of constraints m
and/or p are not related [18]. There is no single best method for
solving all such optimization problems efficiently, and many differ-
ing mathematical optimization programming techniques are avail-
able depending on the nature of the problem, as surveyed in
Section 5 in the context of renewable energy systems.

3.1. Constraints

In many practical problems, design variables must satisfy cer-
tain specified functional and other requirements and so may not
take arbitrary values. The restrictions that must be satisfied to
solve a problem are referred to as design constraints. Constraints
on the system design function as boundaries and represent param-
eters for optimization, and so are the key to finding an optimal
solution [18]. Typical constraints applied to the design of renew-
able energy systems reported in the literature are number of units
(e.g. number of PV panels, wind turbines, batteries), renewable
capacity (e.g. insolation, wind capacity), installation size (e.g. PV
area, wind area), physical characteristics (e.g. PV panel tilt angle,
wind turbine height), battery characteristics (e.g. minimum state
of charge, maximum charge/discharge rate, cycle life), etc.

3.2. Design constraints for hydrogen systems

Design constraints for hydrogen systems should take into
account realistic operating constraints related to hydrogen produc-
tion and storage. In addition to obvious budget constraints, design
constraints for hydrogen storage include the capacities of the elec-
trolyser and fuel cell relative to the maximum achievable hydrogen
charge and discharge rates (usually different for metal-hydride
storage), manifold flow rate and pressure drop, maximum working
pressures and temperatures of all hydrogen-related components,
maximum coolant flow rate, space and weight limitations, and
safety considerations such as clearance to nearby buildings and
forced ventilation requirements.

4. Objectives

For any given design problem there will be more than one
acceptable or adequate design. A criterion or objective function
will thus need to be selected for comparing alternative acceptable
designs to select the best solution. The choice of objective function
is governed by the nature of the problem. When the stated objec-
tives as set out in Sections 4.1–4.4 are single in nature, the objec-
tive function becomes straightforward. More usually, some of the
objectives are mutually contradictory. Then the construction of
the objective function becomes one of the most important deci-
sions in the entire optimum design process. The following sections
outline technical, economic, environmental and socio-political
objectives relevant to the optimization of renewable energy sys-
tems and suggest how these can be evaluated. These objectives
are no less relevant to systems including hydrogen energy technol-
ogy. Moreover, the special features of hydrogen energy technology
will change the outcome of the optimization process, even if it is
based on the same objectives used for systems that do not incorpo-
rate hydrogen.

4.1. Technical objectives

Analysis of the reliability of supply plays a vital role when
incorporating renewable energy in energy systems, due to the
intermittency of the energy source in most cases. The suitability
of hydrogen for achieving season-to-season energy storage is a sig-
nificant factor. Reliability analysis can be carried out in various
ways, the most frequently reported method being Loss of Power
Supply Probability (LPSP), defined as the ratio of the summed
energy deficits to the total load energy demand over a selected per-
iod, ranging from 0 (load always satisfied) to 1 (load never satis-
fied) [19–21]. Other less-often adopted methods to measure
reliability of supply include Loss of Load Probability (LOLP), Loss
of Load Expected (LOLE), loss of load risk (LOLR), deficiency in
power supply probability (DPSP), expected energy not supplied
(EENS) and Level of Autonomy (LOA) [19]. These measures are
interrelated and are all suitable for an evaluation against technical
criteria, as set out in Table 1.

4.2. Economic objectives

Frequently adopted economic criteria are Annual System Cost
(ACS) and Levelized Cost of Energy (LCOE), which are calculated
by accounting for all of the costs (including construction, financing,
fuel, maintenance, taxes, insurance and incentives) of a system
over its lifetime, and in the case of LCOE then divided by expected
energy output of the system over its lifetime. Suitable objectives
are listed in Table 2.

In relation to systems that rely on energy storage to achieve
reliable supply, we remark that it is particularly important to
assess the cost of the storage subsystem per unit energy stored
over the lifetime of the storage. This approach correctly folds into
the optimisation the very different capital costs and lifetimes of
various battery technologies, for instance, and allows a ‘‘level play-
ing field” to be established for comparing the costs of battery and
hydrogen storage. The authors’ view is that further experience with
metal-hydride storage in demonstration systems will show that it
is cost-competitive with Li-ion battery storage.

4.3. Environmental objectives

Incorporating environmental criteria is less straightforward and
less certain than a performance- or cost-based assessment [22–34].
A recent report by Adametz et al. [35] attempts an assessment
(without active optimization) of the carbon footprint of a
hydrogen-based energy storage system. While the component
models are primitive, the methodology is an example of how to
approach this issue. Environmental objectives may include restric-
tions (e.g. limits on pollutant emissions, noise, hazardous-area
zones) and assessments of environmental impact. A frequent envi-
ronmental objective which is mainly addressed individually in cur-
rent studies is to calculate the generated CO2 emissions associated
with manufacturing and supplying each component in the system.
We remark that routine comparison with the fossil-fuel-based
alternative, along the lines of ‘‘tonnes of CO2 emissions avoided”,
is a metric to which most people can relate.

4.4. Socio-political objectives

Of 30 studies of hybrid renewable energy systems surveyed in
Section 7, only 5 incorporated a hydrogen fuel cell, only 1
addressed environmental factors and none addressed socio-
political factors.

Incorporating socio-political criteria is less straightforward and
less certain than an analysis based only on technical and economic
objectives [22–34]. Numerical quantification is necessary in order
to adopt an algorithmic approach to optimization (Section 5). As
an example, a socio-political objective could be based on a numer-
ical risk portfolio evaluation where security of supply is evaluated
in line with reliability of renewable and primary energy integra-
tion. The importance of the latter consideration is illustrated by



Table 1
Technical objectives and calculation parameters.

Technical objectives Definition Parameters and variables

� Feasibility � Analysis of availability of renewable energy through assessment
of weather and location analysis

� Location data, irradiation data, wind data, temperature data, solar
patterns, etc.

� Suitability of
technology

� Review of current technology, review of optimal technology for
system

� Technology matrix evaluation with suitability flags

� Risk
Management

� Review of regulations and installation standards � Infrastructure constraint such as distance to nearby buildings, level of
explosion proof barriers, window selection, level of ventilation and
leakage constraints

� Performance � Analysis of component characteristics � Storage capacity, footprint constraints, maintenance and installation
constraints, fuel consumption, etc.

� System
integration

� Review of components in system to be integrated � Integration/interface constraints

� Availability of
technology and
support

� Analysis of where and how to source components, evaluation of
local technology expertise for installation and maintenance
purposes

� Lead time, shipping constraints, installation and expertise con-
straints, etc.

� Efficiency � Analysis of efficiency of energy path in system � Cumulative efficiency of components in energy generation path
[22,35]

� Energy
availability

� Analysis of percentage of time for which generation is inade-
quate to supply load

� Probability of system in risk state

� Analysis of percentage of time for which system has adequate
reserves

� Probability of system in healthy state

� Analysis of ability of power supply to supply enough power to
the electrical load during a certain period

� Loss of Power Supply Probability (LPSP) [87,88], Loss of Load Proba-
bility (LOLP), Loss of Load Risk (LOLR) [89]

� Analysis of expected energy that will not be supplied because
load exceeds availability in the energy system

� Expected Energy Not Supplied (EENS) [4,23], Loss of Load Expected
(LOLE) [87]

� Analysis of ratio of effective load outage hours to the total num-
ber of hours

� Equivalent Loss Factor (ELF) [87,90]

� System
reliability

� Analysis of failure of system to supply load in the event of tech-
nical malfunctions such as charging and discharging of
components

� History log of failure events

� Analysis of ratio of the total number of hours in which loss of
load occurs and the total hours of operation

� Total Energy Lost (TEL), Level of Autonomy (LOA) [4,23]

� Analysis of energy system where the energy system cannot pro-
vide 100% of the load

� Maximum Daily Power Failure Time (MDPFT) [91]

Table 2
Economic objectives and calculation parameters.

Economic
objectives

Definition Parameters and variables

� System cost � Analysis of annualized
capital cost including
annualized replacement
cost and maintenance
cost

� Annual System Cost
(ACS) [92,93] including
operation and mainte-
nance cost

� Availability
of funds

� Analysis of national and
international economic
funding from
government

� Rebates and subsidies
applicable to system

� Return on
investment

� Analysis of economic
feasibility of system as
an investment, verify
expected costs verses
benefits

� Analysis of difference
between present value
of cash inflows to pre-
sent value of cash
outflows

� Internal Rate of Return
(IRR), Benefit/Cost
Analysis (B/C), Payback
Period (PP) [94]

� Net Present Value
(NPV) [94]

� Generation
cost of
energy

� Analysis of annual cost
of energy generation
versus annual energy
output

� COE [95]

� Analysis of the net pre-
sent value of the unit-
cost of electricity over
the life time of a gener-
ating asset

� Levelized Cost of
Energy (LCOE) [21]
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the severe outage across the Australian state of South Australia in
September 2016 [36] when extreme weather disabled a major net-
work at a time when the �1.5 GW wind power resource was
unavailable.

Due to the nature of socio-political objectives, they are best
quantified with the assistance of indicator matrices or weighting
criteria based on the parameters in question. The best way to
develop appropriate indicators is to ensure that the indicator is
specific and measurable. The indicators must then be evaluated
to determine whether they provide useful information that can
measure processes and outcomes and answer evaluation ques-
tions. Here we propose (Table 4) socio-political objectives and cor-
responding numerical measures, specifically a social acceptance
indicator matrix in relation to land acquisition, scale of subsidies
for political acceptance, a participation indicator matrix for social
acceptance, direct and indirect employment figures for labour,
Social Cost of Carbon for economic estimation of impact through
carbon emission reduction and a supply risk matrix to encapsulate
security of supply. Other objectives and measures along these lines
can readily be developed for specific circumstances.
5. Optimisation algorithms

Numerous approaches and algorithms for optimizing hybrid
renewable energy systems have been reported [4,37–39], with a
focus on improving the reliability and lowering the computational
time required [40–43]. Probabilistic, analytical and iterative meth-
ods require continuity and differentiability of the equations



Table 3
Environmental objectives and calculation parameters.

Environmental
objectives

Definition Parameters and
variables

� Emissions � Analysis of CO2 emissions as
units to be minimized

� Emission of CO2,
Annual Emis-
sion Cost (AEC)

� Fuel
consumption

� Minimise the total amount of
energy consumption taking
into account discount factors
and cost of imported fuel

� Fuel Consump-
tion (FC)

� Life cycle � Analysis of life-cycle (cradle-
to-grave) emissions generated
during the manufacturing,
operation and decommission-
ing of the system

� Life Cycle Emis-
sions (LCE) [88]

� Waste
management

� Analysis of the need to dispose
of waste during system
operation

� Volume of
waste

� Hazard level � Analysis of type of waste and
its severity on the
environment

� Waste severity/
risk matrix
analysis

Table 4
Socio-political objectives and calculation parameters.

Socio-political
objectives

Definition Parameters and variables

� Land
acquisition

� Visual impact, shadow-
ing, flicker, eco-system
disturbance, acoustic
noise, electromagnetic
interference

� Social acceptance indi-
cator matrix

� Political
acceptance

� Analysis of regulations,
policies and subsidies
released by energy mar-
ket commissions effect-
ing the energy sector

� Small scale and large
scale renewable energy
targets, subsidies, dis-
counts, rebates, funding,
etc.

� Social
acceptance

� Review of consensus
among public for energy
initiatives and analysis
of negative social effects

� Public support and par-
ticipation indicator
matrix

� Labour � Analysis of employment
opportunities in the
energy sector

� Direct and indirect
employment in terms of
professional figures in
the renewable energy
sector

� Social cost
of carbon
emissions

� Estimation of economic
value of impact through
carbon emission
reduction

� Social Cost of Carbon
(SCC) [96]

� Security of
supply

� Minimisation of expo-
sure to fuel price
instability

� Analysis of security of
supply in the event of
severe weather disrup-
tion and availability of
back up generation and/
or grid connection

� Supply risk matrix with
likelihood of severe
weather conditions,
redundancy of supply,
backup power availabil-
ity and grid connection
opportunities, etc.
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describing the problem, resulting in CPU-intensive calculations,
and are not suited to simulating dynamic performance, nor readily
able to account for factors such as thermal constraints and compo-
nent degradation over the life cycle [39,44]. If the optimization
problem has high problem dimensions with several optimum solu-
tions, as is typically the case in a complex energy system, artificial-
intelligence approaches such as heuristic optimization are more
favourable, as these techniques are able to adequately account
for dynamic performance and changing system variables with
low average error [39]. The selection of an optimization technique
ultimately depends on the adopted design criteria, available infor-
mation, computing resources and the accuracy of the technique.
The choice of algorithm is particularly important for systems incor-
porating hydrogen energy technology, since they are intrinsically
much more complex than, say, a simple PV/wind–battery system.
For instance, the more desirable parallel bus structure alternative
in Fig. 1 implies the need to simultaneously manage the hydrogen
and battery storage to achieve longest time between outages in a
stand-alone system.

5.1. Classification of algorithms

Practical optimization algorithms are generally heuristic, mean-
ing that the initial solution is not a true optimum but has a high
probability of leading to the optimum solution. Optimization algo-
rithms can be classified as monolithic or multi objective. When
there is one objective function for a problem, finding an optimal
solution is simple in principle, by means of a monolithic algorithm
in which a single strategy is repeated at each cycle. In a multi-
objective problem, the optimization aims at finding a set of possi-
ble solutions. Algorithms can further be classified into static or
adaptive, where a static algorithm involves tuning inputs that must
be set prior to running the optimization and remain fixed through-
out the simulation. An adaptive algorithm is dynamic and allows
automatic adjustment of parameters through statistics, heuristics
or other feedback, producing better results [45].

5.2. Artificial intelligence methods

Evolutionary algorithms are the basis of a common meta-
heuristic optimization approach where the best solutions are iso-
lated by eliminating the poorest solutions. Random changes of
input variables and switching elements from different solutions
are applied in this approach. Evolutionary or artificial intelligence
algorithms perform well in approximating solutions of all types
of problems because the algorithm does not make any assumptions
of the underlying fitness landscape. However this fitness function
evaluation results in computational complexity, leading to
attempts at carrying out fitness approximation.

Meta-heuristic algorithms include: Harmony Search (HS),
which makes use of variables recombined to find better combina-
tions [46]; Particle Swarm Optimization (PSO), which uses solu-
tions that move in a design space based on their position [47];
Ant Colony Optimization (ACO), which mimics the process of pher-
omone deposition by ants for other ants to follow [48]; Simulated
Annealing (SA), which uses solutions perturbed away from their
current position to find a better solution [49]; and Genetic Algo-
rithm (GA), which uses a fixed linear data structure that allows
hierarchical variables [16,50]. Artificial algorithms like GA, PSO,
HS, ACO, ACO and hybrids of such techniques are by far the most
widely used algorithms when optimizing RES, as these algorithms
can easily deal with the nonlinear characteristics of system compo-
nents (PV, electrolyser, metal-hydride storage, fuel cell, battery)
and the stochastic nature of solar and wind energy sources.

A recent review of optimization studies of renewable energy
systems in the period 2013–2015 [44] found that GA (63%) and
PSO (30%) were the most-used optimization techniques. GAs are
adaptive heuristic search algorithms and are based on the evolu-
tionary ideas of natural selection and genetics in that the survival
of the fittest among individuals in a generation are simulated for
solving a problem. In GA, a population of individuals is maintained
within a search space, each representing a possible solution to a
given problem. A solution is said to be Pareto-optimal if and only
if it is not dominated by any other solutions in the decision vari-
able space. GA is able to find multiple Pareto solutions for a
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multi-objective optimization problem in one run and for this rea-
son is often used in simulation-based optimization problems
[17]. Particle Swarm Optimisation (PSO) is a computational
method which optimizes a problem using iteration to improve on
a candidate solution (e.g. a renewable energy system size) for a
given measure of quality (e.g. minimisation of a cost function).
The algorithm solves a problem by having a population of candi-
date solutions called particles (e.g. a range of PV and hydrogen
storage sizes). The particle’s ‘‘position” and ‘‘velocity” are tracked
while moving through the search space in accordance with set
mathematical prescriptions. Each particle’s movement is influ-
enced by its individual best known solution at the time (local best
position) and the overall best known solution in the swarm (global
best position), which is continuously updated as better positions
are revealed by the search [51]. In comparison with GA, PSO is
easier to implement, as it has fewer parameters to tune and can
solve a stated problem with less computational effort than GA.

In recent years it has become clear that combining an optimiza-
tion algorithm with other optimization techniques to produce a
hybrid (or metaheuristic) algorithm may lead to more efficient
behaviour and higher flexibility in solving a wide range of opti-
mization problems. This is a complex methodology, but once
implemented produces major savings in computation time and
has developed into a significant research field [37,45]. The authors’
view is that artificial-intelligent approaches are much more likely
to be successful in complex systems involving hydrogen as well
as electricity as energy carriers.

6. Energy modelling/optimization tools

6.1. Computation software tools

Successful optimization of an energy system depends on the
quality of the mathematical models of the functions of the compo-
nents. A survey was made of energy modelling software packages
reported in the literature and/or available commercially that sup-
port incorporation of hydrogen energy technology. Very few
energy software packages have explicit optimization capability.
Many literature reports relate to software that has been discontin-
ued, is no longer supported or is not easily available for download
(RAPSIM, SOMES, SOLSTOR, HySim, HybSim, SOLSIM, Hybrid
Designer, HySys, Dymola/Modelica, ARES) [52–67]. Certain soft-
wares seem to be unstable when running test simulations or are
seemingly not compatible with current computer operating sys-
tems. (Hybrid2 [52], iHOGA [53]), have limited support or no
graphical interface, with some written in a non-English language
(IPSYS [60], iGRHYSO [54]), and some are not available for com-
mercial or educational use other than within the institution itself
(HySys [58,59]). INSEL [68] appears to have promising modelling
abilities, with a growing library of component models, including
some for hydrogen energy technology, but is still under develop-
ment and does not have an optimization tool. TRNSYS [69] is used
widely for modelling energy systems, with a user-friendly graphi-
cal interface, wide support and modelling capabilities, but it too
lacks a design optimization feature. HOMER [70,71] simulates
and optimizes stand-alone and grid connected power systems for
wind turbines, PV, hydro, biomass, fuel cells, generators, micro tur-
bine, batteries and gaseous hydrogen storage. HOMER is only able
to provide feasibility optimization for net present cost (NPC) as the
objective value of its optimisation function, with no way of formu-
lating multi objective problems. ANSYS [72] is an engineering soft-
ware which is utilised for the optimisation of the internal workings
of fuel cell stacks, wind turbines or photovoltaic collectors for
instance and is not used for optimisation of entire renewable
energy systems. MATLAB [73], in conjunction with Simulink and
its toolbox add-ons such as Simulink Design Optimization (SDO)
and Global Optimization Toolbox (GOT) [74,75], becomes a versa-
tile and flexible tool for modelling and optimization. SDO provides
functions, interactive tools and blocks for analysing and tuning
model parameters to increase the accuracy of the model [76].
GTO includes global search, multi start, pattern search, genetic
algorithm and simulated annealing solvers that search for global
solutions to problems which contain multiple maxima or minima.

Of the many available software tools tailored for energy sys-
tems, none is ideal for modelling studies that include optimization,
although several are powerful for modelling/simulation alone. The
optimisation capability of HOMER is restricted to economic crite-
ria. Matlab/Simulink is generic and so requires component models,
which may need to be developed by the researcher/designer, but is
then able to provide flexible and comprehensive optimization of
the energy system based on any model that can be encoded.
6.2. Mathematical models

The result of an optimization can only be as good as its inputs,
but good inputs will be distorted by poor internal mathematical
models. Accurate models of PV arrays are readily available. The
stochastic element of wind energy poses a problem, but credible
models are readily available. Likewise, battery models are readily
available. The development of accurate but tractable electrolyser
and fuel-cell models is more recent (see Refs. [77] and [78] for
recent developments and brief surveys of PEM types), but these
have now reached the point of being both simple enough for incor-
poration in heuristic optimization and accurate enough to be
credible.

Hydrogen storage modelling is in a much less advanced state.
Gaseous hydrogen storage tanks are modelled in INSEL and
HOMER. More detailed modelling of hydrogen energy technology
is available in HYDROGEMS [79], which is able to simulate
hydrogen-based systems that include water electrolysis, gaseous
hydrogen storage and fuel cells, incorporating a set of hydrogen
energy models based on thermodynamics, electrochemistry elec-
trical and mechanical properties and heat and mass transfer.

The especially relevant case of metal-hydride storage is the
least developed of all, with modelling lagging far behind the
advanced state of development of the physical technology. Sophis-
ticated multiphysics finite-element models of metal-hydride tanks
have been developed and verified [15,80–83], but these are
unsuitable for incorporation in the modelling and simulation of
an entire energy system because of their high computational
demand. Metal-hydride models have been reviewed recently by
Mohammadshahi et al. [84]. There is a capability gap to be filled
by the development of a tractable metal-hydride tank model that
captures most of the capability of FEA models while having
both a lower computational demand and compatibility with com-
mon modelling environments running heuristic optimization
algorithms.
7. Case studies of integration and optimization methods

Abdin et al. [9] recently reviewed solar hydrogen hybrid
demonstration projects aimed at stand-alone electricity supply.
For this paper, a survey of case studies of solar/wind hydrogen
hybrid energy systems for electricity supply, emphasising integra-
tion and optimization, has been conducted and is summarised in
Table 5, reaching as far back as the 1980s. These energy systems
vary in size from 1 kW up to over 600 kW with alkaline and PEM
electrolysers with power capacities between 1 and 320 kW, lead-
acid and Li-ion batteries ranging from 42 to 1310 kWh, 30 to
120 bar hydrogen storage and PAFC and PEM fuel cells of capacities
from 0.5 to 80 kW. Very few of these case studies included hydro-



Table 5
Case studies of HRES with focus on integration and optimization methods.

Reference Parameters optimized Grid/Stand
Alone

Bus
(AC/DC)

Main objectives Method Software
tool

Description

Abdelaiz et al. [97] PV, wind GRID AC Economic BB-BC MATLAB Big Bang (BB) Big Crush (BC) Algorithm integrate the diagonal
band Copula and sequential Monte Carlo method to consider RES
for minimizing of energy loss in unbalanced distribution systems

Adametz et al. [35] PV, electrolyser, hydrogen,
fuel cell

GRID AC Self-sufficiency, Carbon foot print,
thermodynamic

N/A MATLAB Thermodynamic evaluation and carbon footprint analysis of the
application of hydrogen-based energy storage systems in
residential buildings

Arabali et al. [98] PV, wind, battery STAND ALONE AC Economic, System reliability, cost ARMA
MCS

Unknown Stochastic framework using Autoregressive Moving Average
(ARMA) and Search Based Monte Carlo Simulation (SMCS) for
optimal sizing and reliability analysis

Askarzadeh [46] PV, wind, battery STAND ALONE AC Techno-Economic battery SOC,
Total annual cost

AI - HS, SA MATLAB Harmony search based simulated annealing algorithm for optimal
sizing of integrated system
Carried out comparisons with discrete HS and discrete HSSA

Askarzadeh [99] PV, wind, battery STAND ALONE AC Economic LCC reliability PSO MATLAB PSO used to find the optimal value of batteries and area of PV
panels using PSO

Bahmani and Azizipanah
[100]

PV, wind, battery GRID AC Economic, Total system cost SA, BAT MATLAB New Bat algorithm which is a cost based formulation for optimal
size of RES for micro grid, charge/discharge efficiency of battery,
operating service and load demand satisfaction

Baniasad et al. [101] PV, wind, battery, diesel
generator,

STAND ALONE AC Economic GA HOMER RES study using HOMER

Belmili et al. [102] PV, wind, battery STAND ALONE AC Techno-economic, Cost and
reliability LPSP

Iterative HYBRID2 Sizing method of standalone RES based on techno-economic
analysis and Object Oriented Programming. New software is
developed

Castañeda and Taklimi
[103]

PV, wind, battery,
electrolyser,
hydrogen, fuel cell

STAND ALONE DC Techno-economic GA HOMER
HOGA

Comparison of sizing methods for different RES

El Alimi et al. [104] PV, wind, battery STAND ALONE DC Economic
Annual cost

Iterative Unknown Sizing of RES based on generic determinist technique

Esmai et al. [105] PV, wind STAND ALONE AC Economic
Cost, LPSP

Iterative HOMER
MATLAB

Mathematical model in MATLAB with different configuration of
performance to analyse RES

Fadaeenejad et al. [106] PV, wind STAND ALONE DC Economic
Cost, reliability

SA iHOGA Optimal sizing of RES using iHOGA

Fazeo et al. [107] PV, wind STAND ALONE DC Economic
Power loss, stability

PSO weighted
aggregation

MATLAB Optimal sizing study for installation of distributed generation
systems

Fetanat and
Khorasaninejad [108]

PV, wind STAND ALONE AC Economic
Total design cost

ACO MATLAB Ant Colony Optimization (ACO) based integer programming
technique is explored

Gupta et al. [109] PV, wind, battery GSC DC Economic
COE

BBO MATLAB Biographic Based Algorithm (BBO) analysis for forecasting
weather data with ANN optimization

Haghighat et al. [110] PV, wind, diesel generator STAND ALONE AC
DC

Economic
Net present cost, initial capital cost,
cost of energy

GA HOMER Techno economic feasibility for RES

Kaabeche and Ibtiouen
[111]

PV, wind, battery,
diesel generator

STAND ALONE DC Economic
Total Energy Deficit TNPC
Economic

Iterative MATLAB Model which takes into account hybrid system models

Khan and Iqbal [112] Wind, battery,
diesel generator,

STAND ALONE DC
AC

Economic GA HOMER Reductions in fuel cell costs would make the fuel cell systems a
more cost competitive choice

(continued on next page)
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Table 5 (continued)

Reference Parameters optimized Grid/Stand
Alone

Bus
(AC/DC)

Main objectives Method Software
tool

Description

Liu et al. [113] PV, wind, battery, diesel
generator

STAND ALONE DC
AC

Economic GA HOMER Off grid PV-wind-biomass energy system was most cost effective
with high emission reductions

Ma et al. [114] PV, wind, battery STAND ALONE DC
AC

Techno-economic
Reliability, economic
NPC economic

SA HOMER Techno-economic study of hybrid system incorporating
sensitivity analysis

Ma et al. [115] Hydro, PV, wind STAND ALONE AC Techno-economic
System reliability, LPSP

GA Unknown Optimise a RES pumped hydro storage system configured under 0
LPSP

Madhlopa et al. [116] PV, wind GRID AC Techno economic Reliability
LCOE

Analytical MATLAB A model for investigating water efficient optimization of RES

Maleki [117] PV, wind, electrolyser,
hydrogen, fuel cell

STAND ALONE DC Economic
Total annual cost
LPSP

ABSO MATLAB Model using metaheuristic algorithm Artificial Bee Swarm
Optimization (ABSO) for optimizing RES based on LPSP

Maleki and Askarzadeh
[118]

PV, wind, electrolyser,
hydrogen, fuel cell,
battery

STAND ALONE DC Economic
CRF

PSO
TS
HS
SA

MATLAB Investigation of different AI techniques using PSO, TS, HS, SA to
satisfy the load

Meurer et al. [119] PV, electrolyser, hydrogen,
fuel cell, battery

STAND ALONE DC Technical, Safety, reliability,
efficiency

N/A N/A Demonstration project with a general objective to test weak
points from the operating experience

Nogueira et al. [120] PW, wind, battery STAND ALONE AC Techno-economic
Cost and reliability
LPSP

Iterative MATLAB Methodology for sizing and simulation an autonomous system
using simulation tools and linear programming

Sheng et al. [121] PV, wind, battery GRID AC Economic
EENS

NSGA-II Unknown Improved NSGA-II algorithm for IEEE 33 bus test case and a real
implementation of State Grid Corporation and Expectation of
Energy Not Supplied (EENS)

Shiroud [122] PV, fuel cell, hydrogen STAND ALONE AC Techno-economic GA HOMER Deploys a hydrogen buffer tank which eliminates the use of
energy from the fuel cell or battery bank to power the compressor
as the compressor is only run when sufficient excess energy is
available

Tegani et al. [123] PV, wind, battery STAND
ALONE

DC Economic GA MATLAB Differential flatness response in PV-wind systems

We et al. [124] PV, wind, battery GRID AC Economic
Total system cost

EGSA Unknown Rain flow calculation Enhanced Gravitational Search Algorithm
(EGSA) is used to establish battery life cycle model and life
expectancy cot

Zahboune et al. [125] PV, wind, battery STAND
ALONE

DC
AC

Economic ESCA Unknown Electricity System Cascade Analysis (ESCA) is developed for the
optimization of RES

Zang et al. [126] Battery, PV wind,
generator

STAND
ALONE

DC
AC

Techno-Economic
Life cycle cost, RES penetration
and airborne pollutants

GA HOMER Unit sizing method is explored for standalone micro grids with
practical system and component life-cycle considerations
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gen energy technology, highlighting a need for much more work in
this area.

Optimization was generally approached via modelling/simula-
tion based on mathematical models describing the physical (elec-
trical, mechanical, thermal) characteristics of individual
components, in other words addressing technological criteria, with
cost usually addressed separately. In purely technical terms, accu-
rate simulation of the performance at system level relies on accu-
rate models of the components. The paucity of suitable models for
metal-hydride storage in particular has already been noted.
Fig. 4. Delineation of objectives for evaluating design outcomes, illustrating the
weight historically given to economic factors.
8. Discussion

As renewable energy systems become larger, the urgency to
accurately predict the outcomes in terms of the selected design cri-
teria will also grow, to ensure that funding, time and public accep-
tance are not wasted through inappropriate configurations,
capacities or locations.

In purely technical terms, sophisticated approaches have been
developed to optimize the performance of an energy system
against its economic cost, and in some cases against its environ-
mental cost, although the latter is in its infancy. Systems incorpo-
rating hydrogen energy technology are naturally complex, because
they involve two energy carriers, necessitating decisions about the
type of bus (AC, DC or hybrid) connecting the components of the
electricity microgrid between themselves and to the hydrogen-
related components, which are themselves mainly native-DC, with
non-linear input–output relationships. Artificial-intelligence algo-
rithms are well suited to solving such optimization problems, but
very little work has been done on hydrogen-based systems, and
almost none at the system level where metal-hydrogen storage
in incorporated. The roughly constant operating pressure (at a
given temperature) of a metal-hydride makes it a good intermedi-
ary between an electrolyser and fuel cell, but the lack of models of
metal-hydride storage suitable for whole-of-system modelling and
simulation using common software packages is a severe limitation
on progress in this area.

The extension of numerical methodologies of optimization to
address socio-political factors is only beginning, but is enormously
important in the interest of sustainability of the energy supply.
Most of the optimization studies summarised in Table 5 address
techno-economic objectives, occasionally environmental objec-
tives, almost never socio-political objectives, and in no case all of
these. This situation is at odds with the goal of making the global
energy supply sustainable. There is therefore an opportunity to
change the basis of costing to become more comprehensive and
thereby more honest, since in all cases environmental and social
costs are paid somewhere. These considerations apply to hydrogen
energy technology just as to other energy technologies; more so to
hydrogen in the sense that 96% of hydrogen is produced from fossil
fuels [3], compared to around 67% of electricity [85]. Our proposed
approach, presented in the next section, allows candidate designs
(e.g. for a FCEV filling station using hydrogen trucked-in from a
refinery or produced on site by PV/electrolyser) to be compared
on a consistent, fair and socially responsible basis.

Reliable energy input and load data are essential for optimal
sizing of the system components during the design phase. Sensitiv-
ity of the design and robustness of the constructed system perfor-
mance in the face of unknown or poorly-known variables (weather,
load), component degradation over time, temperature extremes,
etc. should routinely be factored into the design process. In the
case of a stand-alone system, the control algorithm should be
tested for robustness in the event of total loss of energy input
and impending depletion of the energy storage to ensure it can pri-
oritise and maintain essential services.
The absence of a single software package that answers all the
needs of designing a hybrid energy system based on hydrogen
energy technology means that new models and simulations may
need to be developed for use by designers who are not researchers.
Benchmarking this new software against real systems is of vital
importance. The availability of comprehensive data sets for
weather, load and all system components, such as the Data Histo-
rian for the hydrogen-based energy system of the Sir Samuel Grif-
fith Centre at Griffith University [86], will help to ensure that
simulations and optimizations for hydrogen-based systems are as
reliable as possible.
9. Beyond techno-economic assessment

The fundamental cause of climate change has been the domi-
nance of economic factors over all others in the development of
the global energy supply infrastructure. Advancing beyond purely
techno-economic assessments when designing an energy system
is essential in the interests of sustainability. Applied to new energy
systems, an approach that measures environmental effects and
includes socio-political factors along the lines of those suggested
in Table 4 will lend credibility to the design as a defensible com-
promise between mutually contradictory objectives. Applied in
retrospect to existing energy systems, this approach will demon-
strate their poor value to society. For a given system, prioritisation
of objectives according to the situation along with their quantita-
tive inclusion via an algorithm in the optimization methodology
can produce well-balanced outcomes.

The key to the inclusion of non-technical and non-economic
considerations in the optimization of a design is creating numerical
measures to represent them. These have been established for envi-
ronmental objectives (Table 3) and the authors’ suggestions for
socio-political objectives are listed in Table 4. Once this quantifica-
tion is achieved, optimization could include an algorithmic
approach to settling the system configuration with final parameter
values determined by a weighted measure that includes a four-
dimensional objective function with the expanded sets of
objectives listed in Tables 1–4. Fig. 4 illustrates this concept, with



Fig. 5. Proposed design methodology.
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proximity indicating relative weight: technical, based on perfor-
mance; economic, based on financial factors; environmental, based
at minimum on legal requirements for sustainability; and socio-
political, addressing public acceptability and facility, for instance.
Any of these areas could be emphasised: technical for critical ser-
vice, environmental for sensitive locations and so on. Publishing
the weightings would make the basis of the design clear.

Fig. 5 illustrates a design methodology that could be used to put
these ideas into practice, and the steps that could be taken when
evaluating a design with respect to the four sets of objectives.

To solve an optimization problem involving multiple objective
functions, we may deploy an overall objective function that is a lin-
ear combination of the conflicting multiple objective functions
[18]. If f 1ðXÞ � � � f 4ðXÞ are the objective functions corresponding to
the proposed four sets of criteria, a new overall objective function
can be established such that

f ðXÞ ¼
X4
i¼1

aif iðXÞ ð3Þ

where a1 � � �a4 are constants such that
P4

i¼1ai ¼ 1, whose values
indicate the relative weight given to each objective function; in
other words a quantitative implementation of the scheme shown
in Fig. 4.

10. Conclusions

This paper has provided a review of the challenges faced when
integrating and optimizing hybrid renewable energy systems,
emphasising those deploying hydrogen energy technology.

The diffusion of hydrogen energy technology into the global
energy system lags far behind technologies based solely on elec-
tricity. This is reflected in the very small number of optimization
case studies identified that incorporated hydrogen. The decision
to incorporate hydrogen energy technology should be rational,
therefore requiring evaluation and design tools that have the
needed capability, in particular the capability to model
hydrogen-related components in ways compatible with available
modelling and simulation packages.

A survey of modelling/simulation/optimization software pack-
ages showed that there is a need for new developments, specifi-
cally in modelling hydrogen storage, and generally in adopting a
more flexible approach to shaping design objectives additional to
cost and technical performance.

An optimisation approach has been advocated which recognises
that performance has different meaning in different contexts and
so includes not just technical performance and cost factors, but
also environmental and socio-political factors. These can be given
numerical weightings to produce an overall performance metric
against which the system design is measured during optimisation.
This approach can be used to assess the value of a proposed energy
system, but also to reassess the value of an existing energy system
on a consistent basis. While such considerations are general, they
apply at least as much to systems incorporating hydrogen energy
technology, where the extra complexity introduced along with
the additional energy carrier necessitates the careful evaluation
of many mutually conflicting factors to obtain the best outcome.

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
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3 Research Design 

3.1 Background 

Optimising the design of hybrid renewable energy systems (HRES) is crucial in 

fulfilling a reliable, cost effective performance in the long run whilst being able to meet 

emission targets. Simulation can be used as a tool for evaluating the performance of 

complex systems but cannot be used in isolation to find optimal solutions. Optimization 

techniques require an explicit mathematical representation of the system. Therefore, the 

simulation model must be combined with an optimisation search technique, a so called 

hybrid approach to deliver the optimal or near optimal solution. From the literature 

review, many single optimisation methods have been developed, but rarely multi-

objective optimisation methods. Although single objective models can provide decision 

makers with insights into the nature of a system design problem, the single objective 

optimisation method cannot generate a set of alternative solutions that trade different 

objectives against each other. Multi-objective optimisation allows conflicting objectives 

a set of compromised solutions, known as non-dominated, non-inferior or Pareto-

optimal solutions. Optimisation of hybrid renewable energy systems is naturally 

considered as a multi-objective problem once there is more than one objective to take 

into account when carrying out optimisation of energy systems. 

3.2 System design methodology 

A multi-objective optimisation tool has been developed in software and is 

presented in detail in Chapter 4 for the optimisation and sizing of a multitude of 

component devices (PV, wind, generator, battery, electrolyser, hydrogen storage, fuel 

cell) in a system to meet certain technical, economic, environmental and socio-political 
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objectives. The mathematical models for PV, wind, battery, generator, electrolyser, 

hydrogen and fuel cell modelling used in the software have been outlined in Chapter 4.  

The software tool provides the option to analyse various system devices against 

each other in an Analysis mode or to obtain an optimum system size of desired devices 

in a Search mode, using a modified genetic algorithm, so called Particle Swarm 

Optimisation (POS). The search function utilises an adopted particle swarm 

optimisation algorithm to find the optimum device configuration for a particular system 

to reach a certain objective and/or criteria. Both modes are able to adjust the 

optimisation based on the application for single or multiple objective and/or constraint 

optimisation. Optimisation is carried out based on four objective functions technical, 

economic, environmental and socio-political objectives. Any combination of these 

objectives may be configured in the optimisation model with or without user constraints 

for a versatile optimisation model. 

The technical objective, Loss of Power Supply Probability (LPSP) (mathematical 

representation shown in Chapter 4)  assesses the system’s reliability and is defined as 

the ratio of the total energy of energy deficit to the total demand during the simulation 

period.  

The economic objective, LCOE and Net Project Value (NPV) (mathematical 

equation found in Chapter 4) quantifies the economic feasibility of an energy system 

based on the renewable energy system. LCOE and NPV is calculated taking into account 

the present value of costs for a given time period with consideration to the interest rate. 

Total Project Value (TPV) calculates the project’s initial capital outlay. 

A cradle to grave approach enables the energy system to be considered based on 

the greenhouse gas emissions quantified in equivalent carbon dioxide per kWh of 

produced energy throughout the system’s lifetime. The environmental objective Carbon 
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Footprint of Electricity (CFOE) considers the sum of the GHG emissions produced by 

each component throughout its lifetime and relates the emissions output to the reference 

energy demand and is explained further in Chapter 4.  

The socio-political objective (mathematical representation shown in Chapter 4) 

uses a proposed matrix with weightings in areas of social interest and acceptance to the 

public to obtain a numerical representation and is outlined in detail in Chapter 4. 

The Total Energy Lost (TEL)  (mathematical equation outlined in Chapter 4) is a 

tally of total generated renewable energy acting as a global sanity check and may be 

minimized by imposing a regulation that it must not exceed a specific threshold value 

over a simulation period.  

In order to convert the multi objective problem into a single objective problem, 

linear scalarization is deployed to combine objectives in a linear function. The aim is to 

optimize the linear function whilst satisfying inequality constraints to find a single point 

in Pareto front as the best solution. After the multi objective functions have been 

established and analysed, a weighted normalised function is applied to find one solution 

which is an adjusted solution based on each weighted objective, a so called Weighted 

Normalised Multi Objective function (WNMO). The proposed mathematical formula for 

the WNMO is outlined in Chapter 4.  

3.3 Participants 

Participants who have assisted with obtaining required analysis data have been 

stakeholders and technical key personnel in industry of renewable energy systems 

including facility management at Griffith University for the Sir Samuel Griffith Case 

Study.  
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3.4 Instruments 

MATLAB has been used in this PhD for the implementation of models and 

optimization in C++.  

3.5 Data Acquisition 

The data fed into the model includes sensor readings, solar radiation, ambient 

temperature and wind data, power consumption, costings of proposed components, 

pressure and temperature requirements of components and required fuel etc. All this 

data is either available publicly, is extracted from sensors as in the case with Sir Samuel 

Griffith Centre, or is obtained from datasheets or has been calculated such as the power 

consumption of electrolysers or fuel consumption of generators based on mathematical 

models. Costings of components is obtained from industry. Weather data have been 

acquired from the Bureau of Meteorology (BOM) and/or obtained from actual meter 

readings. BOM data have often only been available as daily readings and for simulation 

purposes are generated for a whole year using measured minimum, maximum and 

average values in a month between known sun-rise and sun-set hours.  Building data is 

acquired from actual metering and/or has been generated based on known load profiles. 

The weather data and building data have been outlined in detail in each Case Study in 4 

to 7. In the Case Study for Sir Samuel Griffith Centre (SSGC) 5 data have been 

extensively analysed from SSGC’s OSI Soft metering system.  

3.6 System configurations and testing 

Various system configurations have been tested with the design methodology. The 

renewable energy source can consist of a combination of any renewable energy sources 

such as PV, wind, biomass, geothermal etc. However, this thesis focuses on PV and 

wind energy sources. The building load consists of regularly estimated or actual 
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metered building load for a whole simulation period (typically hourly readings for a 

whole year). 

The system devices are enabled at the start-up of the simulation according to one 

of the following combinations: 

System configuration – Renewable energy source(s) 

The building load will be satisfied by electricity generated from a renewable 

energy source(s) when there is enough energy generation to handle the full demand. The 

surplus or deficit energy after the load has been fed by the renewable energy generation 

will be recorded. 

System configuration – Generator, renewable energy source(s) 

The building load will be satisfied by electricity generated from a renewable 

energy resource(s) when there is enough energy generation to handle the full demand. 

When there is a deficiency in the solar resource, the diesel generator will satisfy as 

much as possible of the remaining building load. The surplus or deficit energy after the 

load has been fed by the PV generation and/or generator will be recorded. 

System configuration – Battery, renewable energy source(s) 

The building load will be satisfied by electricity generated from a renewable 

energy source(s) when there is enough energy generation to handle the full demand. 

Once the building load has been satisfied and there is surplus energy remaining, the 

battery will be charged the surplus energy or to its maximum level. When there is a 

deficiency in the solar energy generation, the battery backup will supply the remainder 

building load as much as possible until it has reached its minimum SOC. The surplus or 

deficit energy after the load has been fed by the PV generation and/or battery backup 

will be recorded. 
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System configuration – Battery, generator, renewable energy source(s) 

The building load will be satisfied by electricity generated from a renewable 

energy source(s) when there is enough energy generation to handle the full demand. 

Once the building load has been satisfied and there is surplus energy remaining, the 

battery will be charged the surplus energy or to its maximum level. When there is a 

deficiency in the solar energy generation, the battery backup will supply the remainder 

building load as much as possible until it has reached its minimum SOC. If the battery 

can’t satisfy the full load then the diesel generator will satisfy as much as it can of the 

remainder of the building load deficit. The surplus or deficit energy after the load has 

been fed by the PV and wind generation and/or battery and/or generator will be 

recorded. 

System configuration – Electrolyser, fuel cell, hydrogen tank, renewable 

energy source(s) 

The building load will be satisfied by electricity generated from a solar resource 

when there is enough solar irradiation to handle the full demand. Once the building load 

has been satisfied and there is surplus energy remaining, the electrolyser will be turned 

on to generate hydrogen to store in the hydrogen tank. The hydrogen tank will be filled 

at or below its maximum level. When there is a deficiency in the solar energy 

generation, the fuel cell will satisfy as much as possible of the remainder of the load. 

Firstly, the hydrogen level will be checked to make sure that it is not below or at 

minimum level. If the hydrogen in the hydrogen tank is within the minimum and 

maximum range then the fuel cell will operate using hydrogen from the tank. The 

surplus or deficit energy after the load has been fed by the PV generation, and/or fuel 

cell will be recorded. 
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System configuration – Battery, electrolyser, fuel cell, hydrogen tank, 

renewable energy source(s) 

The building load will be satisfied by electricity generated from a renewable 

energy source(s) when there is enough generation to handle the full demand. Once the 

building load has been satisfied and there is surplus energy remaining, the battery will 

be charged to the surplus energy or to its maximum level. When there is a deficiency in 

the solar energy generation, the battery backup will supply the remainder building load 

as much as possible until it has reached its minimum SOC. If the battery can’t satisfy 

the full remaining load, then the fuel cell will attempt at satisfying the remainder. The 

surplus or deficit energy after the load has been fed by the renewable energy generation, 

and/or battery bank, and/or fuel cell will be recorded. 

System configuration – Battery, generator, electrolyser, fuel cell, hydrogen 

tank, renewable energy source(s) 

The building load will be satisfied by electricity generated from a renewable 

energy source(s) when there is enough generation to handle the full demand. Once the 

building load has been satisfied and there is surplus energy remaining, the battery will 

be charged by the surplus energy or to its maximum level. When there is a deficiency in 

the solar energy generation, the battery backup will supply the remainder building load 

as much as possible until it has reached its minimum SOC. If the battery has been 

charged to its maximum level and there is surplus energy remaining, then the 

electrolyser will be turned on to generate hydrogen to store in the hydrogen tank. When 

there is a deficiency in the solar energy generation, the battery backup will attempt at 

satisfying the remainder building load by discharging enough energy to satisfy the 

deficit until it has reached its maximum SOC. If the battery can’t satisfy the full 

remaining load, then the fuel cell will attempt at satisfying the remainder. If the fuel cell 
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can’t handle the remaining load then the generator will attempt at satisfying the rest of 

the load requirement. The surplus or deficit energy after the load has been fed by the 

renewable energy generation, and/or battery bank, and/or fuel cell, and/or generator will 

be recorded. 
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4 Optimisation Implementation 

4.1 Foreword 

This chapter consists of a submitted paper (refer section Delineation): 

Optimization of Renewable Hybrid Energy Systems - A multi-objective and outlines in 

detail the optimisation model, technical, economic, environmental and socio-political 

objectives and constraints applied in a Normalised Weighted Constrained Multi-

Objective function to optimise renewable energy systems. The paper outlines 

fundamental mathematical models for PV, wind, battery, generator, electrolyser, fuel 

cell and hydrogen storage models. The final section of the paper applies the 

optimisation model to a set of published case studies for bench marking purposes and 

explores the optimisation further by introducing the developed socio-political function. 

All remaining Case Studies undertaken in this study are attached in Appendix 1.  
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Nomenclature 24 

A Constants for fuel 
consumption (l/kW) 

B Constants for fuel 
consumption (l/kW) 

AD Autonomous days 
AMT Local meridian time 

ACB  Battery capacity (Ahr) 

RCB  Rated capacity of battery 
(Ahr) 

dC  Capital cost ($) 

CFOE Carbon footprint of 
electricity 

2( )eqkgCO  

repdC  Repair costs ($) 

fuelC  Cost of fuel ($) 

&O MdC  Cost of operations and 
maintenance for a device ($) 

2emCO  CO2 emissions from running 
diesel generator (CO2eq) 

CO2eq Carbon dioxide equivalent 
repdC  Cost of replacement of 

device ($) 
CRF Capital recovery factor 
D device 
DG Diesel generator 
DOD Depth of discharge (%) 

maxDOD  Ma× DOD (%) 

Ec Economic  

objEc  Economic objective 
EF Emission factor (kg/litre) 
EL Electrical load (kW) 
Env Environmental 

objEnv  Environmental objective 
EoT  End of Time 

2Hfc  Fuel cell hydrogen 
consumption (kg/hr) 

max effpfc  Fuel cell ma× efficiency (%) 

pnomfc  Nominal fuel cell output 
power (kW) 

pfc  Fuel cell output power (kW) 

( )cons tfuel  Fuel consumption of diesel 
generator litre) 

2Hfc  Fuel cell hydrogen 
consumption (kg/h) 

consfuel  Fuel consumption diesel 
generator (l) 

G Solar radiation (W/m2) 

refG  Reference solar radiation 
(W/m2 

gbest Global best 
GHG Greenhouse gas 
GMT Greenwich Mean Time 
GW Gigawatt 
H Height (m) 
H2 Hydrogen 

2levelH  Tank of hydrogen tank 

2min levelH −  Minimum hydrogen tank 
level  

2max levelH −  Maximum hydrogen tank 
level  

HRES Hybrid renewable energy 
systems 

i Nominal interest (%) 
Init Initial cost ($) 
INV Inverter 

tk  Temperature loss factor 
(1/°C) 

kW Kilo watt 
kWh Kilo watt hours 
LCOE Levelized cost of energy 

($/kWh) 
LMT Local Meridian Time 
LMST Local Mean Solar Time 
LOD Longitude 
LPS Loss of power supply 
LPSP Loss of power supply 

probability 
LSMT Local Standard Meridian 

Time 
n System life time (years) 
NPV Net present value 
NWCMO Normalise weighted 

constrained multi objective 
OM Operation and maintenance 

batP  Energy of battery (kWh) 

hoursOp  Operational hours of diesel 
generator. 

Pbest Particle best 

chP  Charge energy (kWh) 

dP  Power of device (kW) 

elep  Electrolyser consumption 
(kW) 

fcp  Power of fuel cell (kW) 

Pgen  Generated power (kW) 

PEM Proton e×change membrane 
PEMFC Proton e×change membrane 

fuel cell 
dieselP  Output power from diesel 

generator (kW) 
elep  Electrolyser electrical 

consumption (kW) 

genP  Generated power (kW) 

dieselgenP  Power from diesel generator 
(kW) 

PMI Power management interface 
Pr Rated power (kW) 

REP  Generated power from 
renewable energy sources 
(kW) 

PSO Particle swarm optimization 
PV Photovoltaic 

Apv  Area of pv system (m2) 

cappv  Capacity of pv system (kW) 

modcappv  Capacity of pv module (kW) 

lifepv  Life of pv system (years) 

invlifepv  Life of pv inverter (years) 
q  Fuel consumption (l/hr) 

2HQ  Mass flow of hydrogen 
(kg/hr) 

2n HQ −  Nominal mass flow of 
hydrogen (kg/hr) 

BR  
Ratio between global and 
tilted solar energy 
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DR  Ratio between diffused 
global and titled solar energy 

RF Renewable factor (%) 
RES Renewable energy system 

RR  
Ratio of reflected solar 
energy on a tilted surface  

SF Safety factor 
SOC State of charge (%) 
Socio Socio-political 

objSocio  Socio-political objective 
maxSOC  Maximum level of battery 

charge (%) 
minSOC  Minimum level of battery 

charge (%) 
( )SOC t  State of charge 

ambT  Ambient temperature (°C) 

cfT  Temperature correction 
factor (°C) 

Tec Technical 

objTech  Technical objective 
TEL Total energy lost (kWh) 
TPV Total present value ($) 
Tref Reference temperature (°C) 
V Velocity (m/s) 

BV  Battery voltage (V) 

cutinv  Cut in velocity (m/s) 

cutoutv  Cut out velocity (m/s) 

vma× Ma× velocity 

rv  Rated velocity (m/s) 

W Weighted 

Α Friction coefficient 

fcα  Coefficients of the electrical 
consumption curve 
(kg/kWh) 

eleα  Coefficients of the electrical 
consumption curve 
(kg/kWh) 

eleβ  Coefficients of the electrical 
consumption curve 
(kg/kWh) 

batε  CO2 emissions from battery 

2( )eqkgCO  

batinvε  CO2 emissions from battery 
inverter 

2( )eqkgCO  

ecε  Economic constraint 

envε  Environmental constraint 

genε  CO2 emissions from 
generator 

2( )eqkgCO  

pvauxε  CO2 emissions from 
au×iliary PV devices 

2( )eqkgCO  

pvε  CO2 emissions from PV 

2( )eqkgCO  

pvinvε  CO2 emissions from PV 
inverter 2( )eqkgCO  

modpvε  CO2 emissions from PV 
modules 

2( )eqkgCO  

pvstrε  CO2 emissions from PV 
structure 2( )eqkgCO  

pvwireε  CO2 emissions from PV 
wire 2( )eqkgCO  

socioε  Socio-political constraint (1) 

 Total system emission 

2( )eqkgCO  

techε  Technical constraint (%) 

bη  Battery efficiency (%) 

eleη  Efficiency of electrolyser 
(%) 

2 tan kHη  Efficiency of the hydrogen 
tank (%) 

invη  Inverter efficiency (%) 

σ  Self discharge rate (%) 

pvauxγ  Emissions from pv au×iliary 
devices 

2( )eqkgCO  

pvinvγ  Emissions from pv inverter 

2( )eqkgCO  

modpvγ  Emissions from PV module 

2( )eqkgCO  

pvstrγ  Emissions from PV structure 

2( )eqkgCO  

pvwireγ  Emissions from PV wires 

2( )eqkgCO  

  

sysε
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1 Advancing beyond techno-economic assessment 78 

A detailed literature review by Eriksson and Gray [1] of the field of optimisation of 79 

renewable energy systems identified a research gap in multi-objective optimisation of energy 80 

systems for sustainable energy delivery. 81 

This paper elaborates and applies the idea, discussed by Eriksson and Gray [1], of a 82 

four-dimensional multi-objective meta-heuristic simulation and optimisation model which 83 

simultaneously takes into account technical, economic, environmental and socio-political 84 

objectives, using weighting factors to tailor the design goals to the circumstances and 85 

conditions under which the energy system is built. 86 

Decisions about energy systems are made based on cost. Previously, “cost” almost 87 

exclusively meant the monetary cost to the stakeholders to build and profitably operate the 88 

energy system. Environmental and social costs generally were not factored into the 89 

calculations. This is the main reason why very large renewable energy systems are now 90 

needed urgently. Yet despite the imperative to reduce carbon-dioxide and other emissions, 91 

new renewables-based energy systems continue to be costed on the same techno-economic 92 

basis as those based on fossil fuels, and are expected to be competitive in monetary terms. A 93 

true comparison requires that both the proposed renewables-based system and the alternative 94 

be costed on a level playing field, which must include all the monetary and other costs paid 95 

immediately or eventually. While this has long been recognised in principle, in practice 96 

comprehensive modelling that includes factors other than techno-economic is still very rare. 97 

The urgency to implement this novel approach is underlined by the recent quantification of 98 

the effects of pollution on human health [2]. 99 

To minimise the monetary or other cost of energy production whilst upholding 100 

reliability of supply already constitutes a complex multi-objective optimisation problem with 101 
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conflicting objectives. Even considering only monetary cost and performance, classical 102 

methods of optimisation have struggled with the complexity of the problem of optimally 103 

designing a hybrid renewable energy system [1]. Adding environmental and socio-political 104 

dimensions significantly compounds the problem. Applied to new energy systems, an 105 

approach that accounts for not just technical and economic but also environmental and socio-106 

political factors will lend credibility to the design as a defensible compromise between 107 

conflicting objectives. Examples of the latter factor are public acceptance of land-based wind 108 

farms and possible negative perceptions of hydrogen safety. The challenge is to find a 109 

practicable approach to performing the optimisation. 110 

In [1], the authors surveyed methodologies and software used in optimisation studies of 111 

hydrogen-based energy systems. They concluded that that there was a need for a more 112 

flexible approach to shaping design objectives additional to cost and technical performance. 113 

The available software packages were found to lack capability in modelling hydrogen-based 114 

system components and that no software package incorporated factors beyond cost, 115 

performance and (sometimes) environmental footprint. Bio-inspired optimisation algorithms 116 

were identified as being well suited to solve the complex problem of optimising a multi-117 

component energy system in which hydrogen is one of the energy vectors. A four-118 

dimensional objective function was proposed with weightings applied to monetary cost, 119 

technical performance, environmental footprint and socio-political factors.  120 

A new four-dimensional multi-objective meta-heuristic algorithm is implemented and 121 

demonstrated in this paper. To construct the simulation and optimisation model, a new 122 

methodology developed around the Particle Swarm Optimisation algorithm is introduced and 123 

tested against existing studies from the literature, by first reproducing those studies, then 124 

searching for a more nearly optimal system configuration. In all cases, the new optimisation 125 

algorithm quickly finds a better configuration that still satisfies the original constraints. In 126 
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order to incorporate socio-political factors, a list of quantifiable factors is first proposed. 127 

Then the influences of some simple hypothetical socio-political factors on the studied 128 

systems are explored and the effects on the system performance and monetary cost are 129 

demonstrated. 130 

 The remainder of the paper is organised as follows: Section 2 gives an overview of the 131 

optimisation approach taken; Section 3 outlines the four classes of objectives, includes 132 

suggested quantifiable socio-political factors and introduces the Normalised Constrained 133 

Weighted Multi-Objective; Section 4 discusses the search function algorithm; Section 5 134 

outlines the mathematical models of individual system components within the optimisation 135 

model;  Section 6 details a Case Study used to verify the optimisation model; Section 7 136 

contains a summary and conclusions. 137 

2 Optimization overview 138 

Based on the critical review of methodologies and software by Eriksson and Gray [1] , 139 

a flexible optimisation and simulation model has been adopted within which a system can be 140 

optimised, either based on a search for best system devices using user constraints and/or 141 

using a minimised Normalised Weighted Constrained Multi-Objective (NWCMO) meta-142 

heuristic function. Figure 1 illustrates the design method used to put these ideas into practice, 143 

and the steps taken when evaluating a design with respect to the four sets of objectives. The 144 

type of energy system considered generates electricity from renewables, but the principles 145 

and approach are general. Inputs to the model are PSO parameters, technical, economic, 146 

environmental and socio-political parameter constraints, mormalised weightings for the four 147 

objective classes, simulation period, device system configuration, weather data and load data. 148 

A key requirement is to quantify socio-political factors so that they become numerical inputs 149 

to the optimisation task. 150 
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Figure 1: Optimisation algorithm 151 

 152 

3 Objectives 153 

The various well-known approaches to quantifying technical and economic objectives were 154 

surveyed in [1] , along with less-often used environmental objectives. The following section 155 

briefly outlines the methods adopted in this new optimisation model to evaluate technical, 156 

economic and environmental objectives. More details will be found in the recent review  and 157 

references therein. A social and political acceptance index is introduced here as a quantifiable 158 

socio-political objective. 159 

 160 

3.1 Technical objective 161 

 Analysis of the reliability of supply plays a vital role when incorporating renewable 162 

energy in energy systems, owing to the fundamental intermittency of renewable energy 163 
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sources. The technical objective adopted in this paper is the well-known Loss of Power 164 

Supply Probability (LPSP). LPSP is defined as the ratio of the summed energy deficits to the 165 

total load energy demand over a selected period, ranging from 0 (load always satisfied) to 1 166 

(load never satisfied) [3]. The aim is usually for LPSP to be as close to 0 as possible.  167 

 
1

1

( )
[%]

( )

T

t
T

L
t

LPS t
LPSP

E t

=

=

=
∑

∑
 (1) 168 

where  is the load [kWh] and is the summed energy deficit [kWh]. LPS varies 169 

depending on the system components and naturally decreases when more energy generating 170 

sources are present in the system.  171 

A Safety Factor (SF) may be applied to express a desired load safety percentage 172 

margin, or as an alternative to re-analysing the design based on data for unlikely but severe 173 

weather, with the outcome of a more robust energy system, inevitably at higher cost. 174 

3.2 Economic objective 175 

The economic objectives evaluated in this paper are Levelized Cost of Energy (LCOE) 176 

and Net Present Value (NPV). LCOE is an adopted economic criterion, which quantifies the 177 

economic feasibility of an energy system as a system’s cost over lifetime divided by its 178 

lifetime energy production. The present value of the total costs of the system is calculated 179 

over an assumed lifetime. For a hybrid energy system, the present value of costs can be 180 

composed of the initial cost, the present value of maintenance cost, the present value of 181 

replacement cost and the Capital Recover Factor (CRF) of the hybrid energy system. LCOE 182 

is calculated as [4]  183 

LE LPS
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[$/kWh]

L

TPVLCOE CRF
E

=
 (2) 184 

where LE is the total load over the simulation period [kWh]. The Total Present Value (TPV) 185 

of the system [$] varies according to the components that make up the system: 186 

 
1

[$]
k

d
d

TPV C
=

=∑   (3) 187 

where d represents the device to be optimised and dC  consists of dInit  the initialisation [$] 188 

costs and & dO MC , the operation and maintenance [$] costs: 189 

 & [$]
dd d O MC Init C= +   (4) 190 

In Eqn (2) CRF calculates the present value of the system components for a given time 191 

period, taking into consideration the interest rate: 192 

 

(1 )
(1 ) 1
i iCRF

i

η

η

+
=

+ −  (5) 193 

where the nominal interest rate [%] and η is the system life [years]. 194 

Net Present Value (NPV) can be expressed as a sum over devices (d) [5]: 195 

&
1

1 [$]
(1 )d d d

k

d O M repd d fuel hours consL n
d

NPV C C CRF C P C Op fuel CRF
i=

 
= + + × + × × + 
∑  (6) 196 

& dO MC is repair cost, Ld is the lifetime of the specific device, nd represents the number of 197 

replacements needed to occur in the lifetime of the project (typically set to 25 years). dP  is 198 

the power of the specific device in kW. consfuel  only apply if system has a diesel generator, 199 

where fuelC is the cost of fuel to run the diesel generator,  hoursOp  is the hours of operation and200 

consfuel is its fuel consumption in litre/hour.  201 

i
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Finally, the economic model used here takes into account direct or indirect (taxation) 202 

government subsidies.  203 

3.3 Environmental objective 204 

The environmental objective evaluated in this paper is Carbon Footprint of Electricity 205 

(CFOE), which incorporates direct CO2 emissions from any diesel generators or similar, genε . 206 

An environmental objective could imply the calculation of the generated CO2 emissions 207 

associated with manufacturing, shipping, operating and maintaining the system as well as 208 

final waste disposal. A cradle-to-grave approach for CFOE enables the energy system to be 209 

considered based on the greenhouse gas emissions quantified in equivalent CO2 mass per 210 

kWh of produced energy (kgCO2eq) throughout the system’s lifetime [6-9]. The elements of 211 

the environmental impact analysis are illustrated in Figure 2. 212 

 213 

Figure 2: Environmental objective 214 

 215 

The CFOE is measured in kgCO2eq/kWh and can be expressed as follows: 216 

 2eq[kgCO kWh]sys

L

CFOE
E

=
ε

 (7) 217 
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where sysε is the total emissions produced by the system during manufacturing and operation 218 

[kgCO2eq] and LE is the total simulated load [kWh]. The total emissions from an energy 219 

system sysε  consisting of PV, batteries, inverter, generator, interconnects and so on is 220 

 ...sys pv bat batinv gen syswiresε ε ε ε ε ε= + + + +  (8) 221 

where  pvε  , batε  , batinvε , genε  and syswiresε  are the emissions associated with the PV system,  222 

battery and battery inverters, diesel generator and associated interconnects and system wires 223 

respectively. 224 

Within this total, each component of emissions can be further broken down according to its 225 

component. For example, the total emissions in kgCO2eq from the PV component can be 226 

expressed as follows: 227 

mod 2eq[kgCO ]pv pv pvstr pvinv pvwir pvauxε ε ε ε ε ε= + + + +
 (9) 228 

where , ,  ,  and  are the emissions associated with the PV 229 

modules,  PV inverter, PV structures, electrical wires in the PV system and  auxiliary devices 230 

such as circuit breakers and switchboards respectively. All remaining system devices are 231 

evaluated using the same principle. 232 

Where the emissions come mainly from operating a diesel or other generator, a 233 

simplified environmental objective may be calculated from the operating fuel emissions from 234 

the generator, ignoring other emissions, as follows [5, 8]: 235 

 ( ) 2eq
1

[kgCO ]
T

gen cons tfuel EFε =∑  (10) 236 

where the emission factor (EF) [kg/litre] depends on the type of fuel as well as the engine 237 

characteristics (typically 2.4–2.8 kg/litre) [10]  and ( )cons tfuel is the fuel consumption of the 238 

modpvε pvinvε pvstrε pvwireε pvauxε
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diesel generator. The total emissions from a diesel generator system are calculated in a 239 

similar fashion to the above example for the PV component with the in-operation diesel 240 

generator emissions added to the final emissions.  241 

3.4 Socio-political objective 242 

Incorporating socio-political criteria is obviously less straightforward and less certain 243 

than an analysis based only on quantitative technical, economic objectives and/or 244 

environmental objectives, but very important because real projects are subject to such factors. 245 

Numerical quantification is necessary in order to adopt an algorithmic approach to 246 

optimization. Hence, a socio-political index is proposed as an example of an adaptive, multi-247 

input evaluation aid to analysing an energy system from a socio-political perspective. The 248 

concept uses both qualitative and quantitative factors to measure a socio-political objective 249 

through an index-based approach to judge all parameters on the same basis. The outcome is a 250 

numeric value, which in this example of the methodology represents the expected public 251 

satisfaction with/acceptance of a proposed energy system.  252 

In order to analyse quantitative figures, each factor is assigned a numerical value 253 

between one and five (five for worst, one for best) proportional to its impact on the renewable 254 

energy system project. 255 

Each parameter is assigned a certain weight from zero to 100 percent (zero for no 256 

impact, 100 for full impact) based on its relative importance specific to the current project 257 

being analysed. The weighted sum of all the parameters constitutes the socio-political 258 

numerical objective value. The NWCMO meta-heuristic function seeks to minimise the 259 

socio-political objective along with the more familiar objectives.  260 

The socio-political index proposed is inherently semi-quantitative, as there is no 261 

standard approach to assign weights to the parameters. This reflects the actual nature of 262 

qualitative parameters. However, if a participatory approach with stakeholders, decision 263 
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makers, political representatives and the local community is used in interpreting parameters 264 

and weights, the usefulness of the socio-political index improves, as it is then tailored to that 265 

specific project. Parameters can be varied depending on local conditions, but this also reduces 266 

the standardization of the method to some degree. The numerical values of interpreted 267 

parameters and weights should be accumulated over time so that comparisons of similar 268 

projects and known indicators can be taken advantage of. A list of possible parameters is 269 

presented below which may be taken into consideration while devising a socio-political 270 

index, notated Socio.  271 

Table 1: Socio-political objective 272 

A renewables factor RF may be introduced for the purpose of penalising non-renewable 273 

energy. An example of the RF used in a system incorporating a diesel generator is 274 

Parameter Parameter description Parameter factor value 
scale 5 (lowest)-1 (highest) 
 

Aesthetics Public acceptance to  
visual appearance, shadow flicke  
and noise disturbance etc.  

Unacceptable Acceptable 

Employment Employment opportunities in  
number of employees 

 

Perceived hazard Potential hazard risk High Low 
Land requirement  
and acquisition 

Ability to acquire land for 
 the project and level of  
public resistance 

Unacceptable Acceptable 

Perceived local 
environmental impact 

Local identified environmental  
Impact such as eco-system 
disturbance 

High Low 

Local ownership Degree of local  
ownership  

(%) 

Local skills availability Availability of local skills Unavailable Available 
Local resource availability Availability of local  

Resources 
Unavailable Available 

Renewable factor RF Penalise reliance on non-renewab  
energy.  

(%) 

Perceived service ability Level of improved service ability, 
 i.e. improved availability 
 of social electricity services  
such as street  
lighting, telecommunications etc.  

Low High 

Total                                Socio:  
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∑

∑
 (11) 275 

where 
1

diesel

T

genP∑ (kWh) is the sum of the total output of fuel consumption from a diesel 276 

generator over the simulation period and REP∑ (kWh) is the sum of the total renewable 277 

energy mix output over the simulation period.  278 

 279 

3.5 Normalised Weighted Constrained Multi-Objective 280 

Many real world problems are concerned with so-called multi-objectives where a 281 

solution is sought as the best possible compromise. Optimisation can be defined as the 282 

process of finding conditions that give the minimum value of a function which numerically 283 

expresses the value of the optimized system to the stakeholders in that system.  284 

An optimisation problem can generally be stated as follows: 285 

 

1

2

Find .  which minimizes ( )
.

n

x
x

X f X

x

 
 
  =  
 
 
    (12) 286 

subject to the constraints 287 

 ( ) 0, 1, 2....,jg x j m≤ =  (13) 288 

where  is the objective function, x is an n-dimensional design vector and  are set 289 

out constraints that may or may not be related [20]. There is no single best method for solving 290 

all such optimization problems efficiently, and many differing mathematical optimization-291 

( )f x ( )jg x
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programming techniques are available in the context of renewable energy systems depending 292 

on the nature of the optimisation problem . 293 

To solve the optimization problem involving multiple objective functions, a 294 

minimisation fitness function is adopted which results in an overall optimisation solution, as 295 

follows:  296 

If  are the normalised objective functions corresponding to the 297 

proposed number sets of objectives, a new overall Normalised Constrained Weighted Multi-298 

Objective (NCWMO) function can be established such that  299 

 
1

min ( ) ( )
p

NWCMO k NWCMO
k

f x w f x
=

=∑   (14) 300 

where NWCMOf  is the normalised objective,  are weightings such that  whose 301 

values indicate the relative weight given to each objective function; in other words a 302 

quantitative implementation of the scheme proposed by Eriksson and Gray [1]. 303 

3.5.1 Global energy audit figure 304 

At the end of each optimisation, it is appropriate to conduct a “reality check”, which 305 

constitutes a bottom-line assessment of whether the optimisation is sensible. In the example 306 

described here, the excess renewable energy potentially generated but not used by a 307 

renewable system is assessed. This could be a major factor in a system not going ahead due to 308 

oversizing and its consequences, such as escalating cost, problems with land acquisition, 309 

unnecessary environmental emissions and so on. The notional available renewable energy 310 

under prevailing conditions can be seen as surplus energy. Whilst somewhat misleading, the 311 

term commonly used in literature for this concept is Total Energy Lost (TEL).  Extra power 312 

generation from a renewable energy source may be minimised by imposing a threshold value 313 

which must not be exceeded throughout the simulation . TEL may be expressed as: 314 

( ) ( )1NORM NORMof x f x

iw
1

1
k

i
i

w
=

=∑



17 

 

 

1
( ) ( ), ( ) ( ) [kWh]

0

T

gen L L gen
t
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TEL =

 − <= 


∑  (15) 315 

where is the generated energy [kWh], is the load [kWh]. 316 

Whilst TEL does not necessarily equal the surplus energy from the system when there 317 

are storage devices present in the system, it still serves as a useful reference point for 318 

benchmarking systems against each other.  319 

3.5.2 Constraints 320 

Constraints are restrictions imposed on the available resources and environment (e.g. 321 

time restriction, physical limitation), and are defined as dependencies among the parameters 322 

and decision variables that are involved in the problem. A constraint may be of inequality or 323 

equality type and restricts a variable to be between a lower and upper bound in a decision 324 

space.  325 

In the present context, each objective should be less than its corresponding constraint: 326 

 obj techtech ε≤   (16) 327 

 obj ecec ε≤   (17) 328 

 obj envenv ε≤   (18) 329 

 obj sociosocio ε≤   (19) 330 

where techε , ecε , envε  socioε  are respectively the technical, economic, environmental and socio-331 

political constraints corresponding to the four objectives. These constraints may be set by the 332 

user for a particular objective during the initial model configuration.  333 

Finally, there are non-negativity constraints, energy flow and lower and upper limits for 334 

decision variables. These specific constraints are applied to particular components to ensure 335 

genP LE
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that the outputs of the optimisation are physically meaningful and are initialised at the start of 336 

the optimisation. For example, the constraints for battery charging/discharging and hydrogen 337 

storage/retrieval respectively can be expressed as: 338 

 ( )min maxSOC SOC t SOC≤ ≤    (20)      339 

 2 ( )2min-level level 2max-levelH H t H≤ ≤   (21) 340 

4 Optimisation algorithms 341 

Optimisation approaches and algorithms were recently reviewed in Ref. [1], where it 342 

was found that Particle Swarm Optimisation (PSO) is a fast, accurate and relatively easy-to-343 

implement algorithm suitable for solving multi objective search functions. A modified PSO 344 

algorithm was therefore implemented for this work, to search for a configuration of devices 345 

in the energy system. PSO is similar to other evolutionary algorithms, in that a system is 346 

initialised with a population of random solutions in a search space, then evaluated against a 347 

fitness function. Each solution is a so-called particle, with a velocity which is updated to 348 

optimise its position in the search space. Every particle is optimised by following a pbest 349 

value, which is the best fitness value the particle has achieved so far, and a gbest value, which 350 

is the best global value in the search space. A particle’s velocity is dependent on how far it is 351 

from the target as well as being constrained by minimum and maximum boundaries. 352 

The pseudo code below outlines the main function of the PSO algorithm which runs 353 

until the maximum iteration number or a set satisfied constraint is fulfilled.  354 

While ma× iterations or minimum error criteria not met 355 
For each particle 356 
 Initialise particle 357 
End 358 
 359 
For each particle 360 
 Calculate fitness value 361 
 If the fitness value is better than historic pbest best value 362 
  Set current fitness value to new pbest 363 
End 364 
 365 
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If pbest is better than historic gbest best value of all the particles 366 
  Set pbest to new gbest 367 
End 368 
 369 
 Calculate particle velocity 370 
 Update particle position 371 
End 372 

End 373 
 374 
Each particle has two variables, its current position ijx (t)  and its velocity  ijv (t)  with 375 

the pbest value stored in ijp (t) , while jg (t)  denotes the best global particle. Parameters 376 

required to be tuned and initialised at start-up for a PSO search function include the number 377 

of particles, the maximum adjustment a particle can undergo during one iteration vmax, 378 

learning factors, the stop condition; the maximum number of iterations or convergence 379 

requirement and inertia weight all of which affect the velocity of the particle.  380 

The particle velocity and position are updated as follows [11]: 381 

( ) ( )1 1 2 2rc r cω= + − + −ij ij ij j j ijv (t +1) v (t) p (t) xi (t) g (t) x (t)  (22) 382 

 = +ij ij ijx (t +1) x (t) v (t +1)   (23)  383 

In Eqn (22) ijv (t)  is the inertia velocity, ω ijv (t) is the inertia term and  is the inertia 384 

coefficient which ensures that there is a smooth transition between previous and current 385 

velocities.  386 

The term ( )1 1rc −ij jp (t) xi (t)  in Eqn (22) is known as the cognitive component and 387 

( )1 1rc −ij jp (t) xi (t) is known as the social component, where  is the cognitive learning factor 388 

guides particles towards the optimum value, and the social learning factor represents the 389 

attraction toward other particles.  and  are randomly generated numbers within interval 390 

(0, 1). Clerc and Kennedy proposed a constriction factor to restrict the swarm in a multi-391 

dimensional space as follows [11]: 392 

ω

1c

2c

1r 2r
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( ) ( )( )1 1 2 2rc r cχ ω= + − + −ij ij ij j j ijv (t +1) v (t) p (t) xi (t) g (t) x (t)   (24) 393 

where  is the constriction coefficient and is defined by                                                 394 

 
2

2
2 4

kχ
φ φ φ

=
− − −

  (25) 395 

where , typically   ,  and [11]. An optimal setting 396 

of the parameters depends on the current optimisation problem. As demonstrated in the 397 

simulations in section 6, suitable values for setting the main parameters of PSO algorithm ,398 

,  and the swarm size are:                                                      399 

 ω χ=   (26) 400 

 1 1c χφ=   (27) 401 

 2 2c χφ=  (28) 402 

The simulation model is run for the whole simulation period to evaluate the 403 

performance of each particle. The simulation model calculates the objective functions 404 

discussed in section 3. Particles in the swarm size are evaluated against the NWCMO fitness 405 

function until the stopping criterion is met and the best of all evaluated solutions is presented.  406 

To speed up the PSO algorithm when running through a large search space, a historical 407 

look-up table is kept so that previously calculated values do not have to be recalculated.  408 

5 Simulation models 409 

A particle represents a certain configuration of a hybrid renewable energy system for a 410 

simulation period (in this study set to one year with hourly time interval analysis) of 411 

electricity demand and weather data (typically solar radiation, wind speed and ambient 412 

temperature). The particle represents any combination of device sizes for PV, wind, battery, 413 

χ

1 2 4φ φ φ= + ≥ 0 1k≤ ≤ 1 2.05φ = 2 2.05φ =

ω

1c 2c
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generator, electrolysers, fuel cells and hydrogen tanks that are simulated and optimised to test 414 

the viability of the system.  415 

Many mathematical representations of components including PV, wind, generators, 416 

battery, fuel cells, electrolysers, hydrogen storage, inverters and auxiliary devices have been 417 

published. Here a modular architecture has been adopted, using simplified component models 418 

for demonstration purposes. It is appropriate to think of the various mathematical models as 419 

black boxes so they can easily be interchanged with more sophisticated models to suit the 420 

goals of the analysis. The mathematical models implemented in the case studies reported in 421 

§6 are described briefly below.  422 

5.1 PV model 423 

Various simplified electrical and thermal mathematical models exist describing PV 424 

behaviour under external influences from solar irradiance and temperature.  425 

A model of the solar radiation received by a tilted solar collector, described in detail by 426 

Khatib [12] was used. Briefly, the received radiation ,TG β  on a surface at angle β to the 427 

horizontal consists of three components: direct beam BG , diffuse solar radiation DG  and 428 

reflected solar radiation R T RG G R= ρ , such that  429 

 ,T B B D D T RG G R G R G Rβ ρ= + +  (29) 430 

where BR is the ratio between global solar energy on a horizontal surface and global solar 431 

energy on a tilted surface, DR is the ratio between diffuse solar energy on a horizontal surface 432 

and diffuse solar energy on a tilted surface, RR is the ratio of reflected solar energy on a tilted 433 

surface and ρ is the ground albedo factor. If only global irradiance data are available, the 434 

other contributions may be estimated based on a model of transmission and scattering by the 435 

atmosphere. 436 
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The altitude angle is the angular height of the sun measured from the horizontal and is 437 

expressed as follows: 438 

 sin sin sin cos cos cosL Lα δ δ ω= +  (30) 439 

Where L is the latitude of the location, δ is the angle of declination and ω is the hour 440 

angle. The angle of declination is the angle between the earth-sun vector and the equatorial 441 

plane and is calculated as follows: 442 

 

8023.44sin 360
365.25
dδ  −  =        (31) 443 

The hour angle ω is the angular displacement of the sun from the local point and is 444 

given by: 445 

 ( )15 12AST hω = ° −   (32) 446 

AST is the true apparent or true solar time and is calculated by the daily apparent 447 

motion of the observed sun and is calculated as follows: 448 

 ( )4 /AST LMT EoT LSMT LOD= + ± −  (33) 449 

Where AMT is the local meridian time, LOD is the longitude, LSMT is the local 450 

standard meridian time and EoT is the equation of time. The LMST is a reference meridian 451 

and is given by : 452 

 15 GMTLMST T= °   (34) 453 

EoT is the difference between the apparent and mean solar times, taken at a given 454 

longitude and is expressed as: 455 

 9.87sin(2 ) 7.53cos 1.5sinEoT B B B= − −   (35) 456 
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 ( )2 81
365

B nπ
= −  (36) 457 

Where n is the day number defined as the number of days elapsed in a given year up to 458 

a particular date.  459 

The azimuth angle is an angular displacement of the sun reference from the source axis 460 

and can be calculated as follos: 461 

 
cos sinsin

cos
δ ωθ
α

=
  (37) 462 

Direct solar radiation ,B normG reaching the earth can be expressed as: 463 

 
sin

,

K

B normG Ae α
−

=   (38) 464 

Where A is an extraterrestrial flux and K is dimensionless factor.  465 

 
( )3601160 75sin 275

365
A N = + −     (39) 466 

 
( )3600.174 0.0035sin 100

365
K N = + −     (40) 467 

Direct solar radiation on a horizontal surface BG can be expressed as: 468 

 , sinB B normG G α=   (41) 469 

Diffuse solar radiation on a horizontal surface DG can be calculated as follows: 470 

 ( ) ,
3600.095 0.04sin 100
365D b normG N G = + −  

  (42) 471 

The coefficient BR is most commonly represented as: 472 
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 cos( ) cos sin sin( )sin
cos cos sin sin sin

ss ss
B

ss ss

L LR
L L
β δ ω ω β δ

δ ω ω δ
− + −

=
+

  (43) 473 

The coefficient RR is given by the following equation: 474 

 
1 cos

2RR β−
=

  (44) 475 

The coefficient DR is given by the following equation: 476 

 
1 cos

2DR β+
=

  (45) 477 

 478 

A detailed electrical model is usually based on the well-known Schottky diode equation 479 

for a single solar cell. At the array level, it is reasonable to assume that maximum-power-480 

point tracking has been employed, so that manufacturer’s data for the nominal power output 481 

of a module at its maximum power point may be assumed under standard conditions. A 482 

thermal model then estimates the effect of ambient temperature and heat generation within 483 

the PV module.  484 

The power supplied by the PV system can be calculated as a function of the solar 485 

radiation as follows [13]: 486 

( )( ), 1 0.0256  [kW]T
gen N - pv T amb ref

ref

G
P P k T G T

G
β  = + + −   (46) 487 

where N - pvP  is nominal PV output [kWh] with received irradiance Gref at the reference 488 

temperature Tref, ,TG β  is the received solar radiation [W/m2] ,  is 1000 [W/m2],  is 25 489 

°C, 3 13.7 10  [ C ]Tk − −= − × °  is the power temperature coefficient and  is the ambient 490 

refG refT

ambT



25 

 

 

temperature. Inverter inefficiency degrades the achievable PV output and is incorporated in 491 

the software model.  492 

5.2 Wind model 493 

The power output of a wind turbine can be approximated by the following formula: 494 

 
3

3
3 3 3 3

0 ,cutin cutout

cutin
cutin rated

r cutin r cutin

rated cutout

v v v v

vPrPgen v Pr v v v
v v v v

Pr v v v

< >


   = − ≤ <    − −   
 ≤ ≤

 (47) 495 

where Pr is the rated power [kW], v is the wind speed (ms–1) in the current time step, cutoutv , 496 

ratedv , cutinv  represent cut-in wind speed, nominal wind speed for rated power and cut-out 497 

wind speed (ms–1) respectively. Wind speed data are required as input to the generator model. 498 

Since the wind speed varies with height, the measured wind speed at the anemometer must be 499 

converted to the desired hub height according to [14]. 500 

 

2 2

1 1

v h
v h

α
 

=  
    (48) 501 

where  is the speed at the hub height , is the speed at the reference height   and α 502 

known as the friction coefficient or Hellman coefficient  and depends on the location, terrain 503 

on the ground and stability of the air [15]. 504 

5.3 Battery mathematical model 505 

Low-level battery models may be based on chemical or electrical analogues and charge 506 

accumulation and/or empirical models. Defining a general model which covers all categories 507 

simultaneously is quite complex, hence most battery modelling focus on specific 508 

characteristics only.  509 

2v 2h 1v 1h
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The energy capacity [Wh] of a battery is defined by the energy that a fully charged 510 

battery can deliver under specified conditions. Depth of Discharge (DOD) is the ampere 511 

hours removed from a fully charged battery and is defined as the percentage ratio of the 512 

battery rated capacity to the applicable discharge rate [A].The battery capacity of the 513 

renewable energy system can be initially estimated using the load demand and the required 514 

days of autonomy using the following equation [16]: 515 

 
max

[Ah]L

B cf inv b

E ADCB
V DOD T η η

=  (49) 516 

where LE  is the load, AD is autonomy days (typically 2–3 days), BV is the operating voltage 517 

of the battery [V], maxDOD is the max depth of discharge (typically 80%), cfT  is the 518 

temperature correction factor, invη and bη are the inverter (typically 95%) and battery 519 

(typically 85%) efficiency [17, 18].  520 

State of Charge (SOC) can be defined as the ratio of available capacity to the rated 521 

capacity in Ampere-hours [Ahr] and can be estimated using the following equation: 522 

 [Ah]AC

RC

BSOC
B

=  (50) 523 

where ACB is the available capacity of the battery [Ah] and RCB is the rated capacity of the 524 

battery [Ah].  525 

In a hybrid renewable energy system, the mode of operation of the battery whether it is 526 

discharging or charging depends on the available renewable energy in the system and the 527 

load. In order to avoid gassing and over-charging the battery is bound by maximum and 528 

minimum state of charge constraints. The charging of a battery at any instant t + ∆t can be 529 

estimated with the following equation [19]: 530 
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( ) ( 1)(1 ) [%]ch

ch
bat

PSOC t SOC t
P

σ η= − − +
 (51) 531 

where  is an hourly self-discharge rate, chP  is the required power to charge or discharge, 532 

batP is the available battery power, chη  is the coulomb efficiency of the battery,  is 533 

the previous state of charge and  is the current state of charge.  534 

Another battery model for state of charge can be expressed as an equivalent circuit 535 

where the internal voltage is represented by a voltage source and an internal resistance [12]. 536 

The charging or discharging current depends on the system’s voltage levels. If the applied 537 

voltage is greater than the battery’s voltage, the current will flow in the battery as a charging 538 

current [18]. Meanwhile, if the applied voltage is less than the battery’s voltage battery, the 539 

current will flow out from the battery as a discharging current.  540 

5.4 Generator model 541 

Generators are not renewable energy options due to their high operating emissions but 542 

can provide a steady source of power when renewables are not available and the energy 543 

storage is depleted. In principle the environmental cost over lifetime of a small diesel 544 

generator could potentially be lower than oversizing the renewable component. The hourly 545 

fuel consumption of the diesel generator is considered in the renewable energy system and 546 

can be expressed as follows [19]: 547 

 r( ) ( ) [l/hr]genq t aP t bP= +  (52) 548 

where is fuel consumption [L/h], is generated power [kWh],  Pr is rated power 549 

[kWh],  and are constant coefficients of the fuel consumption curve [l/kW] and is 550 

approximated to 0.246 and 0.08415 respectively [19].  551 

σ

( 1)SOC t −

( )SOC t

( )q t gP

a b
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5.5 Fuel cell model 552 

A fuel cell is an electrochemical energy conversion device, which converts chemical 553 

energy of fuel directly into electricity. There are several different types of fuel cells 554 

depending on their electrolyte such as Proton Exchange Membrane (PEM) fuel cell, Alkaline 555 

fuel cell, Molten Carbonate fuel cell and Solid Oxide fuel cell of which the PEM fuel cell is 556 

showing promise due to its low operation and quick start up. Fuel cell modelling can be 557 

classified into three categories, analytical, semi-empirical and mechanistic. Analytical 558 

methods arrive at V-I density relationships through simple assumptions and neglect water 559 

transport processes in the cell. Semi-empirical modelling combine theoretically derived 560 

differential and algebraic equations and it is seen that most fuel cells are one dimensional 561 

semi empirical models. Mechanistic models are based on electrochemical, thermodynamic 562 

and fluid dynamic equations and require details such as transfer coefficients, humidity levels, 563 

membrane, electrode and active catalyst layer thicknesses.  564 

The hydrogen consumption of the fuel cell is modelled as dependent on the output 565 

power and can be expressed with the following function [18]: 566 

 2 [kg/hr]H fc pnom fc pfc fc fcα β= +  (53) 567 

  568 

where is the hydrogen consumption [kg/hr], is the fuel cell output power [kW], 569 

is the nominal fuel cell output power [kW],  and are the coefficients of the 570 

electrical consumption curve [kg/kWh]. In the presented optimisation model = 0.004 571 

kg/kWh and =0.05 kg/kWh [18].  572 

5.6 Electrolyser model 573 

The hydrogen needed for power generation in a PEM fuel cell is extracted from water 574 

in an electrolyser via electrolysis. In the process of electrolysis, the water molecules are 575 

2Hfc pfc

pnomfc fcα fcβ

fcα

fcβ
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decomposed into its constituent elements, water and oxygen. An electrolyser is hence a series 576 

of cells each containing a positive and negative electrode immersed in electrically conductive 577 

water where hydrogen and oxygen gases are produced at the cathode and anode respectively. 578 

The rate of hydrogen generation depends on the current density.  579 

The electrolyser electrical consumption can be modelled as a function of nominal 580 

hydrogen mass flow [18] 581 

 
2 2

[kW]ele ele n H ele Hp Q Qα β−= +  (54) 582 

where elep  is electrolyser electrical consumption [kW], , are the coefficients of the 583 

electrical consumption curve [kW/kg/hr] , is the nominal hydrogen mass flow [kg/hr] 584 

and is the actual hydrogen mass flow [kg/hr].  585 

The availability of hydrogen in a hybrid energy system can be expressed as follows: 586 

 ( ) [kW]fc
ele ele ele

fc

p
SOC p dtη

η
= −∫ ∫  (55) 587 

where [kW] is the power available to run the electrolyser and is the remaining power 588 

after the load has been satisfied (  ), [kW] is the power generated by the 589 

fuel cell stack, [%] and [%] is the efficiency of the electrolyser and fuel cell 590 

respectively.  591 

5.7 Hydrogen storage model 592 

One of the most crucial factors in simulation of hydrogen storage in HRES models is to 593 

calculate its available hydrogen tank level at any point in time. The expression used to 594 

calculate the current hydrogen level, implements a typical hourly flow balance between the 595 

input and the hydrogen output flow in the tank. The hydrogen level of the H2 tank 
2

H level  at 596 

eleα eleβ

2n HQ −

2HQ

elep

ele ren Lp p E= − fcp

eleη fcη
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time step t depends on the previous hydrogen level at time step 1t −  and can be calculated as 597 

follows: 598 

 2

2 2 2

2 tan

( ) ( 1) ( ) [kg]H
H

H k

fc
H level t H level t Q t

η
= − + −  (56) 599 

where  
2

H level [kg] is the hydrogen level of the hydrogen tank, [kg/hr] is the 600 

mass flow of hydrogen from the electrolyser, [kg/hr] represents the fuel cell 601 

hydrogen consumption and 
2 tanH kη [%] is the efficiency of the hydrogen storage tank 602 

and is set to 95%  [18].  603 

6 Case study 4 604 

Case Study 4 is based on set out cases by Sharafi and Elmekkawy [5] and Dufo-López 605 

and Bernal-Agustín [8]. Sharafi and Elmekkawy set out different tests using various LPSP 606 

and CO2 emission constraints (Table 2 in [5]) where  Case Study 4 emulates SC Case 3  [5] 607 

and BD Case 3 [8] (LPSP = 1.8%, genε  = 1778 kg/yr).  These constraints originate from 608 

system outputs found by Dufo-López and Bernal-Agustín [8].  609 

The test cases are summarised in Table 2. 610 

Table 2: Test cases benchmarked and analysed 611 

 612 

Sharafi and Elmekkawy plotted average monthly wind speeds during one year from 613 

Zaragoza in Spain, latitude 41.6488° N, 0.8891° W, Time Zone: - GMT+2 and plotted a daily 614 

2HQ

2Hfc

Case 
Study 

Reference PV(kW) Wind 
(kW) 

Diesel 
generator 
(kW) 

Fuel ce  
(kW) 

Battery 
(kWh) 

Electrolyser 
(kW) 

H2-
tank 
(kg) 

4 Sharafi and Elmekkawy [5] 
Dufo-López and Bernal-Agustín [8] 
SE Case 3 

8 6.5 3 0.11 88.7 1.1 4.2 

4 Sharafi and Elmekkawy [5] 
Dufo-López and Bernal-Agustín [8] 
DB Case 3 

8 6.5 3 3 88.7 4 10 
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load profile for each month in kWh. These daily load profiles and average wind speeds were 615 

used algorithmically to simulate a year of data in order to carry out the optimisation 616 

modelling (Figure 3, Figure 4, Figure 5). The annual load, PV and wind generation were 617 

emulated according to annual figures given by Dufo-López and Bernal-Agustín [8]. 618 

 619 

Figure 3: Building data showing annual (1st January 2016 to 31st December 2016) and daily load data 620 

respectively.  621 

 622 
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 623 

Figure 4: Weather and building data showing annual (1st January 2016 to 31st December 2016) solar, 624 

temperature, wind and load data respectively.  625 

 626 

Figure 5: Typical winter (27th July 2016) and summer (27th January 2016) daily weather data showing  627 

 628 

A case study was set up based on an energy system with PV, wind, battery bank, 629 

generator, fuel cell, electrolyser and hydrogen tank (Figure 5) by Sharafi and Elmekkawy [5] 630 

using a 100% economic weighting with the generated solar, wind data and load and a 631 
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Figure 6: Block diagram for case study 4 

technical (LPSP = 1.8% maximum ) constraint and environmental constraint ( genε  = 1778 632 

kg/year maximum) according to SE Case 3 and BD Case 3 [5, 8] in Table 2.  633 

The load is supplied by solar/wind-generated electricity when available. Surplus energy 634 

is used to charge the battery. If the battery has been charged to its maximum SOC, any 635 

surplus energy is fed to the electrolyser to generate hydrogen for storage in the hydrogen 636 

tank. When there is a deficiency in the solar/wind resource, the battery will supply the deficit 637 

until it has reached its minimum SOC. If the battery cannot satisfy the full residual load, then 638 

the fuel cell will satisfy the remainder provided there is enough hydrogen in the hydrogen 639 

tank to do so. If the fuel cell cannot satisfy the needed portion of load then the generator will 640 

try to fulfil the remainder of the load demand. Once the load has been satisfied by the diesel 641 

generator, any surplus energy will be used to charge the battery bank as this will ensure that 642 

maximum generated energy is utilised in the stand alone system leading to minimum excess 643 

energy. 644 

 645 

 646 

 647 
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 648 

Component specifications and costings used in the optimisation originate from the 649 

project costs in [5, 8] where initial cost and capital costs are extrapolated from graphs in [5] 650 

and have been summarised in Table 3.  Assessment period is 25 years, discount rate is set to 651 

8% and real interest rate is set to 13% [5]. Typical system losses [20] of 11.42% are applied 652 

with an actual PV inverter efficiency of 97% for the roof inverters. The electrolyser capacity 653 

is set to 10% implying that hydrogen will be generated once 10% of the full electrolyser 654 

electrical consumption is available. This figure was based on a discussion with a 655 

manufacturer of PEM electrolysers.  656 

Table 3: Component costings for Case study 4 657 

Device  
component 

Device characteristics  Cost (€) Based on extrapolation from  
economic graphs in [5] 
 

PV Maximum power:  255W/panel 
Efficiency: 12% 
Poly crystalline solar cells 
PV panel area: 1.046 m×1.588 m 
System losses: 7% 
Temperature reference: 25 C 
Life time: 24 years [5] 
 

Initial cost: €5852/kW [Euro] [5] 
OM: €29.6/kW/year [Euro] [5] 
Replacement cost: 100% 
 

Battery Efficiency: 95% 
Battery discharge efficiency: 100% 
Battery charge efficiency: 90% 
Depth of discharge: 70% 
Battery inverter efficiency: 85% 
SOC max: 100% 
SOC min: 30% 
Life time: 5 years [5] 
 

Initial cost: €1795/kWh [Euro] [5] 
OM: €308/kWh/year [Euro] [5]   
Replacement cost: 100% 
 

PEM electrolyser Electrolyser efficiency: 95% 
Electrical consumption Alpha:20  kWh/kg  
Electrical consumption Beta: 40 kWh/kg 
Life time: 10 years [5] 

Initial cost: €7226/kW [Euro] [5] 
OM: €39.7/kW/year [Euro] [5] 
Replacement cost: 100% 
 

Metal  
hydride storage 
 tank 

Hydrogen tank efficiency: 95% 
H2 max: 100% of H2 capacity 
H2 min: 5% of H2 capacity 
Life time: 10 years [5] 

Initial cost: €5852/kW [Euro] [5] 
OM: €0.10/kW/year [Euro] [5] 
Replacement cost: 100% 
 

PEM fuel cell Efficiency: 50% 
Max efficiency: 50% 
LHV: 33.3 kWh/kg 
HHV: 39.39 kWh/kg 
Life time: 15000 hours [5] 
 

Initial cost: €1000/kg [Euro] [5] 
OM: €50/kg/year [Euro] [5] 
Replacement cost: 100% 
 

 658 
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The authors reported trials of two methods for optimising the system. The first method 659 

SE Case 3, that of Sharafi and Elmekkawy, yielded a configuration with a PV size of 8.0 kW, 660 

6.5 kW wind, 3.0 kW diesel generator, 0.1 kW fuel cell, 88.7 kWh battery capacity, 1.1 kW 661 

electrolyser and 4.2 kg H2 storage. The second method DB Case 3, that of Dufo-López and 662 

Bernal-Agustín [8], yielded a configuration with a PV size of 8.0 kW, 6.5 kW wind, 3.0 kW 663 

diesel generator, 3.0 kW fuel cell, 88.7 kWh battery capacity, 4.0 kW electrolyser and 10.0 664 

kg H2.  665 

 666 

6.1.1 Results and Discussion 667 

It should be noted that the optimisation was over economic cost minimisation, subject 668 

to upper limits on the LPSP and operating emissions. As the objectives in question had not 669 

been given by Dufo-López and Bernal-Agustín, LPSP and genε had to be calculated for the 670 

Sharafi and Elmekkawy and Dufo-López and Bernal-Agustín methods in order to be 671 

benchmarked against the PSO algorithm. Running the obtained optimum device sizes found 672 

by Sharafi and Elmekkawy method for SE Case 3 [5] (8.0 kW PV, 6.5 kW wind, 3 kW diesel, 673 

0.11 kW fuel cell, 88.7 kWh battery, 1.1 kW electrolyser and 4.2 kg H2 tank ) using the same 674 

input data in the proposed optimisation algorithm, found an LPSP value of 0.8 %, an 675 

emission limit of 1128 kgCO2eq and a cost of  118,296 Euro. The Dufo-López and Bernal-676 

Agustín method DB Case 3 (8.0 kW PV, 6.5 kW wind, 3 kW diesel, 3 kW fuel cell,  88.7 677 

kWh battery, 4 kW electrolyser and 10 kg H2 tank) obtained an LPSP of 0.8 %, a genε  of 969 678 

kgCO2eq and a total project cost of 186,728 Euro. The TEL value from the renewable energy 679 

component is reasonable (9812 kWh/year) for both systems.  680 

While both methods employed by Sharafi and Elmekkawy and Dufo-López and Bernal-681 

Agustín lead to configurations that are within the constraints for reliability and emissions, it 682 
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is observed that the electrolyser doesn’t run at all for the whole duration of the simulation 683 

period and hence doesn’t fill the hydrogen tank once the hydrogen level is low. As the 684 

electrolyser does not have enough surplus energy to operate, the system configuration leads 685 

to unutilised components and an unnecessarily complex configuration and high system cost 686 

for little return. In SC Case 4 and DB Case 4, the fuel cell is sized too low and will in most 687 

cases never satisfy the deficit load without having to run the diesel generator as well. It is 688 

concluded that the energy system places much of its supply reliability in the hands of the 689 

battery bank (5806 to 5757 hours/year). In order to make it worthwhile to install the hydrogen 690 

fuel cell component and utilise it more frequently throughout the year, the system reliance on 691 

other storage devices should be reduced. Therefore the generator is proposed to be sized to 692 

only handle the minimum load (up to 0.5 kW) and the battery sized to handle max a day’s 693 

load (37 kWh).  694 

With a hydrogen fuel cell energy system in mind, the PSO configuration boundaries are 695 

initialised to a battery max size of 1 day’s autonomy (37 kWh), a hydrogen tank equivalent to 696 

4 day’s battery capacity (10 kg), the generator max boundary to the minimum load (0.5 697 

kWh), the fuel cell and electrolyser range set to the maximum load (5 kW) and the PV and 698 

wind size up to 10 kW. The building load is fairly small (min 0.47 kW, max 4.18 kW, 699 

average 1.6 kW) hence it seems unnecessary to oversize the system much more than the set 700 

ranges. These ranges ensured a system which wasn’t oversized within similar economic 701 

frameworks to the benchmark tests whilst ensuring a more efficient operation. The fuel cell 702 

never operates at its peak as seen in output graph Figure 10 as the battery is heavily relied 703 

upon first before the fuel cell is used. The optimisation model found a system configuration 704 

with LPSP = 1.0 %, genε  = 59 kgCO2eq, both well below the declared constraints, with an 705 

optimised cost of 213,200 Euro for the whole system. The system device sizes were 10.0 kW 706 

PV, 10 kW wind generator, 0.5 kW diesel generator, 37 kWh battery capacity, 5 kW 707 
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electrolyser size capacity, 4.2 kW fuel cell capacity and 11.0 kg H2 storage. As expected the 708 

system life cost is higher for the optimised system compared to Sharafi and Elmekkawy and 709 

Dufo-López and Bernal-Agustín methods as the hydrogen fuel cell component is geared to be 710 

more utilised with less input from the battery bank and generator. It is observed that the 711 

electrolyser generates hydrogen for a fair part of the year and the fuel cell contributes to 712 

satisfying the deficit load continuously throughout the year. The operational hours of the 713 

generator through out the year are kept at a minimum as well as the battery operational hours. 714 

The LPSP with this arrangement is 1.0% and it is seen that deficit energy occurs towards the 715 

end of the year in Figure 6 and Figure 7. 716 

The results are summarised in Table 3. 717 

 718 

Figure 7: Test Case 4 Annual (1st January 2016 to 31st December 2016) system analysis  719 

 720 

A typical summer (31st January) and winter (31st July) day for daily load, surplus energy and deficit 721 

energy is shown in Figure 7 for the proposed system. On these particular days there is no shown 722 

deficit but surplus energy appears during the day between 9 am and 6 pm on both typical winter and 723 

summer days. 724 
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 725 

Figure 8: Test Case 4 Typical summer (31st January 2016) and winter (31st July 2016) load, deficit and 726 

surplus analysis. 727 
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Table 4: Optimisation output for Case Study 4 728 
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System configuration – PV+wind+battery+electrolyser+hydrogen tank + fuel cell 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
 
User tech constraint : 1.8 [%] 
User economic constraint : Inf [1000 Euro] 
User environmental constraint : 1778.0 [kgCO2eq] 
User socio-political constraint : Inf  
 
Optimisation by Sharafi and  
Elmekkawy [5] 
Reference case SE Case 3 
 

Optimisation by Dufo-López and  
Bernal-Agustín [8] 
Reference case DB Case 3 
 

Proposed optimisation 
Figure 6, Figure 7, Figure 8, Figure 9,  
Figure 10, Figure 11 Figure 12, 
Figure 13, Figure 14,Figure 15, Figure 16 

Best Constraint Optimisation: 
 
LPSP : 0.8 [%] 
NPV: 118. 4[1000 Euro] 

genε :  1128 [kgCO2eq] 
Socio :  0  
 
TEL :  9812 [kWh] 
 
Building load: 1.4×104 [kWh/yr] 
Maximum load: 4.2 kWh 
Minimum load: 0.5 kWh 
Average load: 1.6 kWh 
 
PV generation: 8369.9 [kWh/yr] 
Wind generation: 8642.0 [kWh/yr] 
Battery energy generation: 5805.9  
[kWh] 
Battery discharge hours: 3910.0 [hrs/yr] 
Generator operation: 479.1 [hrs/yr] 
Electrolyser operation: 0.0 [hrs/yr] 
Fuel cell generation: 64.7 [kWh/yr] 
Fuel cell operating hours: 606 [hrs/yr] 
 
Unmet load: 110.1 [kWh/yr] 
Excess load: 3624 [kWh/yr] 
 
 
Best Constraint System: 
 
pv size: 8.0 [kW] 
wind size : 6.5 [kW] 
gen size : 3.0 [kW] 
bat size : 88.7 [kWh] 
elec size : 1.1 [kW] 
fc size : 0.1 [kW] 
H2 size : 4.2 [kg] 
 

Best Constraint Optimisation: 
 
LPSP : 0.8 [%] 
NPV : 186.7 [1000 Euro] 

genε  :  969 [kgCO2eq] 
Socio :  0  
 
TEL :  9812 [kWh] 
 
Building load: 1.4×104 [kWh/yr] 
Maximum load: 4.2 kWh 
Minimum load: 0.5 kWh 
Average load: 1.6 kWh 
 
PV generation:8369.9 [kWh/yr] 
Wind generation: 8642.0 [kWh/yr] 
Battery energy generation: 5759.6  
[kWh] 
Battery discharge hours: 3910.0 [hrs/yr] 
Generator operation: 403.7 [hrs/yr] 
Electrolyser operation: 0.0 [hrs/yr] 
Fuel cell generation: 158.5 [kWh/yr] 
Fuel cell operating hours: 200.0 [hrs/yr] 
 
Unmet load: 113.9 [kWh/yr] 
Excess load: 3624.5 [kWh/yr] 
 
 
Best Constraint System: 
 
pv size: 8.0 [kW] 
wind size : 6.5 [kW] 
gen size : 3.0 [kW] 
bat size : 88.7 [kWh] 
elec size : 4.0 [kW] 
fc size : 3.0 [kW] 
H2 size : 10.0 [kg] 

Best Constraint Optimisation: 
 
LPSP : 1.0 [%] 
NPV :  213.2 [1000 Euro] 

genε  : 59 [kgCO2eq] 
Socio : 0  
 
TEL : 2.4×104 [kWh] 
 
Building load: 1.4×104 [kWh/yr] 
Maximum load: 4.2 kWh 
Minimum load: 0.5 kWh 
Average load: 1.6 kWh 
 
PV generation:1.0×104 [kWh/yr] 
Wind generation:2.1×104 [kWh/yr] 
Battery energy generation: 5614.5  [kWh] 
Battery discharge hours: 3081.0 [hrs/yr] 
Generator operation: 24.6 [hrs/yr] 
Electrolyser operation: 72.0 [hrs/yr] 
Fuel cell generation: 208.7 [kWh/yr] 
Fuel cell operating hours: 169.0 [hrs/yr] 
 
Unmet load: 138.7 [kWh/yr] 
Excess load: 1.7×104  [kWh/yr] 
 
 
Best Constraint System: 
 
pv size : 10.0 [kW] 
wind size : 10.0 [kW] 
gen size : 0.5 [kW] 
bat size : 37.0 [kWh] 
elec size : 5 [kW] 
fc size : 4.2 [kW] 
H2 size : 11.0 [kg] 
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When analysing the proposed system, it is seen from analysis of the energy generation 729 

streams (renewable, battery and fuel cells) that the battery is utilised fairly consistently 730 

throughout the year  but with overall less annual discharge hours (3081 hrs/yr) compared to  731 

[8] (3910 hrs/yr) with use of the fuel cell towards the end of the year (Figure 8). The fuel cell 732 

annual kWh generation (208.7 kWh) is more than in [8] (54.7 to 158.5 kWh). The generator 733 

annual operational hours have decreased drastically from 479.1 and 403.7 hrs/yr to 24.6 734 

hrs/yr. 735 

 736 

Figure 9: Test Case 4 Annual (1st August 2016 to 1st August 2017) renewable output analysis 737 

 738 

The battery is seen to discharge and charge consistently throughout the year. Figure 9 739 

shows annual battery kWh discharge, charge and SOC throughout the simulation and 740 

optimisation period.  741 
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 742 

Figure 10: Test Case 4 Annual (1st August 2016 to 1st August 2017) battery analysis 743 

 744 

A typical summer (31st January) and winter (31st July) day for battery charging, discharging and SOC 745 

is shown in Figure 10 for the proposed system. For the typical days, the battery appears to mainly be 746 

discharging after 7 pm on both typical winter and summer days and be charging in a similar pattern on 747 

both days between 2 am and 9 am.  748 

 749 

Figure 11: Test Case 4 Typical summer (31st July 2016) and winter (31st January 2017)  battery analysis 750 

 751 

The system’s hydrogen generation and hydrogen consumption in the energy system 752 

during the simulation and optimisation period is demonstrated next. Figure 11 shows annual 753 

hydrogen flow from the hydrogen storage tank, fuel cell hydrogen consumption and 754 
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equivalent fuel cell electrical output throughout the simulation and optimisation period for the 755 

proposed system and indicates that there is activity from the fuel cell only towards the end of 756 

the year.  757 

 758 

Figure 12: Test Case 4 Annual (1st January 2016 to 31st December 2016) hydrogen storage discharge 759 

hydrogen flow analysis 760 

 761 

As expected the only time when there is fuel cell electricity generation is when the fuel cell hydrogen 762 

intake occurs, which coinicides with the outflow of hydrogen from the hydrogen tank. For these 763 

typical days the fuel cell is not running.  As estimated the only time the electrolyser consumes 764 

electricity is when it generates hydrogen for storage in the hydrogen tank and a linear correlation is 765 

observed between the level of hydrogen generated by the electrolyser and it’s electrical consumption 766 

(Figure 12). The hydrogen tank is only discharged towards the end of the year. Once the hydrogen 767 

tank reaches a certain level, the electrolyser generates hydrogen.  768 

 769 
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 770 

Figure 13: Test Case 4 Annual (1st August 2016 to 1st August 2017)  hydrogen storage charge hydrogen 771 

flow analysis 772 

 773 

A typical summer (31st July) and winter (31st January) day for electrolyser hydrogen production, 774 

hydrogen storage level and electrolyser consumption is shown in Figure 13 for the proposed system. It 775 

appears from these typical winter and summer days that hydrogen remains the same in the hydrogen 776 

tank with no generation from the electrolyser.  777 

 778 

Figure 14: Test Case 4 Typical summer (31st July 2016) and winter (31st January 2017) hydrogen storage 779 

charge analysis 780 

It is seen from Figure 14 that the objectives converge as the PSO search function 781 

searches through the search space for an optimised system with the set out economic 782 
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weighting and technical and environmental constraint. The Figure 15 Ec vs Env and Tech vs 783 

Ec respectively for an economic weighting is of particular interest as it shows the interaction 784 

between the emission and NPV and LPSP and NPV respectively. As expected the higher the 785 

NPV cost, the lower the LPSP value and the higher the NPV value the higher emission cost. 786 

The bottom right figure Tech vs Ec vs Env in Figure 16 incorporates the environmental 787 

objective as a 3D view to show the interaction between the technical, economic and 788 

environmental objective in its entirety. 789 

 790 

Figure 15: Test 4A - Individual objectives for case study 4 for 100% economic NWCMO with user 791 

constraints 792 

 793 

Figure 16: Test 4A - 2D multi objectives for case study 4 for 100% economic NWCMO with user 794 

constraints 795 
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 796 

Figure 17: Test 4A - 3D multi objectives for case study 4 for 100% economic NWCMO with user 797 

constraints 798 

 799 

To demonstrate optimisation of a system with four objectives simultaneously and to 800 

show the significance of the socio-political objective, suppose a local negative perception 801 

exists towards diesel generators due to emissions, capital outlay and maintenance concerns. 802 

The project should instead demonstrate a clear reliance on electrolysers, fuel cells and 803 

hydrogen tanks whilst being backed up by batteries for three days autonomy to be perceived 804 

as more sustainable locally. Consequently the categories Aesthetics, Hazard, Local 805 

environmental impact and Renewable Factor lead to an unacceptable public and political 806 

acceptance whenever a system shows a high reliance on diesel generators. The LPSP and 807 

emission constraints still remain at the set out boundaries. The model was configured using 808 

the socio-political index to eliminate generators and increase the hydrogen component whilst 809 

adjusting remaining device size ranges to maintain the emission limits with little emphasis on 810 

supply reliability. An optimisation test was carried out to maintain the LPSP and emission 811 

limit, whilst eliminating the diesel generator, introduce a 3 day battery backup and lean more 812 

on the hydrogen fuel cell component. A balance had to be struck between the sizes of the 813 

renewables versus hydrogen storage to ensure that the fuel cell and electrolyser operated 814 
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enough hours throughout the year to demonstrate the hydrogen fuel cell component. The 815 

result was an LPSP of 1.0%, 0 kgCO2eq, a system cost of 234,148 Euro, equivalent to 10.0 816 

kW PV, 10.0 kW wind, 111 kWh battery , 4.2 kW fuel cell, 5.0 kW electrolyser and 11.0 kg 817 

H2. As expected, a higher input of hydrogen and its constituent components, plus a 3 day 818 

battery backup eliminates the need for a diesel generator. The emissions are 0 kgCO2eq as 819 

only diesel generator emissions are considered in Case Study 4 to emulate SE Case Study 3 820 

and DB Case Study 3. A more appropriate way of analysing an energy system’s footprint is 821 

to analyse the total system emissions. Despite the high system cost, the system would serve 822 

as a good pilot study for the integration of hydrogen storage in renewable energy systems.  823 

The results are summarised in Table 4. 824 

  825 
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 826 
 827 

Table 5: WNCMO minimisation for case study 4 828 

System configuration – PV+wind+battery 
+electrolyser+hydrogen tank + fuel cell 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
User tech constraint : 1.8 [%] 
User economic constraint : Inf [1000 Euro] 
User environmental constraint : 1778.000 [kgCO2eq] 
User socio-political constraint : 10 [kWh] 
Proposed optimisation 
 
Best Optimisation: 
 
LPSP : 1.0  [%] 
NPV :   234.1 [1000 Euro] 

genε   : 0  [kgCO2eq] 
Socio : 6.9   
 
TEL: 1.9×104 [kWh] 
 
Building load: 1.4×104 [kWh/yr] 
Maximum load: 4.2 kWh 
Minimum load: 0.5 kWh 
Average load: 1.6 kWh 
 
 
PV generation:1.0×104  [kWh/yr] 
Wind generation: 2.1×104.0 [kWh/yr] 
Battery energy generation: 5694.6  [kWh] 
Battery discharge hours: 3081.0 [hrs/yr] 
Generator operation: 0.0 [hrs/yr] 
Electrolyser operation: 33.0 [hrs/yr] 
Fuel cell generation: 191.4 [kWh/yr] 
Fuel cell operating hours: 164.0 [hrs/yr] 
 
Unmet load: 140.0 [kWh/yr] 
Excess load: 1.7×104  [kWh/yr] 
 
Best Constraint System: 
 
pv size : 10.0 [kW] 
wind size : 10.0 [kW] 
gen size :  0 [kW] 
bat size :  111 [kWh] 
elec size : 5.0 [kW] 
fc size : 4.2 [kW] 
H2 size : 11.0 [kg] 
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 829 
 830 
7 Summary and Conclusions 831 

This paper has provided an outline of a new method for simulation and optimisation of 832 

hybrid renewable energy systems using a Normalised Weighted Constrained Multi Objective 833 

Meta heuristic search technique which takes into account technical, economic, environmental 834 

and socio-political objectives concurrently in a weighted fashion with a constraint capability.  835 

Case Study 4 demonstrated several key issues when integrating electrolysers, fuel cells 836 

and hydrogen storage tanks in that adequate surplus energy must be available to run the 837 

electrolyser, the fuel cell must be adequately sized for the load or the deficit load will rely too 838 

much on generators to fill the gap and hydrogen storage tanks must be adequately sized to 839 

increase supply reliability. The socio-political objective was introduced to demonstrate a 840 

certain social and political stance for a higher reliance on hydrogen fuel cells. As expected 841 

the emissions were eliminated as battery backup and hydrogen storage needed to be increased 842 

significantly to uphold the supply reliability to the detriment of the project cost. 843 

It should be noted that the environmental objective proposed by Sharafi and 844 

Elmekkawy [5] concerned only the diesel emissions from the diesel generator in operation 845 

whilst all other device emissions resulting from production and shipment to site were ignored. 846 

In the proposed optimisation model, the environmental objective utilises a cradle- to-grave 847 

approach which would more realistically look at all components and their emissions during 848 

manufacturing, transportation and deployment. This approach would be the only objective 849 

way to look at renewable energy systems as a whole.  850 

The presented optimisation technique is a versatile tool in that it is able to analyse and 851 

optimise any energy system and is able to tailor the result to suit a particular project’s 852 

emphasis on specific factors or include user constraints which will force the system to be 853 

optimised to suit the individual set out constraints.  854 
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5 Solar battery and hydrogen fuel cell storage energy system – Sir 

Samuel Griffith Centre Case Study 

5.1 Optimisation overview 

The flexible optimisation and simulation model implemented by Eriksson and 

Gray in 4 [11]  has been adopted in this chapter to analyse and optimise an existing 

large solar installation with battery and fuel cell hydrogen storage in Australia. Inputs to 

the model are PSO parameters, technical and economic user constraints, weight 

constraints and objective parameters, simulation period, device system configuration, 

weather data and load data in [11]. The proposed optimisation strategy in [11] evaluates 

multiple objectives concurrently( technical and economic) by running a Normalised 

Weighted Constrained Multiple Objective fitness function . Constraints applicable for 

each objective as well as lower and upper bound limits for physical devices such as 

battery SOC and hydrogen storage levels are initialised at start up. When the 

optimisation model searches for a device system configuration, it does so by using the 

model’s PSO algorithm and various mathematical models for PV, battery, fuel cell, 

electrolyser and hydrogen modelling detailed in [11]. A dependability test via the 

system’s Total Energy Lost (TEL) is analysed at the end of the optimisation.  

This chapter outlines a case study where the proposed search function has been 

applied to analyse and optimise a hybrid PV, battery, hydrogen energy system at 

Griffith University, Nathan Campus, Brisbane, Queensland, Australia. Section 1 gives 

an overview of the optimisation strategy; Section 2 gives a background of Sir Samuel 

Griffith Centre (SSGC). Section 3 outlines the hybrid renewable energy system, Section 

4 details its energy components, Section 5 outlines and discusses various simulated and 
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optimised tests on SSGC, Section 6 provides an overall discussion. Finally, section 7 

concludes the case study chapter. 

5.2 Background 

An education and research building, known as Sir Samuel Griffith Centre 

(SSGC), was completed in 2013 on Griffith University’s Nathan campus in Brisbane, 

Queensland, Australia. A segregated space in the building contains a hydrogen fuel cell, 

a space which accommodates both research and demonstration activities and serves as 

an innovative facility with focus on hydrogen technology research. The building has 

been required to achieve a six (6) Green Star Design and As Built rating under the 

Green Building Council of Australia’s (GBCA) rating tool for Education Buildings. 

Green Star is a comprehensive, national voluntary system which evaluates the 

environmental design and construction of buildings, following a set of key criteria in a 

wide range of categories. The building has been constructed over six levels where the 

lower two levels consists of large and small seminar rooms and a 220 seat lecture 

theatre. The upper four levels include offices, meeting rooms and collaboration zones. 

The multipurpose lecture facilities have capacity for 200 students.  

The customised solar panelled glass façade has a multi-purpose function of 

generating its own electricity whilst at the same time providing transparency into its 

skeletal steel structure. The glazing with its large window frames, few internal walls and 

glazed partitions reduces the need for artificial lighting and feature energy-efficient low 

E coated glass units which enables internal heat gains to remain low. The main building 

materials used are glass, aluminium, concrete, steel, bricks and fibre-cement sheeting. 

As part of Green Star initiatives, approximately 30% of the building material is 

constructed from recycled material and 65% of the steel installed products are from 

recycled material.  
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The air conditioning services for SSGC is provided by means of chilled water, 

where chilled water is generated by night and stored in a 750 klitre insulated storage 

tank. Natural ventilation is designed for by means of an opening on both sides of the 

western and eastern façade, which creates a steady cross ventilation throughout the 

common areas consisting of verandas, collaboration spaces and corridors. Energy 

outputs from electrical services have been minimised through energy efficient LED 

lighting, smart power controls as well as low wattage computing solutions. 

5.2.1 Hybrid energy system control strategy 

A key challenge with renewable energy is the widely covered unpredictability of 

energy availability as it varies according to season, so for the building to be self-

sufficient, it needs to handle times when PV generation is not available. The load will 

be satisfied by electricity generated from a solar resource when there is enough solar 

irradiation to handle the full demand. Once the load has been satisfied and there is 

surplus energy remaining, the battery will be charged to its maximum level or the 

available surplus energy level. If the battery has been charged to its maximum level and 

there is surplus energy remaining, then the electrolyser will be turned on to generate 

hydrogen for storage in the hydrogen tank. When there is a deficiency in the solar 

energy generation, the battery capacity will satisfy the deficit load until it has reached 

its minimum SOC .If the battery can’t satisfy the full residual load, then the fuel cell 

will satisfy the remainder by extending the battery provided there is enough hydrogen to 

do so in the hydrogen tank. If the fuel cell cannot satisfy the load then the remainder of 

the load will be recorded as deficit.  
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Figure 1: Simplified block diagram of SSGC 

 

 

The stand-alone power system only uses the main electricity grid as an auxiliary 

source during times of peak demand coverage and system unavailability. Scenarios 

where this could occur may be during high peak daily demands, switching between 

different energy sources, intermittency of solar, malfunction of the energy system, low 

hydrogen storage and start-up of mechanical rotating machines such as chillers. In a 

remote community the luxury of a grid connection may not be available and diesel 

generators or/and renewable energy supplies for instance would solely have to be relied 

on. As Sir Samuel Griffith Centre is situated in suburbia with a large foot print, has a 

high and frequent occupancy rate and is almost fully air conditioned, it seems 

appropriate to have a grid connection for research purposes in this pilot project. For the 

intents and purposes of this study, it is assumed that the grid is non-existent as the 

purpose of the innovation facility is to completely take the building off grid. It must be 

emphasized that the purpose of the innovation facility at SSGC is to highlight and 

progress hydrogen technology, hence the preference of hydrogen au lieu of more 

established storage mechanisms such as battery storage.  
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Figure 2: Detailed block diagram of SSGC 

In the current installation arrangement the battery banks are segregated into two  

almost completely separate systems. One bidirectional inverter feeds half of the   

 

batteries connected to one fuel cell. This set up means that if one fuel cell goes  

off line, then half of the storage is lost too. The fuel cell is only connected to the 

battery system and functions as a battery extension as the fuel cells cannot feed the 

building directly (Figure 2). The fuel cells must feed electricity through the DC bus and 

the bi directional inverter.  When there is not enough battery capacity, the fuel cells 

(fuel cell 1 and fuel cell 2) turn on and feed a constant supply to DC board 1 and DC 

board 2 respectively. The intent of the fuel cells are to support the batteries once they 

attain low levels to extend the battery life. Fuel cells historically are not designed for 

changing their output fast and work best when they are turned on to run at a consistent 
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load. Fuel cells can be ramped but they do not fare well during instantaneous changes. 

The intent of the system is that once the batteries reach a critical SOC point, the system 

ramps up the fuel cells and provide base generation from the fuel cells and the batteries 

deal with the peak demands and jitter.  

Weather data in the form of solar radiation and ambient temperature has been 

extracted from actual sensors on the building for a set simulation period. The building 

load of the education facility has also been extracted from a BMS metering system 

linked to a CoreSight web system for real time monitoring.  

5.3 Energy system components 

5.3.1 PV 

The centre is fitted with a total of 1164 solar panels (380.6 kWp), covering the 

roof and awnings and are installed north facing matching the latitude of Brisbane. 912 

PV modules (298.2 pkW ) are installed on the roof on a single 15° pitch and three 37° 

façade shades totalling 252 PV (82.4 pkW  ) modules . The PV panels on the roof have 

been installed in string arrangements of 12 PV panels per string. Two 160 kW inverters 

have been installed with one inverter controlling a total of 456 PV panels from 38 

strings per inverter. Each awning consists of 2 x 15 kW inverters with an inside row of 

PV panels connected to one inverter and an outside row of PV panels connected to the 

other inverter. Each inverter has about four strings of up to 11 PV panels connected in 

series.  

Only awnings above levels 0, 1 and 2 on the northern façade are populated with 

PV panels, as the shade above level 3 is too shaded by the roof overhang for worthwhile 

annual energy generation. Shading of the lower level awnings occurs in summer but not 
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in winter and this is observed as the best time for shading to occur as PV generation is 

naturally more in summer.  

Photovoltaics provide Direct Current (DC) and inverters are used to convert the 

DC current to Alternating Current (AC) current for building loads. Whenever the 

photovoltaic panels generate more power than the building needs, a second bi 

directional inverter takes that excess energy and charges a bank of batteries. The bi 

inverter also converts electricity produced by the hydrogen fuel cells. 

5.3.2 Batteries 

Batteries are important because fuel cells last longer when operating at constant 

load, whereas the building's power needs fluctuate constantly. The use of batteries to 

handle regular and peak power demands reduces fuel cell run time hours, start-up and 

shut down occurrences, and their exposure to rapid power fluctuations. The use of 

batteries to handle peak power demands may extend fuel cell lifetime and improve their 

efficiency. The battery bank acts as a short term energy storage system to provide 

quality power by smoothing out the power delivered during switching times (one to two 

seconds) between different generating sources and fluctuations in the solar resource. 

When the batteries are fully charged excess solar power is used to generate hydrogen. 

The batteries power an electrolyser which via water electrolysis produces hydrogen. 

Total capacity of battery cells sums up to 1311 kWh with 1024 lithium ion cells 

arranged in 4 x 2 parallel strings (128 cells @ 400 volts nominal per string). A custom 

battery rack frame cater for the batteries and are mounted with a backstop and a barrier 

between the rows of batteries with a duct for battery monitoring [12].  
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5.3.3 Electrolysers 

An electrolyser uses electricity to produce hydrogen gas from water electrolysis. 

As hydrogen is generated it is piped to a purifying unit and then onto a custom made 

storage system. The electrolyser produces hydrogen gas and delivers it at the correct 

supply rate and pressure for storage.  

Alkaline electrolyser cells are designed for relatively continuous and steady 

operation. Rapid start-ups or increase of loads as well as repeated start up/shut down 

cycles may have significant impact on the lifetime of an electrolyser. The electrolyser is 

currently a standalone alkaline electrolyser with its own proprietary cooling system 

consisting of dry coolers and only requires electricity to generate hydrogen. The energy 

density of hydrogen is based on its lower heating value (LHV) of 33.3kWh/kg . Typical 

electrolysers state a peak efficiency of 61% (Hydrogenics) (excludes secondary coolant 

loop) [13]. This means that electricity consumption will be at a rate of around

35.47 kWh/Nm . 

5.3.4 Hydrogen tank 

Hydrogen when stored in a metal hydride system has high energy density storage 

and is not subject to self-discharge, assuming leakage can be kept to near zero. 

Releasing hydrogen from storage at a certain rate is done by heating the metal hydride 

to a certain temperature [14]. Hot water storage ensures that heat is always available to 

kick start the release of hydrogen from the hydrogen tank. The release of hydrogen gas 

at the right pressure from storage requires application of heat at temperatures between 

80°C and 100°C. The reverse process of removing heat from the hydrogen storage tank 

enables the hydrogen tank to be filled with 99.99% pure hydrogen [14].  
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Hydrogen is stored in solid form as metal hydride (MH) which is a safe and an 

efficient way to store large quantities of energy. Metal hydride material technology is 

contained in special metal alloy storage heat exchange cylinders and stores the hydrogen 

gas in solid form. A unique vacuum technology melts rare-earth metals (Ti, Zr, Fe) and 

transition metals into so called AB5 type alloys which are able to absorb hydrogen by 

forming solid metal hydrides at a certain temperature(-20°C to +60°C) and at certain 

hydrogen pressures [14]. The specified hydrogen storage material at SSGC is an AB5 

type alloy with altered composition developed by industry in conjunction with Griffith 

University. The metal alloy was developed with a slightly different composition by 

raising its pressure in order to suit the selection of fuel cell at SSGC. The hydrogen 

storage is made of high quality 316 stainless steel due to its high strength, high heat 

resistance and excellent corrosion resistance.  

A regulator ensures that the hydrogen pressure is at the correct level once  

hydrogen leaves the hydrogen tank. 

5.3.5 Fuel cells 

The PEM fuel cell is modular to any size, has a high efficiency, is suitable for use 

with pure hydrogen, has relatively low maintenance requirements and is steady state 

with instantaneous output. Hydrogen is the primary fuel for an array of proton exchange 

membrane (PEM) fuel cells, to power the building load during times of intermittent 

solar resource and off sun periods. When SSGC requires power, hydrogen is released 

from storage and fed into PEM fuel cells that generate DC electricity.   

PEM fuel cells are designed for relatively continuous and steady operation. Rapid 

start-ups or increase of loads as well as repeated start up/shut down cycles may have 

significant impact on the lifetime of a fuel cell. A scenario may occur where some fuel 

cells are operating at full load and others at part load or are in standby mode. 
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Because the fuel cells are not 100% efficient they produce waste heat whenever 

they use hydrogen to generate electricity. A dedicated dry cooling system is connected 

to the fuel cell for optimum operating conditions.  

5.3.6 Data acquisition and safety measures 

Sensors and smart meters have been installed to record a wide range of inputs for 

all building services and renewable energy operating parameters and demonstrate how 

well the system is operating and how the building is able to stay off grid. Meters 

installed for the energy system include solar electricity flows, hydrogen flows, rate of 

consumption of hydrogen, amount of hydrogen in storage and pressure of hydrogen gas 

and are installed at each PV and battery bi directional inverter, fuel cell and electrolyser 

output. Off the radiation sensor, a Fenix contact unit has been installed which uses Hall 

Effect to measure the current and voltage directly.   

A solar powered weather station with battery backup has been installed which 

records dry and wet bulb temperature (°C), relative humidity (%), dew point 

temperature (°C), barometric pressure (kPa), rain fall (mm), wind speed (m/s) , diffused 

and global solar radiation ( 2watt/m ). All data is stored in a database and is able to be 

accessed through Sir Samuel Griffith Centre’s metering system OsiSoft and PI Data 

link.  

5.4 Case studies 

The existing energy system in its current installed configuration  has been outlined 

in Case Study 1 (Test Case 13, Test Case 10, Test Case 11 and Test Case 14) with 

various initial configurations for preliminary design building load, estimated PV 

inverter output, modelled PV inverter output and actual PV inverter output.  
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The economic objective, initial total system capital outlay (TPV) is ignored for the 

tests carried out in Case Study 1 as the system is existing. In Case Study 2 the TPV only 

considers additional device sizes.  

Case Study 2 (Test Case 12 , Test Case 15 Test 1, Test 2, Test 3) explores various 

different device sizes to achieve a better supply reliability by varying the device sizes 

through the PV model, battery bank, fuel cell, electrolyser and hydrogen storage. The 

focus of the optimisation is to improve the supply reliability to at or below a certain 

LPSP.  As part of this study, the building load including the parasitic loads will be used 

to optimise the energy system until the parasitic loads have been rectified.  The 

economic objective is total initial system capital cost (TPV) of additional components 

and ignores the existing system devise sizes as they have already been purchased. 

Costings used in the optimisation have been outlined in Table 5 and originate from the 

project costs and costings extrapolated from systems worldwide during the same 

acquisition period.  

Case Study 1 uses the original control strategy for the electrolyser where 100% 

full electrical consumption is required before the electrolyser starts to generate 

hydrogen. Case Study 2 uses an amended control strategy for the electrolyser where 

25% of the full electrical consumption is necessary before the electrolyser starts to 

generate hydrogen. 

Typical system losses [15] (soiling 2%, mismatch 2%, wiring 2%, connections 

0.5%, light induced degradation 1.5%, nameplate rating 1%, availability 2.42%) of 

11.42% are applied for all system optimisation with an actual PV inverter efficiency of 

90% for the roof inverters for Case Study 1. In Case Study 2 better efficiency PV 

inverters are reviewed in Test Case 15 Test 3.  
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The particular model and size of each original system component at SSGC has 

been outlined in Table 1. 

Table 1: SSGC’s case study component characteristics.  

 

 

 

 

 

 

 

 

 

 

 

 

5.5 Case Study 1 

A study was undertaken to analyse the current system in its initial configuration 

using real metered building load and actual local metered solar radiation. The 

temperature and wind speeds were at the time not available from the weather station and 

have hence been estimated for a whole year based on daily BOM data from the region. 

(Figure 3, Figure 4).  

Typical system losses [15] of 11.42% are applied with an actual PV inverter 

efficiency of 90% for the roof inverters.  

Device  
component 

Description  Size 

PV Thin film Sunpower 327W 
panels,  
20.1% efficiency 

Roof 
912 PV panels  
298.2 kWp 
 
Awnings 
252 PV panels 
82.4 kWp 
 
Total 
1164 PV panels, 
380.6 kWp 
 

PV inverter Thycon 160 kW PV inverter 2×60 kW  
(per PV string  
on roof) 

Battery 
inverter 

Thycon 200 kW bi-directional 
inverter 

2×200 kW  
(per battery 
bank) 

Battery Sinopoly Li-ion SP-LFP4000AH 
 lithium ion 

1024 cells 
1311 kWh 

Electrolyser Hydrogenics HyStat 30+  
alkaline electrolyser.  
Maximum pressure set to 10 barg.   

160 kW 
(200 kWp) 

Fuel cells Hydrogenics HyPM 2 x 30 kW 
Hydrogen 
tank 

HBank (initial )  
Japan Steelworks (final) 

12 kg  
120 kg 
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In Case Study 1 the electrolyser capacity is set to 100% mimicking current control 

settings at SSGC and signifies that hydrogen will be generated once 100% of the full 

electrolyser electrical consumption is available.  

 

Figure 3: Annual (1st January 2016 to 31st December 2016) solar, temperature and wind at SSGC  

 

A typical summer (31st January) and winter (31st July) day for daily PV, wind and 

total renewable output is shown in Figure 4. The solar radiation on the typical winter 

and summer day displays a normal bell curve pattern. 
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Figure 4: Typical summer (31st January 2016) and winter (31st July 2016) solar, temperature and 

wind at SSGC 

 

Preliminary early design modelling of the PV system was estimated by the design 

team to a total of 597,783 kWh (486,772 kWh from PV roof inverters and 111,011 kWh 

from PV awnings inverters). An analysis was carried out of the PV system using the 

proposed PV model by Eriksson and Gray [11] taking into account the tilt of the roof 

and awning PV panels as well as the shading of the awning panels and was calculated to  

541,358 kWh (454,358 kWh from PV roof inverters and 87,150 kWh from PV awnings 

inverters) (Figure 5, Figure 6).  
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Figure 5: Annual and daily (1st January) PV inverter output model by Eriksson and Gray  

 

A typical summer (31st January) and winter (31st July) day for daily estimated 

renewable output power is shown in Figure 6.  

 

Figure 6: Typical summer (31st January 2016) and winter (31st July 2016) from PV inverter output 

model by Eriksson and Gray 
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The actual PV inverter output measured in 2016 from the metering system is 503,733 kWh 

(423,536 kWh from PV roof inverters and 80,196 kWh from PV awnings inverters) (Figure 7, 

Figure 8).  

 

 

Figure 7: Annual (1st January 2016 to 31st December 2016) actual total PV inverter output 

 

A typical summer (31st January) and winter (31st July) day for daily actual 

renewable output power is shown in Figure 8. 
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Figure 8: Typical summer (31st January 2016) and winter (31st July 2016) actual total PV inverter 

output 

The estimated PV model by Eriksson and Gray takes into account system losses 

(11.4%) and measured inverter efficiency losses (90-91%).  It is found that that the 

actual total PV inverter output is 18.7% less than the preliminary estimate and 7.5% less 

than the PV model output by Eriksson and Gray. The actual roof PV inverter output is 

14.9% less than the preliminary estimate and 7.3% less than the PV model output by 

Eriksson and Gray whilst the actual awning PV inverter output is 38.4% less than the 

preliminary estimate and 8.7% less than the PV model output by Eriksson and Gray 

(Table 2). 

Table 2: PV inverter comparison output 

 

 

The difference in output is most likely due to the high temperatures observed at 

the PV panels as there is not enough air flow underneath the PV panels to cool them 

down. Case Study 1 uses the true PV inverter output rather than the estimated PV 

Initial PV [kWh] PV model 
[kWh]

Actual PV output 
[kWh]

Initial PV inverter output compared 
with actual PV inverter output [%]

PV model inverter output compared 
with actual PV inverter output [%]

Roof 486,772.0 454,358.0 423,536.0 14.9% 7.3%
Awning 111,011.0 87,150.0 80,196.6 38.4% 8.7%
Total 597,783.0 541,508.0 503,732.6 18.7% 7.5%
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inverter output for analysis of the current energy system whilst Case Study 2 utilises the 

estimated PV model by Eriksson and Gray to explore larger PV systems.  

A technical objective  LPSP was adopted as parameters [11] in Case Study 1 for 

analysis purposes whilst economic objective TPV and system emissions sysε  are ignored 

as the system is already installed and paid for. 

Initially the model was run using the initial configuration with the preliminary 

design building load, which was 469,175 kWh with a min, max and average hourly 

annual load of 12.8, 186.4 and 53.6 kWh respectively. Using the early PV design 

inverter output and the early design building load, the LPSP achieved 5.3%.  It was 

observed that the supply reliability LPSP was worsened to 6.4% and 10.6% with 

estimated PV inverter output and actual PV inverter output (Figure 9, Figure 10) 

respectively.   

 

Figure 9: Test Case 13 – Annual (1st January 2016 to 31st December 2016) system analysis with 

preliminary design load and actual PV inverter output 
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A typical summer (31st January) and winter (31st July) day for daily load, deficit and surplus 

energy is shown in Figure 10. It is seen that for a typical summer day deficit energy occurs 

before 7 am with surplus energy occurring between 12 and 5 pm on a typical winter day.  

 

 

Figure 10: Test Case 13 - Typical summer (31st January 2016) and winter (31st July 2016)  system 

analysis with initial building load and actual PV inverter output 

 

The simulation model was then configured and analysed using the real metered 

building load from 2016 of 691,961.6 [kWh] with a max, min and average hourly load 

of 194.5, 18.0 and 80.0 kWh respectively. It is observed that the actual building load is 

47% higher than the estimated building load and results in an LPSP of 32.7% (Figure 

11, Figure 12). 
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Figure 11: Test Case 10 - Annual (1st January 2016 to 31st December 2016) system analysis with 

actual building load and actual PV inverter output 

 

A typical summer (31st January) and winter (31st July) day for daily load, deficit and surplus 

energy is shown in Figure 12. It is seen that for a typical summer day deficit energy occurs 

before 7 am with surplus energy occurring between 12 and 4 pm on a typical winter day. 

 

Figure 12: Test Case 10 - Typical summer (31st January 2016) and winter (31st July 2016)  system 

analysis with actual building load and actual PV inverter output 

 

Refer simulation output Table 3. 
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Table 3: Simulation output with actual building loads 

Current system configuration  analysis – PV+battery+electrolyser 
+hydrogen tank + fuel cell 
 
Weighting: 
 
Technical weighting : 100 % 
Economic weighting : 0 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
User Constraint Optimisation: 
 
User tech constraint : Inf [%] 
User economic constraint : Inf [1000 USD] 
User environmental constraint : Inf [TCO2eq] 
User socio-political constraint : Inf  
 
Simulation with preliminary design building load 
and actual PV inverter output 
Test Case 13 
Figure 9, Figure 10, Figure 13, Figure 14, 
 Figure 15, Figure 16, Figure 17, Figure 18 

Simulation with actual building load  
and actual PV inverter output 
Test Case 10 
Figure 11, Figure 12,  
Figure 9, Figure 10, Figure 13, Figure 14,  
Figure 15, Figure 16, Figure 17, Figure 18 

Optimisation output: 
 
LPSP : 10.5 [%] 
TPV:   N/A  [$ USD] 
 sysε  :  N/A [TCO2eq] 
Socio : 0.0  
 
TEL : 2.5x105 [kWh] 
 
Building load: 4.7x105 [kWh/yr] 
Maximum load: 186.4 kWh 
Minimum load:12.8 kWh 
Average load: 53.6 kWh 
 
PV inverter  generation: 5.0x105 [kWh/yr] 
Roof PV inverter generation: 4.2x105 [kWh/yr] 
Awning PV inverter generation: 8.0x104 [kWh/yr] 
 
Wind generation: 0 [kWh/yr] 
Battery energy generation: 1.6x105 [kWh] 
Battery discharge hours: 6865 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 0 [hrs/yr] 
Fuel cell generation: 239.3 [kWh/yr] 
Fuel cell operating hours: 8.0 [hrs/yr] 
 
Unmet load: 4.9x!04 [kWh/yr] 
Excess load: 5.2x104  [kWh/yr] 
 
 
Best User Constraint  
System Configuration: 
 
pv size : 380.6.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 1310.0 [kWh] 

Optimisation output: 
 
LPSP : 32.7 [%] 
TPV :   N/A  [$ USD] 
 sysε  :  N/A [TCO2eq] 
Socio : 0.0  
 
TEL : 2.3x105 [kWh] 
 
Building load: 6.9x105 [kWh/yr] 
Maximum load: 194.3 kWh 
Minimum load:18.0 kWh 
Average load: 80.0 kWh 
 
PV inverter  generation: 5.0x105 [kWh/yr] 
Roof PV inverter  generation: 4.2x105 [kWh/yr] 
Awning PV inverter generation: 8.0x104 [kWh/yr] 
 
Wind generation: 0 [kWh/yr] 
Battery energy generation: 1.9x105 [kWh] 
Battery discharge hours: 9098 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 0.0 [hrs/yr] 
Fuel cell generation: 223.4 [kWh/yr] 
Fuel cell operating hours: 5.0 [hrs/yr] 
 
Unmet load: 2.3x105 [kWh/yr] 
Excess load: 8534.5  [kWh/yr] 
 
 
Best User Constraint  
System Configuration: 
 
pv size : 380.6.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 1310.0 [kWh] 
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5.5.1 Test Case 13 current SSGC configuration: preliminary building load  

Test Case 13 analyses the current system configuration using preliminary building 

load and actual PV inverter output from the roof and awnings in its current system 

configuration. The electrolyser utilisation is mimicking the actual control diagram 

where 100% of the full electrolyser electrical consumption is required before the 

electrolyser generates hydrogen. 

The total output from renewable, battery and fuel cells for a whole simulation 

period is shown in Figure 13. It is observed that the fuel cell is only generating 

electricity for a short burst at the beginning of the year.  

 

Figure 13: Test Case 13 - Annual (1st January 2016 to 31st December 2016) power output analysis 

 

The total output from battery discharge, charge and SOC for a whole simulation period 

is shown in Figure 14. 

elec size : 160.0 [kW] 
fc size : 60.0 [kW] 
H2 size : 12.0 [kg] 
 

elec size : 160.0 [kW] 
fc size : 60.0 [kW] 
H2 size : 12.0 [kg] 
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Figure 14: Test Case 13 - Annual (1st January 2016 to 31st December 2016) battery analysis 

 

A typical summer (31st January) and winter (31st July) day for daily battery discharge, charge 

and SOC output is shown in Figure 15. The battery appears to be discharging after 6 pm on a 

typical summer day and discharge before 7 am and after 6 pm onwards on a typical winter day. 

The battery charges between 8 am and 4 pm on a typical summer day and charges between 8 am 

and 11 am on a typical winter day.  

 

 

Figure 15: Test Case 13 - Typical summer (31st January 2016) and winter (31st July 2016) daily 

battery analysis 
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The total output from hydrogen outflow from hydrogen storage, fuel cell hydrogen 

intake and fuel cell electrical output for a whole simulation period is shown in Figure 

16. It is seen that the fuel cell only generates electricity for a short period in the 

beginning of the year until the hydrogen in the hydrogen tank is depleted due to the 

electrolyser’s inability to generate hydrogen.   

 

Figure 16: Test Case 13 - Annual (1st January 2016 to 31st December 2016) hydrogen storage 

discharge analysis 

 

It is seen that for a typical summer (31st January) and winter (31st July), the fuel 

cell does not generate any electricity as there is not enough released hydrogen in the 

hydrogen tank. The total hydrogen generation from the electrolyser, hydrogen storage 

and electrolyser electrical consumption for a whole simulation period is shown in Figure 

17. This reinforces that there is not enough surplus electricity to generate hydrogen via 

electrolysis by the electrolyser, hence the fuel cell is only able to run for a short period 

at the start of the year. 
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Figure 17: Test Case 13 - Annual (1st January 2016 to 31st December 2016) hydrogen storage 

charge analysis 

 

A typical summer (31st January) and winter (31st July) day for electrolyser hydrogen generation, 

hydrogen storage level and electrolyser electrical consumption output is shown in Figure 18. 

The close examination of these typical days confirms that neither the electrolyser nor fuel cell 

are utilised properly in the hydrogen fuel cell component of the energy system.  

 

 

Figure 18: Test Case 13 - Typical summer (31st January 2016) and winter (31st July 2016) daily 

hydrogen storage charge analysis 
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5.5.2 Test Case 10 current SSGC configuration: actual metered building load  

Test Case 10 analyses the current system configuration using actual metered 

building load and actual PV inverter output from the roof and awnings in its current 

configuration. The electrolyser utilisation is mimicking the existing control diagram 

where 100% of the full electrolyser electrical consumption is required before the 

electrolyser generates hydrogen. 

The total output from renewable, battery and fuel cells for a whole simulation 

period shows the same behaviour as in Figure 13.The total output from battery 

discharge, charge and SOC for a whole simulation period shows parallel patterns as in 

Figure 14 where the fuel cell only generates electricity at the start of the year. A typical 

summer (31st January) and winter (31st July) day for daily battery discharge, charge and 

SOC shows comparable output patterns as Figure 15 where the battery appears to be 

discharging after 6 pm on a typical summer day and discharge before 7 am and after 6 

pm onwards on a typical winter day. The battery charges between 8 am and 4 pm on a 

typical summer day and charges between 8 am and 11 am on a typical winter day.  

The total output from hydrogen storage hydrogen outflow, fuel cell hydrogen 

intake and fuel cell electrical output for a whole simulation period shows similar 

patterns to Figure 16 where it is seen that the fuel cell only generates electricity for a 

short period in the beginning of the year until the hydrogen is depleted in the hydrogen 

storage. This outcome is reinforced by closer examination of typical day plots.  The 

total output from electrolyser hydrogen outflow, hydrogen storage level and electrolyser 

electrical consumption for a whole simulation period is similar to Figure 17 where the 

same behaviour by the electrolyser is observed where no hydrogen is being generated. A 

typical summer (31st January) and winter (31st July) day for electrolyser hydrogen 

generation, hydrogen storage level and electrolyser electrical consumption output is 
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similar to Figure 18 and shows the same lack of activity by the electrolyser for both 

typical days.  

5.5.3 Test Case 14 current configuration: actual metered building load (including all 

parasitic loads)  

Test Case 14 analyses the current system configuration using actual metered 

building load including all parasitic loads and actual PV inverter output from the roof 

and awnings. The electrolyser utilisation mimics the actual control diagram where 100% 

of the full electrolyser electrical consumption is necessary before the electrolyser 

generates hydrogen. The real metered building load including parasitic loads from the 

PV inverters and parasitic loads from fuel cells and electrolysers, due to cooling systems 

and parasitic control loads from the bi directional battery management component, 

totals 731,469.6 [kWh] with a max, min and average hourly load of 204.3, 1.18 and 83.5 

kWh . From the Building Management System (BMS) system it is observed that the PV 

inverters installed for the PV panels on the awnings do not draw any parasitic loads. The 

parasitic loads are only due to the large 160 kW PV inverters for the PV panels on the 

roof and amount up to 4,500 kWh/year with continuous hourly fluctuations between 0.5 

kWh up to 3 kWh.  
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Figure 19: Annual parasitic loads from PV inverters on roof 

 

The additional load from auxiliary devices is an estimated 39,526.2 kWh/year 

(Figure 20) and corresponds to a load increase of 56% compared to the initial design 

building load. An average hourly cooling load of 0.8 kWh is recorded from the 

electrolyser when it is not generating electricity. From metering data, the fuel cell 

appears from metering data to draw an hourly average cooling load of up to 1.2 kWh 

with several instances of maximum loads of up to 80kWh. The battery control loads 

appear to be a consistent hourly 0.5 kWh except when battery is charging or 

discharging.  
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Figure 20: Annual parasitic loads from PV inverters on roof, bi directional inverters, cooling loads 

for fuel cells and electrolysers 

 

As expected, the LPSP was found to drastically degrade due to the large building 

load at 35.5%. This shows that care must be taken when selecting and configuring 

auxiliary devices as they may have a severe detrimental effect on the supply reliability 

of the energy system (Figure 21, Figure 22).  

 

Figure 21: Test Case 14 - Annual (1st January 2016 to 31st December 2016) system analysis with 

actual building load (including all parasitic loads)  
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A typical summer (31st January) and winter (31st July) day for daily load, deficit and surplus 

energy is shown in Figure 22. On a typical summer day deficit energy occurs before 7 am. 

Surplus energy occurs on a typical winter day between midday and 4 pm.  

 

 

Figure 22: Test Case 14 - Typical summer (31st January 2016) and winter (31st July 2016)  system 

analysis with actual building load (including all parasitic loads)  

 

The total output from renewable, battery and fuel cells for a whole simulation 

period shows the same patterns as in Figure 13 where the fuel cell is only on at the 

beginning of the year. The total output from battery discharge, charge and SOC for a 

whole simulation period shows similar patterns as in Figure 14. A typical summer (31st 

January) and winter (31st July) day for daily battery discharge, charge and SOC shows 

similar output patterns as Figure 15 where the battery appears to be discharging after 6 

pm on a typical summer day and discharge before 7 am and after 6 pm onwards on a 

typical winter day. The battery charges between 8 am and 4 pm on a typical summer 

day and charges between 8 am and 11 am on a typical winter day. 
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The total output from hydrogen storage hydrogen outflow, fuel cell hydrogen 

intake and fuel cell electrical output for a whole simulation period shows comparable 

patterns to Figure 16 where it is seen that the fuel cell only outputs electricity for a short 

period in the beginning of the year until the hydrogen tank is depleted. The total output 

from electrolyser hydrogen outflow, hydrogen storage level and electrolyser electrical 

consumption for a whole simulation period is similar to Figure 17 and Figure 18 and 

shows the same observed output where no electrolysis takes place by the electrolyser 

due to lack of surplus electricity.  

Simulation results are summarised in Table 4. 

5.5.4 Test Case 12 amended hydrogen storage at SSGC with actual building load 

(including all parasitic loads) 

The first stage of the hydrogen component was merely to demonstrate a hydrogen 

system for 12 kg, 3.6 kg/hour with a 60 kW fuel cell. The university has elected to 

install 120 kg worth of Japan Steelworks JSW hydrogen tanks. A hydrogen tank 

capacity should be able to drive the fuel cells right up to their capacity and it appeared 

that the initial system was not able to deliver enough hydrogen out of the Hbank system 

to ensure this. The fuel cells can be run together if there is enough hydrogen but 

currently the Hbank storage is insufficient. The other limiting factor is the length of 

time it takes to recharge batteries and sufficient time in the day to push the spare power 

to the electrolyser for it to run at a reasonable speed and generate enough hydrogen.  

The first optimisation carried out, Test Case 12 determines how the system 

responds when the hydrogen is increased to 120 kg with all other devices remaining at 

their original sizes according to Case Study 1. The LPSP only changed marginally to 

35.2% with a high consistent energy deficit throughout the year (Figure 23, Figure 24). 
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Figure 23: Test Case 12 Annual (1st January 2016 to 31st December 2016) system analysis with 120 

kg hydrogen storage  

A typical summer (31st January) and winter (31st July) day for daily load, surplus energy and 

deficit energy is shown in Figure 24. It appears from the typical daily summer analysis that 

deficit energy may exist in the morning before 7 am as the load appears to be high in the 

morning. The particular winter day data do not indicate any deficit energy nor surplus energy. 

For a typical summer day surplus energy appears before 7 am.   

 

 

Figure 24: Test Case 12 Typical summer (31st January 2016) and winter (31st July 2016) load, 

deficit and surplus analysis at SSGC 
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Whilst the renewable output is consistent throughout the year, the battery is used frequently 

throughout the year and fuel cell is only used briefly at the beginning of the year since the 

hydrogen tank is not being refilled once it is depleted (Figure 25).  

 

Figure 25: Test Case 12 Annual (1st January 2016 to 31st December 2016) power output analysis 

with 120 kg hydrogen storage  

 

The battery is seen to discharge and charge consistently throughout the year as 

observed from Figure 26’s annual output of battery kWh discharge, charge and charge 

and State of Charge ( SOC) throughout the simulation and optimisation period.  

 

Figure 26: Test Case 12 Annual (1st August 2016 to 1st August 2017) battery analysis 
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A typical summer (31st January) and winter (31st July) day for battery charging, discharging and 

SOC is shown in Figure 27.  In summer the battery seems to discharge after 6 pm and discharge 

on a typical winter day in the morning and afternoon onwards. The battery appears to be 

charging during the day between 7 am and 1 pm in winter and 7 am and 4 pm on a typical 

summer day.  

 

Figure 27: Test Case 12 Typical summer (31st July 2016) and winter (31st January 2017) battery 

analysis 

The system’s hydrogen generation and hydrogen consumption in the energy 

system during the simulation and optimisation period is demonstrated next. Annual 

hydrogen flow from the hydrogen storage tank, fuel cell hydrogen consumption and 

equivalent fuel cell electrical output shows similar results as in Figure 16, Figure 17 and 

Figure 18 throughout the simulation and optimisation period. The hydrogen flow from 

the hydrogen storage tank only occurs at the beginning of the year resulting in the fuel 

cell only operating this period. The hydrogen storage tank level is quickly discharged 

and remains empty for the remainder of the simulation as the electrolyser is not given a 

chance to generate hydrogen due to the control strategy set to 100% of the electrolyser 

capacity.  

Simulation results are summarised in Table 4. 
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Table 4: Test Case 14 and Test Case 12 system analysis with parasitic loads 

Current system configuration  analysis – 
PV+battery+electrolyser 
+hydrogen tank + fuel cell 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
User tech constraint : Inf [%] 
User economic constraint : Inf [1000 USD] 
User environmental constraint : Inf [TCO2eq] 
User socio-political constraint : Inf  
 

Current system configuration  analysis – 
PV+battery+electrolyser 
+hydrogen tank + fuel cell 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
User tech constraint : Inf [%] 
User economic constraint : Inf [1000 USD] 
User environmental constraint : Inf [TCO2eq] 
User socio-political constraint : Inf  
 
 

Simulation with actual building load with 
parasitic PV inverter , battery, fuel cell and 
electrolyser loads 
and actual PV inverter output 
Test Case 14 
Figure 21, Figure 22 

Simulation with actual building load with PV 
inverter parasitic output 
and actual PV inverter output 
Test Case 12 
Figure 23, Figure 24, Figure 25,  
Figure 26, Figure 27,  

Optimisation output: 
 
LPSP : 35.5 [%] 
TPV :   N/A  [$ USD] 

sysε    :  N/A [TCO2eq] 
Socio : 0.0 
 
TEL : 2.3×105 [kWh] 
 
Building load: 7.3×105 [kWh/yr] 
Maximum load: 204.3 kWh 
Minimum load: 18.1 kWh 
Average load: 83.5 kWh 
 
PV inverter  generation: 5.0×105 [kWh/yr] 
Roof PV inverter generation: 4.2×105 [kWh/yr] 
Awning PV inverter generation: 8.0×104 
[kWh/yr] 
 
Wind generation: 0 [kWh/yr] 
Battery energy generation: 1.8×105  [kWh] 
Battery discharge hours: 9481.0 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 0.0 [hrs/yr] 
Fuel cell generation: 240.0 [kWh/yr] 
Fuel cell operating hours: 4 [hrs/yr] 
 
Unmet load: 2.6×105 [kWh/yr] 
Excess load: 5885  [kWh/yr ] 
 
Best User Constraint  

Optimisation output: 
 
LPSP : 35.2 [%] 
TPV :   8.7×105  [$ USD] 

sysε    :  N/A [TCO2eq] 
Socio : 0.0 
 
TEL : 2.3×105 [kWh] 
 
Building load: 7.0×105 [kWh/yr] 
Maximum load: 196.6 kWh 
Minimum load: 18.0 kWh 
Average load: 80.0 kWh 
 
PV inverter  generation: 5.0×105 [kWh/yr] 
Roof PV inverter generation: 4.2×105 [kWh/yr] 
Awning PV inverter generation: 8.0×104 
[kWh/yr] 
 
Wind generation: 0 [kWh/yr] 
Battery energy generation: 1.8×105 [kWh] 
Battery discharge hours: 9477.0 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 0.0 [hrs/yr] 
Fuel cell generation: 1980 [kWh/yr] 
Fuel cell operating hours: 33.0 [hrs/yr] 
 
Unmet load: 2.6×105 [kWh/yr] 
Excess load: 5840  [kWh/yr ] 
 
Best User Constraint  
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5.5.5 Discussion 

For the intents and purposes of analysing the initial system design using 

preliminary design loads and preliminary PV inverter output, the LPSP was found to be 

5.3% (24,907.8 kWh unmet load) which is an acceptable supply reliability considering 

the size of the energy system. Test Case 13 using initial system design and actual PV 

inverter output found that the supply reliability was worsened to 10.5% (double the 

unmet load) and is approaching too high a value for standalone energy systems. The 

LPSP was seen to considerably worsen with the actual metered building load (LPSP of 

32.7%) in Test Case 10 and then further in Test Case 14 with the actual total building 

load, which includes all the parasitic loads (LPSP of 35.5%) from the connected devices 

(i.e. control management for PV inverters and battery bank and cooling system for fuel 

cells and electrolysers).  The LPSP in Test Case 14 corresponds to an unmet load of 

259,764 kWh and would be entirely untenable if this had been a true off grid system 

feeding a facility with critical essential loads.  

The nature of SSGC’s building load makes it challenging to satisfy from a device 

sizing perspective as there is such a great difference between the minimum load (18.1 

kWh) and the maximum load (204.3 kWh). It is observed from all tests in Case Study 1 

(Test Case 13,10, 14 and 12) that the electrolyser doesn’t generate any hydrogen at all 

during the year with a trivial low use of the fuel cell (240 kWh/yr. generated 4 hrs/yr.). 

On the other hand the battery is used consistently and generates 25% of the total 

System Configuration: 
 
pv size : 380.6.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 1310.0 [kWh] 
elec size : 160.0 [kW] 
fc size : 60.0 [kW] 
H2 size : 12.0 [kg] 
 

System Configuration: 
 
pv size : 380.6.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 1310.0 [kWh] 
elec size : 160.0 [kW] 
fc size : 60.0 [kW] 
H2 size : 120.0 [kg] 
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building load. Considering SSGC was intended to be a building showcasing an 

innovative hydrogen fuel cell energy component for research purposes, it appears 

unusual that the battery bank is currently relied upon so heavily. 

Four main factors have been identified as the key reason why the LPSP is 

unacceptable in reality at SSGC, namely a high building load, a reduced PV inverter 

output, poor PV inverter efficiencies and over optimistic control logic strategies for the 

electrolyser.  

From the analysis of the existing system configuration in Test Case 13, Test Case 

10, Tests Case 14 and Test Case 12, it is concluded that the current control setting for 

the electrolyser to generate hydrogen once 100% of the full electrolyser capacity is 

available, significantly degrades the system reliability output. The electrolyser needs to 

be able to generate hydrogen as electricity becomes available in a linear fashion in 

relation to the available surplus energy. 

It is observed that the actual general power loads are consistently higher than 

estimated power loads due to hydraulic services and running of mechanical plant 

(Figure 28).  
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Figure 28: Actual versus estimated power loads 

The mechanical services component contributes to the largest energy consumption 

in the building although it is seen that the actual mechanical loads are lower than the 

estimated mechanical loads (Figure 29) as the chiller peak loads were estimated much 

higher than in actuality. 

 

Figure 29: Actual vs estimated mechanical loads 
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Several issues have been observed which contribute to a sluggish system and are 

in the process of being fine-tuned and altered. It is seen that settings of CO2 sensors are 

too high for instance as the current ppm of the sensors are set to about 800 ppm which 

causes humidity issues. This setting is however a Green Star requirement for IEQ-3 

Carbon Dioxide Monitoring and Control and VOC monitoring and as the building is a 

Green Star certified building, care must be taken when altering control settings such as 

these. The return air CO2 is monitored and referenced to the zone CO2 set point of 600 

ppm (adjustable by BMS head end). As a result of high humidity, HVAC control loops 

and temperature gets stuck at 18 degrees. GU changed how one lecture theatre was 

controlled and as a result the metering shows that the load was reduced daily by 10 kW  

over 8 or 10 hours during the day because the heaters are no longer trying to heat to 

certain parameters in a particular building space. Another observed issue in lecture 

theatres was A/C systems not being shut down properly. To mitigate this, swipe access 

to lecture rooms could be installed to prevent a small number of people entering lecture 

rooms as this will trigger presence detection from CO2 sensors, maintaining the A/C 

systems on.  

The higher building base load may also have to do with changing operational 

hours which were stipulated during design and were adjusted to suit Green star 

guidelines for operational hours to fit the building within a zero emission building. 

Compliance with Green Star occupancy hours meant that the preliminary building load 

was modelled with limited occupancy hours on weekends and limited hours after hours. 

The occupancy hours are different in reality as on weekends for instance, the lecture 

rooms are to an extent occupied which leads to a higher electrical consumption and 

reduced hours to charge batteries and generate hydrogen. 
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One of the devices in the energy system which shows unusual parasitic loads is 

the fuel cell. The fuel cell metering data showed that significant spurious incidents 

occurred where the electrical consumption spiked to unacceptable levels (Figure 20) 

possibly attributed by the cooling system. The hydrogen fuel cell component will need 

to be isolated and properly debugged to find out the cause and mitigate these 

occurrences in future.  

Any PV system may potentially have parasitic loads depending on the type of 

inverter and how they are operated. The PV inverters from the awnings draw nothing 

for instance as they simply turn off and power down. It is seen that the parasitic loads 

for the large PV inverters on the roof are quite consistent during the night as they 

perform system checks etc. The load is not huge but it is consistent over a long time. It 

is observed from the metering system that the parasitic load for the PV inverters over 

night from say 5:30 pm to 5:32 am is 9 kW×2 PV inverters, i.e. 18 kWh to 19.5 kWh. 

The bidirectional inverters show slightly less but continuous parasitic properties during 

stand by hours. Losses have been observed during various times of the year from the PV 

system with higher output observed during the winter months. Logic suggests that 

energy production should be higher when there is ample solar radiation during summer. 

In order to get the most from PV panels, the tilt of the panels should mimic as much as 

possible the latitude angle of the location (latitude is 27.5° in Brisbane Australia). The 

roof PV panels at SSGC are mounted at 15° which will affect how much solar radiation 

the PV panels can absorb. The panels are sitting on top of metal roof trusses with 

enclosed roof space underneath and it is believed that the gap under the PV panels is not 

enough as the panels are not getting enough air flow to keep them cool. This will result 

in issues with heat dissipation which has caused the PV panels to show differing output 

due to variation in temperature. Griffith University PV models suggest that on a hot day 
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the temperatures may vary from 60° to as high as up to 112 °C. On a sunny day at 30 

degrees outside for instance, the service temperature may be around 80-90 °C.  

The other issue affecting the PV system is shading. It is observed that GU only 

gets full capacity from the building for about 3-4 months of the year, the rest of the year 

the awnings are in shade in some way or another. Once the sun rises in the sky in 

summer, shadowing occurs on the awning panels and any amount of shadowing trips the 

PV panels and they stop functioning. In spring and autumn the building loses the top PV 

panels, in summer the system loses the bottom panels and the entire system drops out 

because it’s in shade. From the metering and PV modelling it is seen that shadowing 

makes the PV panels loose up to half of their generation.  Careful attention needs to be 

placed early in the design to avoid PV panels from being shaded by adjusting the angle 

of the PV panels and contemplating the use of micro grid inverters to avoid a series of 

PV panels dropping out simultaneously. 

In Test Case 12 only the hydrogen component was increased from 12 kg to 120 kg 

and as the current electrolyser control logic remained the same (100% full electrolyser 

capacity) the supply reliability (35.2 %) changed very little from the previous cases. The 

insignificant change in supply reliability versus the capital cost of $866,160 USD to 

increase the hydrogen storage tank, makes the cost difficult to justify. Test Case 12 

emphasized that proper modelling is required before adjusting device sizes (such as the 

hydrogen tank from 12 kg to 120 kg) as the system needs to be analysed and optimised 

in its entirety taking into account all inputs and parameters including control logic, 

before an informed decision can be made on any drastic system changes. 

5.6 Case Study 2  

Case Study 2 explores the SSGC system and what is required to achieve an LPSP 

of less than 2% with varying hydrogen fuel cell components whilst the battery size 
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remains the same (Griffith University has no intention in increasing the battery bank). 

As part of this study, the building load including the parasitic loads will be used to 

optimise the energy system until the parasitic loads have been rectified.  The economic 

objective is total system capital cost TPV of additional components and ignores the 

existing system device sizes as they have already been purchased. Test Case 15 Test 1 

and Test Case 15 Test 2 explore proposed energy systems by Griffith University. Test 

Case 15 Test 3 rectify these systems to provide the desired output which Griffith 

University is seeking. In Case Study 2 the electrolyser control diagram adjusted the 

electrolyser capacity to 25% and implies that hydrogen will be generated once 25% of 

the full electrolyser electrical consumption is available. Costings used in the 

optimisation have been outlined below and originate from the project costs and costings 

extrapolated from systems worldwide during the same acquisition period (Table 5).  

Table 5: SSGC component costing 

Device  
component 

Indicative costings used  for optimisation 
($) 
 

PV Initial cost: $1400/kW [US] [16] 
OM: 0.12% of the installed cost  
per year [16] 
Replacement cost: 100% 
 

PV inverter Initial cost: $1000/kW [US] [16] 
OM: 0.5% of the installed cost per year 
[16] 
Replacement cost: 100% 
 

Battery 
inverter 

Initial cost: $126/kW [US] [17] 
OM: 1.26/kW [17]  
Replacement cost: 100% 
 

Battery Initial cost: $1000/kWh [US] [16] 
OM: 0.5% of the installed cost per year 
[16] 
Replacement cost: 100% 
 

Electrolyser Initial cost: $5000/kW [USD] [18] 
OM: 0.05 $/hr [19] 
Replacement cost: 7% 
 

Fuel cells Initial cost: $2000/kW [USD]  
OM: 0.05 $/hr [19] 
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5.6.1 Test Case 15 Test 1 amended SSGC energy system: actual building load (including 

all parasitic loads) 

The second optimisation, Test Case 15 Test 1 explores a larger PV system with 

proposed PV panels to be installed on nearby building roofs and a larger hydrogen fuel 

cell component in order to increase the supply reliability. Test 1 increased the PV 

inverter output to 480 kWp (Figure 30, Figure 31), battery storage remained the same as 

there are no plans to upgrade the battery bank (1310 kWh which is 1 day’s storage), 250 

kW electrolyser, 100 kW fuel cell and 200 kg hydrogen storage.  

 

Figure 30: Test Case 15 Test 1 Estimated annual (1st January 2016 to 31st December 2016) PV 

inverter output 

Daily summer (31st January 2016) and winter (31st July) daily renewable output is shown in 

Figure 31.  

Replacement cost: 7% 
 

Hydrogen 
tank 

$4000/kg [USD] [20] (medium term  
projection ) 
OM: 0.5% of the installed cost  
per year [21] 
Replacement cost: 100% 
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Figure 31: Test Case 15 Test 1 Typical daily summer (31st January 2016) and winter (31st July 

2017) PV inverter output 

 

The LPSP with this arrangement is 16.9% (Table 6) where the supply deficit appears from 

Figure 32 and Figure 33 to occur frequently from mid-February to around end of September. 

 

Figure 32: Test Case 15 Test 1 Annual (1st January 2016 to 31st December 2016) system analysis 

with amended device sizes using estimated PV inverter output 

 

A typical summer (31st January) and winter (31st July) day for daily load, surplus energy and 

deficit energy is shown in Figure 33. On these particular days there is no deficit before 7 am on 
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a typical summer day and surplus on a typical summer and winter day after 3 pm for a few 

hours. 

 

Figure 33: Test Case 15 Test 1 Typical summer (31st January 2016) and winter (31st July 2016) 

load, deficit and surplus analysis at SSGC 

 

Results are summarised in Table 6. 

It is seen from analysis of the energy generation streams (renewable, battery and 

fuel cells) that the battery is utilised fairly consistently throughout the year with less use 

of the fuel cell beginning of May up to end of July (Figure 34).  
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Figure 34: Test Case 15 Test 1 Annual (1st August 2016 to 1st August 2017) renewable output 

analysis 

 

Figure 35 shows annual battery kWh discharge, charge and charge and SOC 

throughout the simulation and optimisation period and indicates that the battery 

discharges and charges consistently throughout the year.  

 

Figure 35: Test Case 15 Test 1 Annual (1st August 2016 to 1st August 2017) battery analysis 

 

A typical summer (31st January) and winter (31st July) day for battery charging, discharging and 

SOC is shown in Figure 36. For the typical days, the battery seems to only be discharging 

before 10 and after 7 pm and charge between around 7 am and 3 pm. 
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Figure 36: Test Case 15 Test 1 Typical summer (31st July 2016) and winter (31st January 2017) 

battery analysis 

 

The system’s hydrogen generation and hydrogen consumption in the energy 

system during the simulation and optimisation period is demonstrated next. Figure 37 

shows annual hydrogen flow from the hydrogen storage tank, fuel cell hydrogen 

consumption and equivalent fuel cell electrical output throughout the simulation and 

optimisation period. There appers to be a sparse period between end of April and around 

mid August where hydrogen is not dischaged from the hydrogen storage tank, hence the 

fuel cell is not generating any electricity.  
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Figure 37: Test Case 15 Test 1 Annual (1st January 2016 to 31st December 2016) hydrogen storage 

discharge hydrogen flow analysis 

 

For typical summer (31st July) and winter (31st January) for hydrogen outflow from the 

hydrogen storage tank, the intake of hydrogen flow into the fuel cell and electrical output from 

the fuel cell shows no activity. A linear correlation is observed between the level of hydrogen 

generated by the electrolyser and it’s electrical consumption. Once the hydrogen tank is 

depleted it never reaches its max level again (Figure 38).   

 

 

Figure 38: Test Case 15 Test 1 Annual (1st August 2016 to 1st August 2017) hydrogen storage charge 

hydrogen flow analysis 
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A typical summer (31st July) and winter (31st January) day for electrolyser hydrogen production, 

hydrogen storage level and electrolyser consumption is shown in Figure 39. It appears from 

these typical winter and summer days that hydrogen is generated for three-four hours during the 

day between 2 pm and 4 pm. The generation coincides with electrical consumption by the 

electrolyser. 

 

Figure 39: Test Case 15 Test 1 Typical summer (31st July 2016) and winter (31st January 2017) 

hydrogen storage charge analysis 

 

5.6.2 Test Case 15 Test 2 amended SSGC energy system: actual building load (including 

all parasitic loads) 

The third optimisation, Test Case 15 Test 2 explores a larger PV system with proposed PV 

panels to be installed on nearby building roofs and a larger hydrogen fuel cell component in 

order to increase the supply reliability to an LPSP of around 5%. For this to occur the PSO 

search function is initialised with PV up to a max range of 700 kWp, the battery backup remains 

the same as there is no plans to upgrade the battery bank (1310 kWh which is 1 day’s storage) 

and the hydrogen storage range is set to 12.7 times the battery capacity (500 kg) whilst the fuel 

cell and electrolyser are set to a max range up to 200 kW range and 150 kW range respectively 

(based on deficit load analysis).   
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The optimised PV inverter output generation for the whole simulation period is 

shown in Figure 40. 

 

Figure 40: Test Case 15 Test 2 Annual (1st January 2016 to 31st December 2016) PV, wind and 

renewable power output 

 

A typical summer (31st January) and winter (31st July) day for PV  power output is shown in 

Figure 41 and indicate a typical bell curve for winter but less output during the middle of the 

day in summer. 
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Figure 41: Test Case 15 Test 2 Typical summer (31st January 2016) and winter (31st July 2016) 

system renewable power analysis  

 

With this arrangement it is seen that LPSP is 5.2% (Figure 42, Figure 43). This result is using 

the actual PV inverter efficiency of 90%.  

 

 

Figure 42: Test Case 15 Test 2 Annual (1st January 2016 to 31st December 2016) system analysis 

showing system load, energy surplus and energy deficit 
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A typical summer (31st January) and winter (31st July) day for building load, deficit and surplus 

load is shown in Figure 43. A typical summer day shows no deficit whilst a winter day shows 

deficit for an hour around midnight. Surplus for a typical summer day occurs up to around 3 pm 

whilst in winter surplus only occurs for two hours from 5 am.  

 

Figure 43: Test Case 15 Test 2 Typical summer (31st January 2016) and winter (31st July 2016) 

system analysis showing system load, energy surplus and energy deficit 

 

Results are summarised in Table 6. 

It is seen from analysis of the energy generation streams (renewable, battery and 

fuel cells) that the battery and renewable output are utilised fairly consistently 

throughout the year (Figure 44). The fuel cell is used less frequently during the middle 

of the year.  
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Figure 44: Test Case 15 Test 2 Annual (1st January 2016 to 31st December 2016) renewable output 

analysis 

 

Figure 45 shows the convergence of all system input devices as they travel 

through the PSO search space using the configured PSO algorithm parameters.  

 

Figure 45: Test Case 15 Test 2 System input device capacity PSO convergence 

The battery is seen to discharge and charge consistently throughout the year. 

Figure 46 shows annual battery kWh discharge, charge and charge and SOC throughout 

the simulation and optimisation period.  
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Figure 46: Test Case 15 Test 2 Annual (1st January 2016 to 31st December 2016) battery analysis 

 

A typical summer (31st January) and winter (31st July) day for battery charging, 

discharging and SOC is shown in Figure 47. Discharging occurs before 6 pm and after 7 

pm for 6-7 continuous hours on a typical summer and winter day. The battery charges in 

the same time slot on a typical summer and winter day between 8 am and 1 pm. In 

summer in the morning the battery is discharged to a greater extent compared to Test 

Case 15 Test 1.  

 

Figure 47: Test Case 15 Test 2 Typical summer (31st January 2016) and winter (31st July 2016) 

battery analysis 

The system’s hydrogen generation and hydrogen consumption in the energy 

system during the simulation and optimisation period is verified in the following plots. 
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Figure 48 shows annual hydrogen flow from the hydrogen storage tank, fuel cell 

hydrogen consumption and equivalent fuel cell electrical output throughout the 

simulation and optimisation period. Less hydrogen is released from the hydrogen tank 

in the middle of the year and this is reflected in the fuel cell output. 

 

Figure 48: Test Case 15 Test 2 Annual (1st January 2016 to 31st December 2016) hydrogen storage 

discharge hydrogen flow analysis 

 

A typical summer (31st January) and winter (31st July) day for hydrogen outflow 

from the hydrogen storage tank, the intake of hydrogen flow into the fuel cell and 

electrical output from the fuel cell is shown in Figure 49. As expected the only time 

when there is fuel cell electricity generation is when the fuel cell hydrogen intake 

occurs, which coinicides with the outflow of hydrogen from the hydrogen tank. For a 

typical summer day the fuel cell generates electricity  from 5 am for three hours with a 

concurrent discharge of hydrogen from the hydrogen tank in this period. The typical 

winter day shows no hydrogen storage tank discharge activity.  
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Figure 49: Test Case 15 Test 2 Typical summer (31st January 2016) and winter (31st July 2016) 

hydrogen storage discharge analysis 

 

As expected the only time the electrolyser consumes electricity is when it 

generates hydrogen for storage in the hydrogen tank and follows a linear relationship to 

the hydrogen production (Figure 50). It is observed that the hydrogen tank level is low 

between  around end of march  and end of September 

 

Figure 50: Test Case 15 Test 2 Annual (1st January 2016 to 31st December 2016) and daily (27th July 

2016) hydrogen storage charge hydrogen flow analysis 
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A typical summer (31st January) and winter (31st July) day for electrolyser 

hydrogen production, hydrogen storage level and electrolyser consumption is shown in 

Figure 51. The electrolyser seems to be generating hydrogen for three hours from 1 pm 

on a typical summer day and winter day. 

 

Figure 51: Test Case 15 Test 2 Typical summer (31st January 2016) and winter (31st July 2016) 

hydrogen storage charge analysis 

 

It is seen from Figure 52 that the objectives converge as the PSO search function 

searches through the search space for an optimised system with the set out economic 

weighting and technical constraint.  
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Figure 52: Test Case 15 Test 2 single objectives normalised output in PSO search algorithm 

The Ec vs Env and Tech vs Ec respectively in Figure 53 for an economic 

weighting is of particular interest as it shows the interaction between the emission and 

TPV and LPSP and TPV respectively. As expected the higher the TPV cost, the lower 

the LPSP value and the higher the TPV value the higher emission cost. 

 

Figure 53: Test Case 15 Test 2D objectives normalised output in PSO search algorithm 

 

The bottom right figure Tech vs Ec vs Env in Figure 54 incorporates the 

environmental objective as a 3D view to show the interaction between the technical, 

economic and environmental objective in its entirety. 
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Figure 54: Test Case 15 Test 2 3D objectives normalised output in PSO search algorithm 

 

5.6.3 Test Case 15 Test 3 amended energy system: actual building load (including all 

parasitic loads), actual PV inverter output  

Keeping the system device sizes the same as Test Case 15 Test 2, the effect of the 

efficiency of the PV inverters and the utilisation of the electrolysers is examined. If the 

PV inverters were to be further replaced with PV inverters with 97% efficiency and the 

control logic for the electrolysers were set to start generating hydrogen with 25% of the 

electrical consumption capacity, then it is seen that the system could be further 

improved to an LPSP of 3% (Figure 55, Figure 56).  
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Figure 55: Test Case 15 Test 3 Annual (1st January 2016 to 31st December 2016) system analysis 

showing system load, energy surplus and energy deficit 

 

A typical summer (31st January) and winter (31st July) day for building load, 

deficit and surplus load is shown in Figure 56. A typical summer day shows no deficit 

whilst a winter day shows deficit for an hour around midnight. Surplus for a typical 

summer day occurs up to around 3 pm whilst in winter surplus only occurs for two 

hours from 5 am.  

 

Figure 56: Test Case 15 Test 3 Typical summer (31st January 2016) and winter (31st July 2016) 

system analysis showing system load, energy surplus and energy deficit 



Hybrid renewable energy systems with battery and hydrogen storage 

 Page 105   
 

 

Results are summarised in Table 6. 

It is seen from analysis of the energy generation streams (renewable, battery and 

fuel cells) (Figure 57) that the fuel cell is used less frequently during the middle of the 

year.  

 

Figure 57: Test Case 15 Test 3 Annual (1st January 2016 to 31st December 2016) renewable output 

analysis 

 

Figure 58 shows annual battery kWh discharge, charge and charge and SOC 

throughout the simulation and optimisation period and indicate a continuous use of the 

battery bank.  
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Figure 58: Test Case 15 Test 3 Annual (1st January 2016 to 31st December 2016) battery analysis 

 

A typical summer (31st January) and winter (31st July) day for battery charging, 

discharging and SOC is shown in Figure 59. Discharging occurs before 6 pm and after 7 

pm for 6-7 continuous hours on a typical summer and winter day. The battery charges in 

the same time slot on a typical summer and winter day between 8 am and 1 pm.  

 

Figure 59: Test Case 15 Test 3 Typical summer (31st January 2016) and winter (31st July 2016) 

battery analysis 

The system’s hydrogen generation and hydrogen consumption in the energy 

system during the simulation and optimisation period is revealed in the subsequent 

plots. Figure 60 shows annual hydrogen flow from the hydrogen storage tank, fuel cell 

hydrogen consumption and equivalent fuel cell electrical output throughout the 
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simulation and optimisation period. Less hydrogen is released from the hydrogen tank 

in the middle of the year and this is reflected in the fuel cell output. 

 

Figure 60: Test Case 15 Test 3 Annual (1st January 2016 to 31st December 2016) hydrogen storage 

discharge hydrogen flow analysis 

 

A typical summer (31st January) and winter (31st July) day for hydrogen outflow 

from the hydrogen storage tank, the intake of hydrogen flow into the fuel cell and 

electrical output from the fuel cell is shown in Figure 61. As expected the only time 

when there is fuel cell electricity generation is when the fuel cell hydrogen intake 

occurs, which coinicides with the outflow of hydrogen from the hydrogen tank. For a 

typical summer day the fuel cell generates electricity  from 5 am for three hours with a 

concurrent discharge of hydrogen from the hydrogen tank in this period. The typical 

winter day shows no hydrogen storage tank discharge activity.  
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Figure 61: Test Case 15 Test 3 Typical summer (31st January 2016) and winter (31st July 2016) 

hydrogen storage discharge analysis 

 

The more hydrogen that is generated the larger the electrical consumption from 

the electrolyser (Figure 62). It is observed that the hydrogen tank level is low between  

around end of march  and end of September 

 

Figure 62: Test Case 15 Test 3 Annual (1st January 2016 to 31st December 2016) and daily (27th July 

2016) hydrogen storage charge hydrogen flow analysis 

 

A typical summer (31st January) and winter (31st July) day for electrolyser 

hydrogen production, hydrogen storage level and electrolyser consumption is shown in 
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Figure 63. The electrolyser seems to be generating hydrogen for three hours from 1 pm 

on a typical summer day and winter day. 

 

Figure 63: Test Case 15 Test 3 Typical summer (31st January 2016) and winter (31st July 2016) 

hydrogen storage charge analysis 

Results are summarised in Table 6. 

Table 6: Test Case 15 Test 1, Test Case 15 Test 2, Test Case 15 Test 3 system analysis 

Current system configuration  analysis – PV+battery+electrolyser 
+hydrogen tank + fuel cell 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
User tech constraint : Inf [%] 
User economic constraint : Inf [1000 USD] 
User environmental constraint : Inf [TCO2eq] 
User socio-political constraint : Inf  
 
Amended energy system 
Simulation with actual building load with 
parasitic PV inverter , battery, fuel cell and 
electrolyser loads 
and actual PV inverter output 
Test Case 15 Test 1 
Figure 30, Figure 31, Figure 32, Figure 33, 
Figure 34, Figure 35, Figure 36, Figure 37, 
Figure 38, Figure 39 
 

Amended energy system 
Simulation with actual building load 
with parasitic PV inverter , battery, 
fuel cell and electrolyser loads 
and actual PV inverter output 
Test Case 15 Test 2 
Figure 40, Figure 41, Figure 42, Figure 
43, Figure 44, Figure 45, Figure 46, 
Figure 47, Figure 48, Figure 49, Figure 
50, Figure 51, Figure 52, Figure 53, 
Figure 54 

Amended energy system 
Simulation with actual building 
load with parasitic PV inverter , 
battery, fuel cell and electrolyser 
loads 
and actual PV inverter output 
Test Case 15 Test 3 
Figure 55, Figure 56, Figure 57, 
Figure 58, Figure 59, Figure 60, 
Figure 61, Figure 62, Figure 63 
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5.6.4 Discussion 

Case Study 2 uses an amended control strategy for the electrolyser where only 

25% of the full electrical consumption is required before the electrolyser generates 

Optimisation output: 
 
LPSP : 16.9 [%] 
TPV :  4.6×106  [$ USD]  

sysε
   :  783.5 [TCO2eq] 

Socio : 0.0 
 
TEL : 3.7×105 [kWh] 
 
Building load:  
7.3×105 [kWh/yr] 
Maximum load: 204.3 kWh 
Minimum load: 18.1 kWh 
Average load: 83.5 kWh 
 
PV inverter  generation:  
6.9×105 [kWh/yr] 
Roof PV inverter generation:  
6.1×105 [kWh/yr] 
Awning PV inverter generation:  
8.7×104 [kWh/yr] 
 
Wind generation: 0 [kWh/yr] 
Battery energy generation:  
2.8×104  [kWh] 
Battery discharge hours: 7763.0 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation:  
322.0 [hrs/yr] 
Fuel cell generation:  
2.2×104 [kWh/yr] 
Fuel cell operating hours: 388.0 [hrs/yr] 
 
Unmet load: 1.2×104 [kWh/yr] 
Excess load: 1.8×104  [kWh/yr ] 
 
Best User Constraint  
System Configuration: 
 
pv size : 480.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 1310.0 [kWh] 
elec size : 250.0 [kW] 
fc size : 100.0 [kW] 
H2 size : 200.0 [kg] 
 

Optimisation output: 
 
LPSP : 5.2 [%] 
TPV :   5.6×106   [$ USD] 

sysε
   :  674.2 [TCO2eq] 

Socio : 0.0 
 
TEL : 5.7×105 [kWh] 
 
Building load:  
7.3×105 [kWh/yr] 
Maximum load: 196.6 kWh 
Minimum load: 18.0 kWh 
Average load: 80.0 kWh 
 
PV inverter  generation:  
9.1×105 [kWh/yr] 
Roof PV inverter generation:  
8.2×105 [kWh/yr] 
Awning PV inverter generation: 
8.7×104 [kWh/yr] 
 
Wind generation: 0 [kWh/yr] 
Battery energy generation:  
3.5×105 [kWh] 
Battery discharge hours:  
6668.0 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 811.0 [hrs/yr] 
Fuel cell generation:  
4.1×104 [kWh/yr] 
Fuel cell operating hours: 720.0 
[hrs/yr] 
 
Unmet load: 3.8×104 [kWh/yr] 
Excess load: 8.9×104  [kWh/yr ] 
 
Best User Constraint  
System Configuration: 
 
pv size : 620.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 1310.0 [kWh] 
elec size : 126.7 [kW] 
fc size : 100.9 [kW] 
H2 size : 211.7 [kg] 
 

Optimisation output: 
 
LPSP : 3.1 [%] 
TPV :   5.6×106   [$ USD] 

sysε    :  674.2 [TCO2eq] 
Socio : 0.0 
 
TEL : 5.7×105 [kWh] 
 
Building load:  
7.3×105 [kWh/yr] 
Maximum load: 196.6 kWh 
Minimum load: 18.0 kWh 
Average load: 80.0 kWh 
 
PV inverter  generation: 9.7×105 
[kWh/yr] 
Roof PV inverter generation: 
8.7×105 [kWh/yr] 
Awning PV inverter generation: 
8.7×104 [kWh/yr] 
 
Wind generation: 0 [kWh/yr] 
Battery energy generation: 3.6×105 
[kWh] 
Battery discharge hours: 6486.0 
[hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 989.0 
[hrs/yr] 
Fuel cell generation: 4.6x104 
[kWh/yr] 
Fuel cell operating hours: 813.0 
[hrs/yr] 
 
Unmet load: 2.3×104 [kWh/yr] 
Excess load: 1.2×105  [kWh/yr] 
 
Best User Constraint  
System Configuration: 
 
pv size : 620.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 1310.0 [kWh] 
elec size : 126.7 [kW] 
fc size : 100.9 [kW] 
H2 size : 211.7 [kg] 
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hydrogen, this strategy utilises the hydrogen fuel cell component much more 

effectively.  

Test Case 15 Test 1 with its increased electrolyser (250 kW), fuel cell (100 kW) 

and hydrogen storage tank (200 kg) shows that the electrolyser and fuel cell operate for 

322 and 388 hrs/yr. respectively. As the system was fine-tuned in the various Test Cases 

with additional PV, a larger electrolyser, fuel cell and hydrogen storage tank the 

utilisation of the hydrogen storage component was drastically improved.  Throughout 

Test Case 15 Test 1, Test 2 and Test 3 the electrolyser and fuel cell useability gradually 

increased (electrolyser 322 to 989 hrs/yr.) and (fuel cell 388 to 831 hrs/yr.) and the 

battery discharge hours gradually reduced (7763 to 6486 hrs/yr.). The only difference 

between Test 2 and Test 3 is the improved PV inverter efficiency (from 90% to 97%) as 

it was important to recognize the flow on effect on the system with replaced higher 

efficiency roof PV inverters. The total generated PV inverter output increased from 

906,275 kWh to 966,694 kWh resulting in 2% improvement of the LPSP (5.2% to 

3.1%). 

In order for the current energy system to improve its LPSP to 16.9% by increasing 

PV, fuel cell, electrolyser and the batter bank as proposed in Test Case 15 Test 1, an 

additional capital cost of $4,645,801 USD would be necessary. To further improve the 

LPSP to 5.2% the needed capital cost is $5,643,939 USD. This means that spending a 

further $999,138 USD the LPSP can improve by 50% (unmet load reduced from 

123,337 kWh to 37,716 kWh). By replacing the current roof PV inverters to PV 

inverters with a higher efficiency (>97%), the LPSP is improved to 3.1% (unmet load 

reduced from 37,317 kWh to 22,990 kWh). It is expected that the current Thycon PV 

inverters will be able to be sold and new PV inverters purchased with minimal cost 

difference.  



Hybrid renewable energy systems with battery and hydrogen storage 

 Page 112   
 

5.7 Conclusions 

This chapter has presented a case study of a large hybrid PV battery and hydrogen 

storage system installed at Sir Samuel Griffith Centre, Nathan Campus in Brisbane, in 

the Australian state of Queensland.   

The existing energy system in its current installed configuration  has been outlined 

in Case Study 1 (Test Case 13, Test Case 10, Test Case 11 and Test Case 14) with 

various initial configurations for preliminary design building load, estimated PV 

inverter output, modelled PV inverter output and actual PV inverter output. These tests 

are significant as they show the importance of good early planning and modelling, point 

out the drastic differences between design and actual loads and design and actual device 

output and what detrimental effect they may cause to the actual supply reliability of a 

system. 

The Case Study of SSGC has shown important findings that may be adopted when 

implementing projects with hydrogen fuel cell components in regards to efficient 

hydrogen production. It is seen that a number of steps are required in order to ensure 

that the system at SSGC is operating in the way that the project was initially intended.  

The first part is addressing the losses, the second part is adjusting the device sizes to 

ensure a suitable supply reliability. The SSGC Case Study has highlighted the necessity 

and crucial step of proper building and energy system modelling prior to installation of 

an energy system.  It is important to obtain an accurate occupancy profile when carrying 

out preliminary building load modelling. From the analysis of the building load, it is 

also seen how important it is to take care when assembling different devices and 

associated auxiliary components so as to not introduce too high parasitic loads which 

will negatively affect the supply reliability of the energy system. This requirement is 

obviously especially important when designing standalone systems. The building load is 
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in the process of being reduced as part of ongoing commissioning and investigation in 

how to reduce parasitic loads, how to change operational hours when systems turn on 

and off and how the control system can be more efficiently operated.  

Currently the chillers are programmed to generate cold water at night for storage 

in the chiller tanks. From the perspective of an energy loss calculation it would be better 

to run the chiller purely off the solar because there is only one conversion loss from the 

PV through the inverters straight to the chillers. This avoids multiple conversion losses 

in the bidirectional inverter hydrogen cycle where hydrogen is converted to electricity 

by the fuel cells, stored in the batteries via the bidirectional inverters and then fed back 

through the bidirectional inverters onto the DC bus. As part of future enhancements, it 

may be advisable to investigate whether the chillers can be operated during the day. 

Future research may also be carried out to request the building to operate in a certain 

way via Artificial Intelligence (AI) logic calculations whilst protecting the system by a 

building controller. 

After having carried out the discussed PV inverter output analysis in the earlier 

Test Cases it is concluded that in order to obtain maximum output from renewable 

sources, the installation methods are extremely important so as not to introduce shading 

elements and heat gains which will ultimately degrade the output and cause spurious 

and unpredictable results.  

The time to discharge the batteries depends on the building load and range from 

instantaneous to several hours. If the chiller operates for instance it takes no time at all 

because the chiller draws about 100 kW. The time to charge the batteries depends on 

how depleted they are and have been observed in the metering system to take up to a 

day when fully discharged. There is a bi directional link between the batteries and the 

fuel cells between battery bank 1 and fuel cell 1 and battery bank 2 and fuel cell 2 
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respectively. This creates in effect two parallel energy paths which means that there 

have been instances in the system where one battery bank may be full whilst the other 

battery bank is empty. The whole idea is that the bi directional inverters must be able to 

synchronize across each other to charge or discharge as they have to combine their 

efforts in order to be able to handle all of the PV input. On one occasion it was seen in 

the metering system that one battery bank was delivering 20 kWh and the other one was 

delivering 15 kWh. In theory the batteries should discharge and/or charge in synchrony 

but in reality they do not and this comes down to the manufacturer Thycon’s approach. 

The parallelism is better or worse depending on how much energy the system is 

withdrawing out of the batteries. As the batteries are loaded up the state of the batteries 

in relation to each other will change depending on what is being drawn. In order for the 

bidirectional inverters to work they need control of the power factor phase and voltage 

management. If the bidirectional inverters cannot utilise the grid as external reference, 

another external reference is deployed.  

A regulator is required with the current fuel cell. The demand pressure of the fuel 

cell requires a minimum of 5.14 bar and upper limit of 5.84 bar. The hydrogen stream 

supply needs to be at or above 6 bar and then be reduced with a regulator, otherwise the 

pressure will go below the fuel cell requirement. Extracting 5 bar out of a metal hydride 

which absorbs at 10 bars is challenging unless a thermal management system is 

introduced. A compressor and a regulator have been installed in order to regulate the 

pressure to the fuel cell, an illogical step as it introduces parasitic loads and this is one 

of the points against storage of hydrogen as a compressed gas. There is an upper 

temperature limit on the fuel cell of 49.9°C, so any temperature above this will prevent 

waste heat emission from the fuel cell. This temperature restriction is low and hence is 

not a good match for metal hydrogen storage systems. Fuel cells are also not 

particularly efficient, only 50% at LHP and have a high pressure requirement. The fuel 
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cell requirement is ensuring that there is enough hydrogen present when the fuel cell is 

shut down in emergency or routine mode to reduce all the oxygen that is present and 

only leave water. Eliminating all the oxygen is a safety precaution and will increase the 

life time of the fuel cell. A fuel cell with a lower pressure requirement such as 1 bar for 

instance is advantageous as it is easier to obtain a lower pressure from hydrogen 

storage. The higher the pressure, the higher temperature is required. To combat the issue 

with the pressure of the current fuel cell, the fuel cell may be replaced with a fuel cell 

which runs at a low constant temperature. A regulator will still be needed but it will be 

set to a constant pressure. In SSGC's case the electrolyser can supply 10 bar. This is not 

the original alloy as the pressure graph has been raised by changing the composition of 

the alloy to be compatible with the fuel cell. A central thermal storage unit is required to 

regulate the temperature for absorbing and desorbing hydrogen. The electrolyser can 

supply 10 bar and can fill the hydrogen tank up to 30 °C. Maintaining the temperature at 

30 °C means that the hydrogen tank can only be emptied to a certain level, leaving a 

third in the tank. If the temperature is raised to 50 °C, all hydrogen can essentially be 

extracted but the tank cannot be filled at all.  

All of the heat produced from the fuel cell and the electrolysers is at the moment 

dumped as there is no closed system loop.  Electrolysers are water cooled by dry coolers 

at the back of the hydrogen fuel cell facility and the heat from the dry coolers is not 

reused. Along with the fuel cell waste, the fuel cell drain water is also dumped. The fuel 

cell requires purified water to operate. A Reverse Osmosis (RO) plant is hence located 

in the hydrogen fuel cell facility as all water is currently mains water and is required to 

be purified. This water should be recycled as this saves the water from being purified 

the second run through the system.  The dry coolers dump all the heat, the Hbank has no 

cooling during absorption so it can only absorb very slowly, it is self-limited. There are 

a number of solar hot water tanks for the purpose of desorbing hydrogen from the 
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hydrogen tank. During absorption there is no cooling, so hydrogen will not be absorbed 

very fast, it is a self-regulating process. When hydrogen is desorbed, hot water is 

extracted from the hot water tank in order to desorb they hydrogen. The water then goes 

to the drain.  This water should be sent back into the tank for reuse. In order to reduce 

losses in the system the heat generated from the fuel cells and the electrolyser needs to 

go back to the hot water tank preferably or to the dry coolers.  
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6 Solar, wind battery and hydrogen fuel cell energy system - 

Coldstream Case Study 

6.1 Overview 

The proposed optimisation model [11] is used to evaluate a renewable energy 

system in Australia for a technical objective LPSP, an economic objective NPV, an 

environmental objective total emissions of the system ( sysε ) and a socio-political 

objective outlined in  optimisation paper by Eriksson and Gray [11].  

This chapter outlines a case study where the proposed search model has been 

applied for a techno-economic optimisation study to analyse and optimise a solar and 

wind farm in South Australia to increase supply reliability whilst minimising cost by 

incorporating battery capacity, fuel cell, electrolyser and hydrogen storage. The socio 

political objective is explored to rectify the system’s supply reliability with a hydrogen 

fuel cell component focus. Section 1 gives an overview of the energy system and an 

analysis of the current performance of the system in regards to a technical objective 

with minimised cost function. Section 2 outlines analysis and optimisation results of the 

energy system with integrated storage, Section 3 provides an overall discussion and 

conclusion of the optimisation case study chapter. 

6.2 Background 

A techno-economic study using the developed optimisation model by Eriksson 

and Gray [11] has been undertaken of a proposed large 250 kWp solar and 95 kWp 

wind generation plant near ColdStream in south Australia at a longitude of 45.4°, a 

latitude of 37.3° and a time difference of +11 GMT. The tilt angle of the PV panels are 
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assumed to be the same as the latitude angle. The weather data is shown in Figure 64  

and Figure 65 and has been simulated based on available BOM data from the region.  

The system has been analysed from a distributed network point of view off grid to 

determine optimum storage to achieve a certain reliability of supply whilst minimising 

the cost function.  The supply reliability is calculated as LPSP and the cost as Net 

Present Value (NPV) outlined in paper by Eriksson and Gray [11]. In addition to an 

economic and technical objective, an environmental objective as the total emissions of 

the system sysε  is calculated. The socio political objective is explored to rectify the 

system’s supply reliability with a hydrogen fuel cell component focus. Economic 

parameters for the NPV function are a discount rate of 8%, a real interest rate of 13%, a 

fuel inflation rate of 5% and a project life time of 24 years. Simulated characteristics 

and cost figures are outlined in Table 7. 
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Table 7: Component data for case studies 

 

The load pattern is actual metered data in 2016 from a conference centre in the 

Coldstream area provided by stakeholders of the premises. The annual load is 56,033 

kWh with a min, max and average hourly load of 0, 37.9 and 6.4 kWh respectively.  

Device  
component 

Device characteristics  Cost ($) 
 

PV Maximum power:  255W/panel 
Efficiency: 12% 
Poly crystalline solar cells 
PV panel area: 1.046 m×1.588 m 
System losses: 7% 
PV life: 25 years 
Temperature reference: 25 C 
 

Initial cost: $1400/kW [US] [16] 
OM: 0.12% of the installed cost per year 
[16] 
Replacement cost: 100% 
 

Inverter Efficiency conversion: 95% Initial cost: $1000/kW [US] [16] 
OM: 0.5% of the installed cost per year 
[16] 
Replacement cost: 100% 
 

Wind turbine Cut-in speed: 4 m/s 
Rated speed:  14 m/s 
Cut-out speed:  20 m/s 
Rotor diameter: 5.1 m 
Air density: 1.225 kg/m3 

Initial cost: $3013/kW [US] [17] 
OM: 0.5% of the installed cost per year 
[16] 
Replacement cost: 100% 
 
 

Battery Efficiency: 95% 
Battery discharge efficiency: 100% 
Battery charge efficiency: 90% 
Depth of discharge: 70% 
Battery inverter efficiency: 85% 
SOC max: 100% 
SOC min: 30% 
 

Initial cost: $126/kW [US] [17] 
OM: 1.26/kW [17]  
Replacement cost: 100% 
 

PEM 
electrolyser 

Electrolyser efficiency: 95% 
Electrical consumption Alpha:20  kWh/kg  
Electrical consumption Beta: 40 kWh/kg 

Initial cost: $5000/kW [USD] [18] 
OM: 0.05 $/hr [19] 
Replacement cost: 7% 
 

Metal  
hydride storage 
 tank 

Hydrogen tank efficiency: 95% 
H2 max: 100% of H2 capacity 
H2 min: 5% of H2 capacity 

$4000/kg [USD] [20] 
OM: 0.5% of the installed cost per year 
[21] 
Replacement cost: 100% 
 

PEM fuel cell Efficiency: 50% 
Max efficiency: 50% 
LHV: 33.3 kWh/kg 
HHV: 39.39 kWh/kg 
 

Initial cost: $2000/kW [USD]  
OM: 0.05 $/hr [19] 
Replacement cost: 7% 
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Figure 64: Annual (1st January 2016 to 31st December 2016) weather data in Coldstream, south 

Australia 

 

Figure 65: Typical summer (31st January 2016) and winter (31st July 2016) solar radiation, 

temperature and wind speeds in Coldstream, south Australia 

6.2.1 Test Case 30 – current configuration without storage 

The energy system in Coldstream was simulated firstly in its current proposed 

configuration (250 kWp PV system and a 95 kWp wind system) (Figure 66) using the 

generated solar radiation, wind data, ambient temperature and actual load to analyse its 

current supply reliability. 
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Figure 66: Test Case 30 Annual (1st January 2016 to 31st December 2016) PV and wind output from 

energy system in Coldstream, south Australia 

 

A typical summer (31st January) and winter (31st July) day for daily PV, wind and total 

renewable output is shown in Figure 67. 

 

 

Figure 67: Test Case 30 Typical summer (31st January 2016) and winter (31st July 2016) PV and 

wind output from energy system in Coldstream, south Australia 
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 It was found that the LPSP value is 33.1% (Figure 68), NPV 1 million USD with 

an environmental emission of 153.8 TCO2eq (Table 8). 

 

Figure 68: Test Case 30 Annual (1st January 2016 to 31st December 2016) system load, energy 

surplus and energy deficit of energy system in Coldstream 

 

A typical summer (31st January) and winter (31st July) day for building load, 

deficit and surplus load is shown in Figure 69. On a typical summer day deficit energy 

occurs after 3 pm for 7 hours and in winter from 2 pm onwards. Surplus energy occurs 3 

pm on a typical summer day and before 1 pm on a typical winter day. The load is 

consistently high during the whole day both on the typical summer and winter day and 

may be due to scheduled mechanical services and equipment to run at off peak times to 

reduce peak loads.  
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Figure 69 Test Case 30 Typical summer (31st January 2016) and winter (31st July 2016) system 

load, energy deficit and energy surplus of energy system in Coldstream 

 

Despite the renewable component being substantial in size, it is seen that the 

proposed PV and wind system sizes are not providing a good supply reliability result 

(33.1%) for the energy system, purely because the actual load pattern is quite 

consistently large even during late nights and early mornings and there is no means to 

collect surplus generated energy during the day.  

 

6.2.2 Test Case 31 – amended energy system with storage 

To ensure better reliability, it is proposed to integrate storage devices such as a 

battery bank in conjunction with electrolyser, hydrogen tanks and fuel cells into the 

energy system whilst reducing the renewable generation plant size. A techno-economic 

optimisation is hence carried out to maintain the LPSP at between 0.5% and 3% whilst 

minimising the NPV. For demonstration purposes of hydrogen capability, the devices 

are constrained for a system with a high reliance on a hydrogen fuel cell component in 

conjunction with weightings applied in the socio-political objective. The optimisation 
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ranges are set to a PV range between 40 kW – 100 kW, wind range to 30 – 80 kW, fuel 

cell size between 80 and 100 kW, electrolyser between 5 and 45 kW, battery backup of 

between 2 and 38 kWh (up to 25% of a day’s autonomy) and hydrogen storage between 

4.6 and 46 kg equivalent to a range between 1 and 10 times the battery capacity.   

The optimised PV inverter output generation for the whole simulation period is 

shown in Figure 70. 

 

Figure 70: Test Case 31 Annual (1st January 2016 to 31st December 2016) PV, wind and renewable 

power output 

 

A typical summer (31st January) and winter (31st July) day for PV, wind and total 

renewable power output is shown in Figure 71. The daily summer and winter typical PV 

inverter output displays generation in particular early in the morning until 3 pm. 
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Figure 71: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016) system 

renewable power analysis  

 

The optimisation achieves an LPSP of 1.3% (Figure 72) with a 51.2 kWp PV 

system, 46.9 kWp (Figure 70) wind, a battery size of 38 kWh (38% of a day’s load 

requirement of 98 kWh), an electrolyser and a fuel cell size of  45.0 kW and 44.0 kW 

respectively (based on surveyed surplus load and max building load) and a hydrogen 

storage tank of 46.0 kg (hydrogen electrical equivalent storage capacity is 10 times a 

day’s usable battery capacity of 153 kWh). The NPV and emissions are $7,067,588 

USD and 229.4 TCO2eq respectively.  
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Figure 72: Test Case 31 Annual (1st January 2016 to 31st December 2016)  system analysis showing 

system load, energy surplus and energy deficit 

 

A typical summer (31st January) and winter (31st July) day for building load, 

deficit and surplus load is shown in Figure 73. A typical summer day shows no deficit 

whilst a winter day shows deficit for an hour around midnight. Surplus for a typical 

summer day occurs up to around 3 pm whilst in winter surplus only occurs for two 

hours from 5 am.  

 

Figure 73: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016) system 

analysis showing system load, energy surplus and energy deficit 
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Results are summarised in Table 8. 

It is seen from analysis of the energy generation streams (renewable, battery and 

fuel cells) that the battery and fuel cell are utilised fairly consistently throughout the 

year (Figure 74).  

 

Figure 74: Test Case 31 Annual (1st January 2016 to 31st December 2016) renewable output analysis 

 

Figure 75 shows the convergence of all system input devices as they travel 

through the PSO search space using the configured PSO algorithm parameters.  

 

Figure 75: Test Case 31 System input device capacity PSO convergence 
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Figure 76 shows annual battery kWh discharge, charge and charge and SOC 

throughout the simulation and optimisation period and indicate the battery is 

consistently deployed throughout the year.  

 

Figure 76: Test Case 31 Annual (1st January 2016 to 31st December 2016) battery analysis 

 

A typical summer (31st January) and winter (31st July) day for battery charging, 

discharging and SOC is shown in Figure 77. Discharging occurs after 3 pm in summer 

for about 8 hours and on a typical winter day for three hours before 10 am. The battery 

charges briefly for an hour around 1 am in summer and for around four hours before 5 

am on a typical winter day.  

 

Figure 77: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016)  battery 

analysis 
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Figure 78 shows annual hydrogen flow from the hydrogen storage tank, fuel cell 

hydrogen consumption and equivalent fuel cell electrical output throughout the 

simulation and optimisation period.  

 

Figure 78: Test Case 31 Annual (1st January 2016 to 31st December 2016) hydrogen storage 

discharge hydrogen flow analysis 

A typical summer (31st January) and winter (31st July) day for hydrogen outflow 

from the hydrogen storage tank, the intake of hydrogen flow into the fuel cell and 

electrical output from the fuel cell is shown in Figure 79. As expected the only time 

when there is fuel cell electricity generation is when the fuel cell hydrogen intake 

occurs, which coinicides with the outflow of hydrogen from the hydrogen tank. For a 

typical winter day the fuel cell generates electricity  after 3 pm onwards with a 

concurrent discharge of hydrogen from the hydrogen tank in this period. 
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Figure 79: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016)  hydrogen 

storage discharge analysis 

 

The electrolyser consumes electricity in a linear fashion in line with hydrogen 

generated for storage (Figure 80). It is observed that the hydrogen tank level is low 

between  around mid June and beginnning of September. 

 

Figure 80: Test Case 31 Annual (1st January 2016 to 31st December 2016) and daily (27th July 2016) 

hydrogen storage charge hydrogen flow analysis 

 

A typical summer (31st January) and winter (31st July) day for electrolyser 

hydrogen production, hydrogen storage level and electrolyser consumption is shown in 
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Figure 81. The electrolyser only appears to be generating hydrogen for an hour on a 

typical summer day at 2 am and in winter around 6 am.  

 

Figure 81: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016)  hydrogen 

storage charge analysis 

 

It is seen from Figure 82 that the objectives converge as the PSO search function 

searches through the search space for an optimised system with the set out economic 

weighting and technical constraint.  

 

 

Figure 82: Test Case 31 single objectives normalised output in PSO search algorithm 
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The Ec vs Env and Tech vs Ec respectively in Figure 83 for an economic 

weighting is of particular interest as it shows the interaction between the emission and 

NPV and LPSP and NPV respectively. As expected the higher the NPV cost, the lower 

the LPSP value and the higher the NPV value the higher emission cost. 

 

Figure 83: Test Case 31 2D objectives normalised output in PSO search algorithm 

 

The bottom right figure Tech vs Ec vs Env in Figure 84 incorporates the 

environmental objective as a 3D view to show the interaction between the technical, 

economic and environmental objective in its entirety. 
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Figure 84: Test Case 31 3D objectives normalised output in PSO search algorithm 

 

Results are summarised in Table 8. 
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Table 8: Test Case 30 and Test Case 31 energy system analysis 

System configuration – PV+wind 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
User tech constraint : Inf [%] 
User economic constraint : Inf [$ US] 
User environmental constraint : Inf [kgCO2eq] 
User socio-political constraint : Inf [kWh] 
 
 

System configuration – PV+wind 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
User tech constraint : 3 [%] 
User economic constraint : Inf [$ US] 
User environmental constraint : Inf [kgCO2eq] 
User socio-political constraint : Inf [kWh] 

Actual building load with estimated PV 
 Model 
Test Case 30 
Figure 68 
 

Simulation with preliminary design  
building load and estimated PV inverter output 
Test Case 31  
Figure 70, Figure 72, Figure 74, Figure 75,  
Figure 76, Figure 78, Figure 80 

Optimisation output: 
 
LPSP : 33.1 [%] 
NPV :   1.0×106  [$ US] 
CO2eq :  153.8  [TCO2eq] 
Socio : 0.0  
 
TEL : 3.9×105 [kWh] 
 
Building load: 5.6×104 [kWh/yr] 
Maximum load: 75 kWh 
Minimum load: 7.5 kWh 
Average load: 38.4 kWh 
 
PV inverter  generation: 4.1×105 [kWh/yr] 
Wind generation: 2.4×104 [kWh/yr] 
Battery energy generation: 0 [kWh] 
Battery discharge hours: 0 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 0 [hrs/yr] 
 
Fuel cell generation: 0 [kWh/yr] 
Fuel cell operating hours: 0.0 [hrs/yr] 
 
Unmet load: 1.9×04 [kWh/yr] 
Excess load: 3.9×105  [kWh/yr] 
 
Best System Configuration: 
 
pv size : 250.0 [kW] 
wind size : 95.0 [kW] 
gen size : 0.0 [kW] 
bat size : 0.0 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 

Optimisation output: 
 
LPSP : 1.6 [%] 
NPV :  7.1×106  [$ USD] 

 sysε
 :  229.4 [TCO2eq] 

Socio : 0.0  
 
TEL : 6.4×104 [kWh] 
 
Building load: 5.6x104 [kWh/yr] 
Maximum load: 37.9 kWh 
Minimum load: 0 kWh 
Average load: 6.4 kWh 
 
PV inverter  generation: 8.6×104 [kWh/yr] 
Wind generation: 1.2×104 [kWh/yr] 
Battery energy generation: 1.1×104 [kWh] 
Battery discharge hours: 3902 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 2251 [hrs/yr] 
Fuel cell generation: 1.1×104 [kWh/yr] 
Fuel cell operating hours: 1304.0 [hrs/yr] 
 
Unmet load: 602 [kWh/yr] 
Excess load: 2.1×104  [kWh/yr] 
 
 
Best System Configuration: 
 
pv size : 51.2 [kW] 
wind size :46.9 [kW] 
gen size : 0.0 [kW] 
bat size : 38.0 [kWh] 
elec size : 45.0 [kW] 
fc size : 44.0 [kW] 
H2 size : 46.0 [kg] 
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6.2.3 Discussion 

Test Case 30 and Test Case 31 of a proposed solar and wind system with actual 

metered weather data and building load data, provides an insight into enabling a 

medium sized commercial premise to generate its own electricity and be off grid with a 

high supply reliability.  

Without storage and using the actual weather data to calculate PV inverter and 

wind output, it is seen that whilst the renewable energy components are oversized 

(3.9×105 kWh/year) and are larger than the total annual building load (5.6×104 kWh), 

the system does not result in a high supply reliability (33.1%) as energy storage is 

missing. Facilities used in hospitality would display similar load patterns such as this 

conference centre where the building load is not necessarily high during the day when 

solar output is available but also display high usage patterns early in the morning and at 

night. The early electrical morning and night consumption may occur due to scheduled 

mechanical services and equipment to run at off peak times to reduce peak loads. From 

Figure 69 it is seen that on a typical summer and winter day the renewable output fails 

to supply the load after around 3 pm, resulting in the high LPSP (33.1%). 

 The system is analysed and optimised for optimum storage of a larger battery 

back up and minor hydrogen fuel cell component to obtain an LPSP of between 1% and 

5%. It is seen that the optimum storage which meets the technical constraints (1.5%) 

whilst minimises the cost is a reduction in PV and wind size (52.3 kW and 46.9 kW 

respectively), a battery back up of 38 kWh, 45 kW electrolyser, 44 kW fuel cell and 46 

kg hydrogen storage tank (Table 8).  The smaller PV and wind system results in a 478% 

area reduction (1,600 m2 versus 335 m2) and 50% less footprint (ten 10 kWp wind 

turbines versus five 10 kWp wind turbines) respectively.  
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From the output in Table 8 it is seen that the system relies heavily on the battery 

storage (3902 hours/year) with frequent assistance from the hydrogen component 

(electrolyser generates hydrogen 2251 hours/year, fuel cell generates 5.6×104 kWh and 

operates 1304 hours/year). The electrolyser control logic which turns on the electrolyser 

when 10% of the full electrolyser capacity is available allows the fuel cell to contribute 

to the load fairly consistently throughout the year (Figure 74).  

6.3 Conclusion  

By adding energy storage to the current energy system it is seen that the PV and 

wind system size has been able to be reduced drastically (PV 250 kW to 51.2 kW, wind 

95 kW to 46.9 kW) compared to the initial proposed system with just renewable energy 

whilst reducing the LPSP to an acceptable level. This particular study emphasized 

hydrogen fuel cell technology for demonstration purposes and purposefully steered 

away from a large battery bank in the PSO optimisation model. This can be achieved by 

using the socio-political objective to steer the PSO search algorithm in a certain 

direction. It is found that the test cases in this chapter has emphasized that the 

configuration can be optimised using the proposed optimisation model by Eriksson and 

Gray [11] with variable system configuration, boundaries for device ranges, multiple 

objectives and user constraints. 

 It is important to consider the full system cost over the life time of the project, 

rather than just the capital outlay as the life time cost is the true reflection of the cost 

throughout the project duration. In the current economic climate a system with a 

hydrogen component with a high system life cost ($7,067,588 USD) calculated in Test 

Case 31 would most likely not be installed due to the cost constraints unless the project 

has been granted government funding. Conventional mature energy storage such as 

batteries are obviously cheaper than hydrogen fuel cell technology but if long term 
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sustainable storage is sought then hydrogen fuel cell technology is a viable option which 

can justify the additional capital outlay.  
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7 Large solar farm, battery and hydrogen fuel cell energy system - 

HWY92 Case Study 

7.1 Overview 

The proposed optimisation model [11] is used to evaluate a renewable energy 

system in Illinois, USA for a technical objective  Loss of Power Supply Reliability 

(LPSP), an economic objective NPV, and an environmental objective total emissions of 

the system ( sysε ) and a socio political objective outlined in  the optimisation paper by 

Eriksson and Gray [11].  

This chapter outlines a case study where the proposed search model has been 

applied for a techno-economic optimisation study to analyse and optimise an existing 

large solar farm installed near Highway 92 (HWY92), Illinois, USA to increase supply 

reliability whilst minimising cost by incorporating battery capacity, fuel cell, 

electrolyser and hydrogen storage. Section 1 gives an overview of the energy system 

and an analysis of the current performance of the system in regards to a technical 

objective with minimised cost function. Section 2 outlines analysis and optimisation 

results of the energy system with integrated storage, Section 3 provides an overall 

discussion and conclusion of the optimisation case study chapter. 

7.2 Background 

A techno-economic study has been undertaken of an installed 6.8 MWp grid 

connected essentially shade free solar generation plant in a regional area of Illinois near 

Highway 92, USA. Whilst the system is grid connected, the system has been analysed 

from a distributed network point of view off grid in the event of a power failure to 

determine optimum storage to achieve a certain reliability when the grid is not available 
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whilst minimising the cost function. The load is based on a partial load from an 

estimated community nearby for analysis purposes. For the intents and purposes of this 

study, it is assumed that the grid is non-existent as the purpose of the Case Study is to 

explore a partial community load off grid. 

The supply reliability is calculated as LPSP and the system life time cost as NPV 

outlined in a paper by Eriksson and Gray [11]. Economic parameters for the NPV 

function are a discount rate of 8%, a real interest rate of 13%, a fuel inflation rate of 5% 

and a project life time of 24 years. In addition to an economic and technical objective, 

an environmental objective, total emissions of the system sysε is calculated. The 

parameters of the various devices and costings are outlined in Table 9. 
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Table 9: Component data for case studies 

 

The weather data at the HWY92 installation of actual metered data for solar 

radiation, temperature and wind speeds are shown in Figure 85. 

Device  
component 

Device characteristics  Cost ($) 
 

PV Maximum power:  255W/panel 
Efficiency: 12% 
Poly crystalline solar cells 
PV panel area: 1.046 m×1.588 m 
System losses: 7% 
PV life: 25 years 
Temperature reference: 25 C 
 

Initial cost: $1400/kW [US] [16] 
OM: 0.12% of the installed cost per year 
[16] 
Replacement cost: 100% 
 

Inverter Efficiency conversion: 95% Initial cost: $1000/kW [US] [16] 
OM: 0.5% of the installed cost per year 
[16] 
Replacement cost: 100% 
 

Battery Efficiency: 95% 
Battery discharge efficiency: 100% 
Battery charge efficiency: 90% 
Depth of discharge: 70% 
Battery inverter efficiency: 85% 
SOC max: 100% 
SOC min: 30% 
 

Initial cost: $126/kW [US] [17] 
OM: 1.26/kW [17]  
Replacement cost: 100% 
 

PEM 
electrolyser 

Electrolyser efficiency: 95% 
Electrical consumption Alpha:20  
kWh/kg  
Electrical consumption Beta: 40 kWh/kg 

Initial cost: $5000/kW [USD] [18] 
OM: 0.05 $/hr [19] 
Replacement cost: 7% 
 

Metal  
hydride storage 
 tank 

Hydrogen tank efficiency: 95% 
H2 max: 100% of H2 capacity 
H2 min: 5% of H2 capacity 

$4000/kg [USD] [20] 
OM: 0.5% of the installed cost per year 
[21] 
Replacement cost: 100% 
 

PEM fuel cell Efficiency: 50% 
Max efficiency: 50% 
LHV: 33.3 kWh/kg 
HHV: 39.39 kWh/kg 
 

Initial cost: $2000/kW [USD]  
OM: 0.05 $/hr [19] 
Replacement cost: 7% 
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Figure 85: Annual (1st August 2016 to 1st August 2017) actual weather data annual and daily loads 

at location HWY92  

A typical summer (31st July) and winter (31st January) day for solar radiation, 

temperature and wind speeds is shown in Figure 86. The solar radiation is high for the 

typical summer day early in the morning until 10 am and shows no solar radiation after 

this point most likely due to cloud cover. The solar radiation on the typical winter days 

shows a normal bell curve pattern. 

 

 

Figure 86: Typical summer (31st July 2016) and winter (31st January 2017) actual weather data 

annual and daily loads at location HWY92 
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The energy system consists of 22,240 poly silicon 305W 15.7% efficient Renesola 

PV panels connected in strings to form an L shaped pattern, at a tilt angle of 25° and 

azimuth angle of 0°, covering an area of 38,969 m2. The inverters used in the 

installation are six of Sunny Central 800CP-US 833kWac inverters with a conversion 

efficiency ranging between 98.5 to 98.7 %. 

 

 

Figure 87: HWY92 solar farm installation [22] 
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Figure 88 HWY92 solar farm installation [18] 

 

Washington Park is a village in St. Clair County, Illinois, United States. The 

population was 4,196 as of the 2010 census, down from 5,345 in 2000 and is located 

around 16 km from the solar farm [23]. The annual load profile for Washington Park 

has been estimated based on average residential electricity consumption in Illinois [24] 

of 767 kWh/month. With a population of 4,196 and an average of 2.39 people per 

household, the annual load of the whole of Washington Park is estimated to 11,552 

MWh/year. The solar farm was never intended to supply a whole community, hence it is 

necessary to treat the village as grid connected zoned areas connected to individual 

substations as is the case in reality. Up to 25% of this load (2893 MWh) could 

reasonably be connected to the renewable energy system [25] and be analysed as an off 

grid system.  The maximum, minimum and average load is 699.1, 78.8 and 328.9 kWh 

respectively.  
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7.2.1 Test Case 21 – Current configuration 

The purpose of the study is to enable the system to go off grid with adequate 

storage connected into the system. A techno-economic objective is opted as the main 

focus for this optimisation from a supply reliability point of view within minimised cost 

bounds.  

A comparison was carried out between actual and estimated PV inverter output 

for benchmarking the PV model. It is seen from the annual PV generation that the 

difference between estimated (Figure 89, Figure 91) and actual PV model (Figure 90, 

Figure 91) output is only 1%. 

 

Figure 89: Annual (1st August 2016 to 1st August 2017) renewable output with estimated PV model 

 

A typical summer (31st July) and winter (31st January) day for estimated 

renewable power output pattern is similar to Figure 91 where power inverter output is 

generated for a typical summer day early in the morning until 10 am with no power 

output after this point most likely due to cloud cover. The renewable power output on 

the typical winter days shows a normal bell curve pattern.  
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The actual PV inverter output shows a temporary dip in power generation at the 

beginning of November (Figure 90) and may have been caused by either hardware 

failure or bad weather.  

 

Figure 90: Test Case 21 Annual (1st August 2016 to 1st August 2017) renewable output with actual 

PV inverter output 

A typical summer (31st July) and winter (31st January) day for actual renewable 

power output is shown in Figure 91. The solar radiation is high for the typical summer 

day early in the morning until 10 am and shows no solar radiation after this point most 

likely due to cloud cover. The PV inverter output on the typical winter days shows a 

normal bell curve pattern. 
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Figure 91: Test Case 21 Typical summer (31st July 2016) and winter (31st January 2017) renewable 

output with actual PV inverter output 

 

Without storage and using actual data for PV inverter output the system achieves 

an LPSP value of 68.1 % (Table 10, Figure 92, Figure 93). The cost is ignored as this is 

an existing system. 

 

Figure 92: Test Case 21 Annual (1st August 2016 to 1st August 2017) system analysis with estimated 

PV model and no storage  
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A typical summer (31st January) and winter (31st July) day for building load, 

deficit and surplus load is shown in Figure 93. For these typical days, deficit occurs on a 

summer day in the morning before 10 am and after 2 pm on a typical winter day. The 

surplus energy occurs on a typical summer after lunch and between 5 am and 11 am in 

winter. 

 

 

Figure 93: Test Case 21 Typical summer (31st July 2016) and winter (31st January 2017) system 

analysis with actual PV model and no storage 

 

Results are summarised in Table 10. 

7.2.2 Test Case 22 – Amended energy system with storage 

Using the optimisation model developed by Eriksson and Gray [11] the system is 

analysed and optimised for optimum storage of battery backup and a hydrogen fuel cell 

component to obtain an LPSP of between 1% and 5%.  

The system’s control scheme is configured so that the load will be satisfied by 

electricity generated from a solar resource when there is enough solar irradiation to 

handle the full demand. Once the load has been satisfied and there is surplus energy 
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remaining, the battery will be charged to its maximum level or the available surplus 

energy level. If the battery has been charged to its maximum level and there is surplus 

energy remaining, then the electrolyser will be turned on to generate hydrogen for 

storage in the hydrogen tank. When there is a deficiency in the solar energy generation 

and/or wind generation the battery capacity will satisfy the deficit load until it has 

reached its minimum SOC .If the battery can’t satisfy the full residual load, then the fuel 

cell will satisfy the remainder by extending the battery provided there is enough 

hydrogen to do so in the hydrogen tank. If the fuel cell can’t satisfy the load then the 

remainder of the load will be recorded as deficit (Figure 94).  

It is assumed that the PV installation size remains as is. Land acquisition is only 

available for the PV installation, hence no further area is available for wind turbines. 

Battery and hydrogen components are able to be installed in the sheds nearby. The 

battery backup is proposed to be equivalent to up to maximum 5 days autonomy 

equivalent to a battery capacity range of up to 65,114 kWh. In this study it is desired 

that the system be a hydrogen-based system, hence the hydrogen electrical equivalent 

storage capacity should be up to maximum five times the usable battery capacity (70% 

DOD), equivalent to a hydrogen range of up to 1955.4 kg. The minimum, maximum and 

average load is 78.8, 699.1 kWh and 328.9 kWh respectively. Therefore the bounds for 

the fuel cell and electrolyser capacity is set between 100 kW and 500 kW (based on 

deficit load analysis). These bounds forms the constraints of the optimisation model.  
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Figure 94: Simplified block diagram of proposed system with storage 

 

 

It seen that the optimum storage which meets the technical constraints whilst 

minimises the cost is a battery backup of 8731.1 kWh, 484.1 kW electrolyser, 500 kW 

fuel cell and 810.9 kg hydrogen storage tank.  

It was found that the LPSP value is 3.0% (Figure 95, Figure 96, Figure 68), NPV 

19.3 million USD (excluding existing PV) with an environmental emission of 3578.8 

TCO2eq (Table 10). 
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Figure 95: Test Case 22 Annual (1st August 2016 to 1st August 2017) system load, energy surplus 

and energy deficit of energy system in HWY92 

A typical summer (31st January) and winter (31st July) day for building load, 

deficit and surplus load is shown in Figure 96. For these typical days, surplus occurs on 

a summer day in the morning before 9 am and deficit occurs for two hours at 10 am 

during winter.  

 

Figure 96 Test Case 22 Typical summer (31st July 2016) and winter (31st January 2017) system 

load, energy deficit and energy surplus of energy system in HWY92 
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Table 10: Test Case 21 and Test Case 22 system analysis 
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System configuration – PV 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
Constraint Optimisation: 
 
Tech constraint : Inf [%] 
Economic constraint : Inf [1000 Euro] 
Environmental constraint : Inf  [kgCO2eq] 
Socio-political constraint : Inf [kWh] 
 
 

System configuration – 
PV+battery+electrolyser+hydrogen tank 
 + fuel cell 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
Constraint Optimisation: 
 
Tech constraint : 5.0 [%] 
Economic constraint : Inf [1000 Euro] 
Environmental constraint : Inf  [kgCO2eq] 
Socio-political constraint : Inf [kWh] 
 
 

Estimated load using actual PV 
output  
Test Case 21 
Figure 90, Figure 91, Figure 92, Figure 93 

Estimated load using actual PV inverter output with 
battery,  
fuel cell, electrolyser and hydrogen back up storage  
Test Case 22 
Figure 95, Figure 96, Figure 97, Figure 98, Figure 99, 
Figure 100, Figure 101, Figure 102, Figure 103, Figure 
104, Figure 105, Figure 106, Figure 107 

Optimisation output: 
 
LPSP : 59.0 [%] 
NPV :   N/A [% USD] 

sysε
: 1167.1 [TCO2eq] 

Socio : 0.0  
 
TEL : 7.5×106    [kWh] 
 
Building load: 2.9×106 [kWh/yr] 
Maximum load: 699.1 kWh 
Minimum load: 78.8 kWh 
Average load: 328.9 kWh 
 
PV generation:  9.1×106   [kWh/yr] 
Wind generation: 0 [kWh/yr] 
Battery energy generation: 0 [kWh] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 0 [hrs/yr] 
Fuel cell operating hours: 0 [hrs/yr] 
 
Unmet load: 1.7×106 [kWh/yr] 
Excess load: 7.9×106  [kWh/yr] 
 
Best Constraint  
System Configuration: 
 
pv size : 6783.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 0.0 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
 

Optimisation output: 
 
LPSP : 3.0 [%] 
NPV :   19.3×106 [$ USD] excluding existing PV 

sysε
:   3578.8 [TCO2eq] 

Socio : 0.0  
 
TEL : 7.4×106 [kWh] 
 
Building load: 2.9×106 [kWh/yr] 
Maximum load: 699.1 kWh 
Minimum load: 78.8 kWh 
Average load: 328.9 kWh 
 
PV generation: 9.1×107 [kWh/yr] 
Wind generation: 0 [kWh/yr] 
Battery energy generation: 1.5×106 [kWh] 
Battery discharge hours: 5370 [hrs/yr] 
Generator operation: 0 [hrs/yr] 
Electrolyser operation: 565.0 [hrs/yr] 
Fuel cell operating hours: 670.0 [hrs/yr] 
 
Unmet load: 8.7×104 [kWh/yr] 
Excess load: 5.7×106  [kWh/yr] 
 
Best Constraint  
System Configuration: 
 
pv size : 6783.0 [kW] 
wind size : 0.0 [kW] 
gen size : 0.0 [kW] 
bat size : 8731.1 [kWh] 
elec size : 484.1.0 [kW] 
fc size : 500.0 [kW] 
H2 size : 810.9.0 [kg] 
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It is seen from analysis of the energy generation streams (renewable, battery and 

fuel cells) that the battery is utilised fairly consistently throughout the year (with a short 

dip in the beginning of November) with less use of the fuel cell (Figure 97).  

 

Figure 97: Test Case 22 Annual (1st August 2016 to 1st August 2017) renewable output analysis 

 

Figure 98 shows the convergence of all system input devices as they travel 

through the PSO search space using the configured PSO algorithm parameters.  
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Figure 98: Test Case 22 System input device capacity PSO convergence 

The battery is seen to discharge and charge consistently (with a short dip in the 

beginning of November) throughout the year as evidenced from Figure 99 throughout 

the simulation and optimisation period.  

 

Figure 99: Test Case 22 Annual (1st August 2016 to 1st August 2017) battery analysis 

 

A typical summer (31st January) and winter (31st July) day for battery charging, 

discharging and SOC is shown in Figure 100. On a typical summer day the battery 

discharges between 9 am onwards and discharges mainly between midnight until 9 am 
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on a typical winter day. The only time surplus energy occurs on a typical winter day is 

for an hour around 6 pm and for a few hours after 8 pm.  The typical summer day 

doesn’t show any recorded surplus energy.  

 

Figure 100: Test Case 22 Typical summer (31st July 2016) and winter (31st January 2017) battery 

analysis 

The system’s hydrogen generation and hydrogen consumption in the energy 

system during the simulation and optimisation period is demonstrated in Figure 101 and 

shows annual hydrogen flow from the hydrogen storage tank, fuel cell hydrogen 

consumption and equivalent fuel cell electrical output throughout the simulation and 

optimisation period.  



Hybrid renewable energy systems with battery and hydrogen storage 

 Page 156   
 

 

Figure 101: Test Case 22 Annual (1st January 2016 to 31st December 2016) hydrogen storage 

discharge hydrogen flow analysis 

A typical summer (31st July) and winter (31st January) day for hydrogen outflow 

from the hydrogen storage tank, the intake of hydrogen flow into the fuel cell and 

electrical output from the fuel cell is shown in Figure 102. As expected the only time 

when there is fuel cell electricity generation is when the fuel cell hydrogen intake 

occurs, which coinicides with the outflow of hydrogen from the hydrogen tank. These 

typical days indicate that hydrogen is discharged from the hydrogen tank continuously 

after 10 am in winter for four consecutive hours. The typical summer day shows no 

activity.   
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Figure 102: Test Case 22 Typical summer (31st July 2016) and winter (31st January 2017)   

hydrogen storage discharge analysis 

 

As expected the only time the electrolyser consumes electricity is when it 

generates hydrogen for storage in the hydrogen tank and shows a linear relationship 

with the electrical consumption by the electrolyser (Figure 103). It is observed that the 

hydrogen tank level is only shortly at a low level beginning of November and beginning 

of August. 

 

 

Figure 103: Test Case 22 Annual (1st August 2016 to 1st August 2017)  hydrogen storage charge 

hydrogen flow analysis 
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A typical summer (31st July) and winter (31st January) day for electrolyser 

hydrogen production, hydrogen storage level and electrolyser consumption is shown in 

Figure 104. The typical summer and winter day shows no activity from the electrolyser. 

 

Figure 104: Test Case 22 Typical summer (31st July 2016) and winter (31st January 2017) 

hydrogen storage charge analysis 

 

It is seen from Figure 105 that the objectives converge as the PSO search function 

searches through the search space for an optimised system with the set out economic 

weighting and technical constraint.  
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Figure 105: Test Case 22 single objective optimisation output for system with actual PV inverter 

output with battery, electrolyser, hydrogen storage and fuel cells 

 

In Figure 106, the panels Ec vs Env and Tech vs Ec respectively for an economic 

weighting are of particular interest as they show the interaction between the emission 

and NPV and LPSP and NPV respectively. As expected, the higher the NPV, the lower 

the LPSP value and the higher the NPV value the higher emission cost.  
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Figure 106: Test Case 22 2D objective optimisation output for system with actual PV inverter 

output with battery, electrolyser, hydrogen storage and fuel cells 

 

The bottom right panel Tech vs Ec vs Env in Figure 107 incorporates the 

environmental objective as a 3D view to show the interaction between the technical, 

economic and environmental objective in its entirety. 

 

Figure 107: Test Case 22 3D objective optimisation output for system with actual PV inverter 

output with battery, electrolyser, hydrogen storage and fuel cells 
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7.3 Discussion 

Test Case 21 and Test Case 22 of an actual installed solar farm with actual 

metered weather data, provides an insight into the possibility of turning solar farms into 

autonomous independent distributed energy generation networks.  

For benchmarking purposes it was found that the PV model and the actual PV 

inverter output were very similar in output (1% difference). Without storage and using 

actual PV inverter output the system achieves an LPSP value of 68.1 % using a partial 

load from a nearby community as a representative building load. The system is analysed 

and optimised for optimum storage of battery backup and a hydrogen fuel cell 

component to obtain an LPSP of between 1% and 5%. It seen that the optimum storage 

which meets the technical constraints (3%) whilst minimises the cost is a battery back 

up of 8731.1 kWh, 484.1 kW electrolyser, 500 kW fuel cell and 810.9 kg hydrogen 

storage tank. From the output in Table 10 and Figure 97 it is seen that the system relies 

heavily on the battery storage (5370 hours/year) with less input from the hydrogen 

component (electrolyser generates hydrogen 565 hours/year, fuel cell operates 670 

hours/year). The electrolyser control logic which turns on the electrolyser when 25% of 

the full electrolyser capacity is available allows the fuel cell to contribute to the load 

fairly consistently throughout the year (Figure 101).  

7.4 Conclusion 

This particular study highlighted the necessary measures if intending to transform 

a large solar farm into a distributed energy system to operate autonomously in the event 

of a power failure. It is a timely study as solar farms are progressively rolled out across 

the world as feasible self-sufficient energy systems. 
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It is found that the test cases in this chapter has emphasized that the configuration 

can be optimised using the proposed optimisation model by Eriksson and Gray [11] 

with variable system configuration, boundaries for device ranges, multiple objectives 

and user constraints. If a hydrogen fuel cell emphasis is essential this can be achieved 

by using the socio-political objective to steer the PSO search algorithm in a pre-

determined direction to favour hydrogen technology rather than battery backup for 

instance. In the current economic climate where a system with a hydrogen component 

results in a high system life cost ($19,298,272 USD) as in Test Case 22, the project 

would realistically not be installed due to the cost constraints unless the project has been 

given government funding.  
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8 Conclusions 

In this thesis a number of important issues in relation to optimisation of hybrid 

renewable energy systems have been outlined and discussed in detail with the help of 

test case results from a developed software model for analysing and optimisation energy 

systems.  

In chapter 1, an overview was presented of the current energy market and where 

the hydrogen economy fits into the new emerging energy sector. The purpose, 

significance and objectives were outlined of the research topic in integration of 

renewable energy systems.  

In chapter 2, a literature review, analysed optimisation of existing and emerging 

renewable technologies, including hydrogen, fuel cells, photovoltaics, storage and 

hybrid renewable energy storage systems to gain an understanding of the historic and 

future implementation and optimisation of renewable energy systems; 

Chapter 3 discussed the background to the methodology and outlined the system 

design methodology and its various input and output parameters at high level in terms of 

objectives, analysis and search functions and mathematical models. Details of the 

participants in the study, the instruments used in the study and the procedure and 

timeline for completion of each stage of the study is then briefly outlined. The following 

section outlined the data acquisition methods, ethics and limitations of the study and 

finally implemented system configurations for analysis and optimisation in the 

optimisation model.  

Chapter 4 consisted of an in depth outline of the implementation of the 

optimisation model and described mathematical expressions of the implemented 

objectives, constraints and renewable generation and storage models. The final section 
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of the chapter benchmarked the optimisation model against a set of published test 

outputs in literature.  

The subsequent chapters Chapter 5, Chapter 6 and Chapter 7 outlined various case 

studies for Sir Samuel Griffith Centre, Griffith University, Brisbane, a solar and wind 

farm in ColdStream, South Australia and a solar farm in HWY92, USA respectively. 

The chapters consisted of simulations and optimisation of the specific hybrid energy 

system designs in various arrangements to establish certain objective parameters.  

The objectives set out in the thesis were successfully achieved in that an analysis 

and optimisation model was developed for Hybrid Renewable Energy Storage (HRES) 

systems with conventional and hydrogen storage systems. The effects of building loads 

and building services effect on optimisation outcomes was demonstrated and mitigated 

in the Sir Samuel Griffith Centre (SSGC) Case Study. Various HRES systems were 

benchmarked and tested and demonstrated in Chapter 4 to Chapter 7 with objectives 

established and interpreted for supply reliability, system cost, environmental emission 

and socio political aspects. The optimisation algorithm has been demonstrated and 

benchmarked against a complex case study in 4 and an equal or more suitable solution 

to the set out constraints or criteria was found. Further tests were conducted to analyse 

the impact of a multi-objective optimisation technique using the developed socio-

political objective.  

Case Study 1 in Appendix 1 was optimised for an acceptable LPSP and 

environmental emissions based on a renewable factor which favour energy systems 

relying on renewable energy rather than relying too heavily on a non-renewable energy 

source such as diesel generators for instance. An optimisation was carried out without 

the renewable factor using the search function to eliminate the penalty put on diesel 

generators and attempt to optimise the cost further. A lower cost configuration was able 
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to be found using a smaller battery bank and a larger generator with only a slight 

penalty to the LPSP value and similar system emissions. It is concluded that it is 

important to take into account that all system components, not just diesel generators 

carry a carbon footprint when analysed from a cradle to grave emission perspective. 

Whilst the Renewable Factor does ensure the energy system depends mainly on 

renewable energy sources, it is also important to safe guard against unpredictable 

weather patterns and/or load profiles using the introduced Safety Factor 4 and 

incorporate supplementary safety mechanisms such as additional storage and a mix of 

both renewable and conventional energy sources. Several different system 

configurations were put forward in Appendix 1 and 4 as alternatives to those found by 

Sharafi and Elmekkawy [26] and Dufo-López and Bernal-Agustín [27] for Case Studies 

2-4, achieving lower or equivalent system costs whilst complying with the set out 

technical and environmental constraints.  

In Case Study 2 and 3 in Appendix 1 it is concluded that if cost is a major issue 

then it is crucial to allow the optimisation to get as close as possible to the set out 

constraints. The socio-political objective was introduced to demonstrate a low social 

and political stance towards diesel generators and by eliminating this component it was 

observed as expected that the remaining device sizes needed to be increased in a 

measured approach to still meet constraints whilst increasing system costs. 

This thesis has outlined the necessity and crucial step of proper optimisation 

modelling at the concept stage of renewable energy system designs. The case studies 

have also outlined how little is actually known about how electrolysers, fuel cells and 

hydrogen tanks behave when integrated in renewable energy systems and their effect on 

renewable energy sources and output compared to more conventional battery storage 

systems. Careful consideration needs to be taken when analysing surplus available 
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energy after the load has been fed by renewable sources and potential battery banks 

have been charged to ensure that the electrolyser is able to run on the available surplus 

energy. If there isn’t enough energy to run the electrolyser in the first place then the 

whole hydrogen component of the energy system is essentially made redundant, 

resulting in unnecessary system costs. This is where efficient control strategies of how 

the electrolyser is configured becomes critical. It is concluded that the control strategy 

of the electrolyser needs to be able to generate hydrogen as electricity becomes 

available in a linear fashion in relation to the available surplus energy rather than 

oversizing the renewable energy sources to handle the full electrolyser capacity (100%). 

From research observations of the detrimental effect caused by parasitic loads on 

an energy system, it is concluded that one of the most crucial steps when designing 

renewable energy systems is to carry out accurate building modelling with a firm 

understanding of building services prior to sizing the components. This includes 

accurately estimating the user profile and occupancy hours of the facility in question. 

Building loads must be minimised to avoid overdesigning the system which may lead to 

flow on effects such as erratic energy system outputs, delays and cost blow outs.  It is 

also imperative to fully understand the workings of individual components prior to 

being interconnected in complex energy systems in order to simplify debugging 

processes and find unwanted device behaviour early in the design.  

  Equally important is the consideration to shading inclusions in the PV modelling 

as well as correct adjustment of the angling of PV panels to reflect the true installation 

scenario.  

It is important to consider the full system cost over the life time of the project, 

rather than just the capital outlay as the life time cost is the true reflection of the cost 

throughout the project duration. This was demonstrated using the set out NPV equation 
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in 4 and implemented in 5, 6 and 7. In the current economic climate a system with a 

hydrogen component with a system life cost would most likely not be installed due to 

the cost constraints unless the project has been awarded government funding. 

Conventional energy storage such as batteries are cheaper than hydrogen fuel cell 

technology but if long term sustainable storage is sought then hydrogen fuel cell 

technology is a viable option. Similarly the implemented and tested environmental 

objective in 4 highlighted the often forgotten or ignored cradle to grave emissions costs 

with all energy system components, not just the running fuel emissions from a diesel 

generator. There may be cases as seen in this thesis where the cradle to grave emissions 

are higher in a system with a smaller PV and battery component for instance or with a 

system with a larger diesel generator as the generator may be forced to operate for 

longer periods of time in the smaller renewable energy system to compensate for 

irregular renewable energy generation patterns.   

The mathematical models used for various energy generation and storage methods 

have been implemented based on rudimentary documented models in the literature for 

optimisation of energy systems. Several trialled mathematical models of hydrogen 

tanks, battery banks and fuel cells displayed unrealistic outputs and had to be modified 

to correctly change hydrogen levels, SOC and electrical output respectively.  It was seen 

in Case Study 22 that the PV model and the actual PV inverter output were very similar 

in output (1% difference) and this highlights how elementary models could be used 

successfully for feasibility studies of energy systems early on in the design process. All 

benchmarked test cases showed promising and similar output to benchmarked 

documented test outputs.  Moreover, the mathematical models are implemented as black 

boxes and are able to be replaced by more sophisticated mathematical models as desired 

to suit specific energy modelling purposes. Once a project has progressed to design 
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development phase, it would be beneficial to be able to model the system in depth using 

complex models. This outcome is an objective for future work.  

Whilst it is seen that the optimisation model forms a useful analysis of systems, it 

is concluded that as research progresses in the modelling of electrolysers, fuel cells and 

hydrogen storage tanks, the inevitable gap between actual model output and theoretical 

model estimations may be minimised further, leading to more accurate optimisation 

results.  

The current optimisation model focuses on PV and wind as the renewable energy 

sources but can naturally expand to include any number of renewable and/or 

conventional energy sources. Further work into grid connected systems may be explored 

to expand this research to include not only distributed systems but also hybrid systems 

connected to the grid.  

The various case studies and in particular SSGC have shown some promising 

work in enabling commercial building solutions using hydrogen technology in future. 

However, for financially viable implementations of hybrid renewable energy systems 

with hydrogen storage, economy of scale is crucial, as it is not feasible to carry out a 

sustainable solution that is financially unsustainable in the long term.  
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Appendix 1 – Optimisation Results 

Case studies 

Case Study 1 is based on a test case by Borhanazad et al. [28] in the Khash region. 

Case Study 2,3 and 4 are based on set out cases by Sharafi and Elmekkawy [26] and 

Dufo-López and Bernal-Agustín [27]. Sharafi and Elmekkawy set out three different 

tests using various LLP and CO2 emission constraints (Table 3 in [26]) where Case 

Study 2 , Case Study 3 and Case Study 4 emulates SC Case 1  [26] and BD Case 1 [27] 

(LPSP = 4.5%, genε  = 1351 kg/yr), SC Case 2  [26] and BD Case 2 [27] (LPSP = 0.5%, 

genε  = 2421 kg/yr),  and SC Case 3  [26] and BD Case 3 [27] (LPSP = 1.8%, genε  = 

1778 kg/yr),  respectively.  These constraints originate from system outputs found by 

Dufo-López and Bernal-Agustín [27]. 

The test cases are summarised in Table 11. 
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Table 11: Test cases benchmarked and analysed 

 

Case Study 1 

A case study was undertaken of an off-grid PV, wind, battery and diesel generator 

system originally analysed by Borhanazad et al. [28] using a techno economic approach 

to optimise the system. The system in the case study operates using the following 

control algorithm: when the solar and wind generation output is sufficient, the load is 

satisfied by renewable energy alone. When the renewable energy output is inadequate, 

the battery bank will satisfy remainder load until the minimum SOC level is reached. 

Case Study Reference PV(kW) Wind  
(kW) 

Generator 
(kW) 

Fuel cell  
(kW) 

Battery 
(kWh) 

Electr
olyser 
(kW) 

H2 
-tank  
(kg) 

1 Borhanazad et al. 
[28] 
Khash region 

45 50 1 0 3 days  
back up 

0 0 

2 Sharafi and 
Elmekkawy [26]  
Dufo-López and 
Bernal-Agustín [27] 
SE Case 1 

8 6.5 1.8 0 66.4 0 0 

2 Sharafi and 
Elmekkawy [26] 
Dufo-López and 
Bernal-Agustín [27] 
DB Case 1 

8 6.5 1.9 0 88.7 0 0 

3 Sharafi and 
Elmekkawy [26] 
Dufo-López and 
Bernal-Agustín [27] 
SE Case 2 

8 6.5 3.9 0 45.9 0 0 

3 Sharafi and 
Elmekkawy [26] 
Dufo-López and 
Bernal-Agustín [27] 
DB Case 2 

8 6.5 4 0 44.3 0 0 

4 Sharafi and 
Elmekkawy [26] 
Dufo-López and 
Bernal-Agustín [27] 
SE Case 3 
Refer Chapter 4 

8 6.5 3 0.11 88.7 1.1 4.2 

4 Sharafi and 
Elmekkawy [26] 
Dufo-López and 
Bernal-Agustín [27] 
DB Case 3 
Refer Chapter 4 

8 6.5 3 3 88.7 4 10 
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The residual load is satisfied by the diesel generator. Any unmet load after this point is 

recorded as deficit energy. When there is excess renewable energy after the load has 

been satisfied, the battery is charged to its maximum SOC level (Figure 108: Block 

diagram). Whatever energy is available but not used after the battery has been fully 

charged is recorded as dump energy.  

 

Figure 108: Block diagram of Case Study 1 

 

Case Study 1 

 

No detailed weather data could be obtained for the location of the system (Kash 

region of Iran), so time sequences of irradiance, wind speed and ambient temperature 

were algorithmically generated to simulate the average wind speeds and solar irradiance 

data recorded by Borhanazad. The load was emulated based on the 24-hour load graph 

given in the original case study (Figure 109). 
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Figure 109: Weather and building load data for Case Study 1 showing yearly output to the left and 

daily output to the right.  

The mathematical models for PV, wind, battery and generators were simulated in 

the case study and are expressed in equations  in 4 respectively. The case study stated 

the explored ranges of PV (15 kW to 45 kW), wind (0 kW to 50 kW) and diesel 

generator size (0 to 3 kW). The device characteristics were simulated according to 

information provided in the paper. The size of the battery bank was not explicitly stated, 

although the case study referred to 3 days of autonomy. The battery size was therefore 

made a variable between 766 kWh (8 hrs autonomy) to 4284 kWh (24 hrs autonomy) at 

a DOD of 80% to give the system an opportunity to explore various battery capacities. 

Borhanazad et al. [28] optimised the studied system using a 50%, 50% techno-economic 

weighting. They obtained an LPSP value of 9% and an LCOE value of $0.35/kWh. The 

optimised device sizes found were 45 kW PV (maximum allowed), 50 kW wind 

(maximum allowed), 1 kW diesel generator, based on a battery size corresponding to 3 

days of autonomous battery backup. We remark that since the PV and wind sizes had hit 

their limits, the optimisation was constrained by these factors and by the assumed 

battery size.  It was noted that Borhanazad et al. [28] had applied a renewable factor to 

maximise the utilisation of renewable energy sources of 95%.  
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Results and Discussion 

In the present optimisation of the same energy system, the renewable factor 

(equation found in 4) was used as a constraint with the system seeking to optimise its 

value through each iteration. The device ranges were initialised in the optimisation 

model for a minimised fitness function with equal techno-economic weighting (50%, 

50%), as in Ref. [28]. The population size was set to 20 with a maximum 50 iterations. 

All objectives converged in the PSO optimisation (Figures 6). For a 50 %, 50 % techno-

economic weighting, the optimised values of LPSP and LCOE were 8.3 % and 0.34 

$/kWh respectively with 45.0 kW PV, 50.0 kW wind, 1.3 kW diesel generator and a 

battery size of 2543 kWh. 2543 kWh corresponds to 3 15–h days of autonomy. The 

system does not rely on the diesel generator to run continuously, only when the battery 

capacity is depleted and is being charged which is at the most up to 7 hours in any 

period. 

The results of  Borhanazad et al. [28] were able to be closely mimicked by the 

new PSO-based algorithm, although the uncertainties of not knowing the variation in 

building load data across the year, detailed weather data and actual battery capacity 

should not be ignored. The system analysis output and the LPSP indicated that there 

will be times throughout the year where the energy system will not be able to satisfy the 

load. As the renewable factor skews the result to favour renewable energy, a second 

optimisation was carried out without the renewable factor, to eliminate the penalty on 

using the diesel generator. The weighting was again set to 50 %, 50 % techno-economic 

but this time without a renewable factor constraint. The same emulated weather and 

load data and the same device characteristics and device size ranges were used in the 

PSO search algorithm. As expected, the LPSP value is higher at 9.2 % whilst the LCOE 

is 0.14 $/kWh, a 59 % cost reduction compared to the Borhanazad et al based on RF of 
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95% [28]. The optimum device size selection is 45.0 kW PV (still at the upper limit), 

46.2 kW wind, 4.0 kW diesel generator and 766 kWh (8 hr autonomy) battery backup 

and  confirms that a larger diesel generator means that the battery size can be greatly 

reduced. The system does not rely on the diesel generator to run continuously, only 

when the battery capacity is depleted and is being charged which is at the most up to 7 

hours in any period. It should be noted that no account has yet been taken of factors 

beyond techno-economic. Given that the production of PV, wind generators and 

batteries leads to emissions, an overall optimisation for minimum environmental cost 

over lifetime could conceivably involve a diesel generator. In order to maintain a low 

LPSP value of around 8%-10% whilst optimising the system for a 50%-50% techno-

economic weighting, it is seen that the PV and wind needs to be relatively large, hence 

the large TEL value.  

The results are summarised in Table 12.  
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Table 12: Optimisation output for Case Study 1 using NWCMO with RF  

 

System configuration – PV+wind+battery+diesel generator 
 
Weighting: 
 
Technical weighting = 50 % 
Economic weighting = 50 % 
Environmental weighting = 0 %  
Socio-political = 0 % 
 
Renewable Factor minimisation constraint.  
 
Load = 3.4×105 [kWh] 
 
Reference case 
Optimisation by 
 Borhanazad et al. 
Techno-economic – RF 
[28] 

Proposed optimisation model 
techno-economic with RF 
Plots: Test 1A output 
 Figure 110, Figure 111,  
Figure 112, Figure 113 

Proposed optimisation model 
Techno-economic – no RF 
 

Reference values: 
 
LPSP: 9.0 [%] 
LCOE: 0.35 [$/kWh] 
εsys: N/A [tCO2eq] 
Socio: N/A  
 
Renewable Factor:95.0% 
 
TEL: N/A [kWh] 
 
 
 
 
 
 
 
 
Reference System: 
 
pv size : 45 [kW] 
wind size : 50 [kW] 
gen size : 1 [kW] 
bat size: 3 days autonomy 
elec size: 0.0 [KW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 

Best NWCMO:0.50500 
 
LPSP: 8.3 [%] 
LCOE : 0.34 [$/kWh] 
εsys : 2097 [tCO2eq] 
Socio: 0  
 
Renewable Factor:99.6% 
 
TEL: 9.6×104 [kWh] 
 
PV generation: 2.1×105  [kWh/yr] 
Wind generation: 1.5×105  [kWh/yr] 
Battery energy generation: 4.6×104  
[kWh] 
Generator operation: 1362 [hrs/yr] 
Unmet load: 2.8×104 [kWh/yr] 
Excess load: 4.7×104   [kWh/yr] 
 
Best NWCMO System:  
 
pv size : 45.0 [kW] 
wind size : 50.0 [kW] 
gen size : 1.3 [kW] 
bat size : 2543 [kWh] 
elec size : 0.0 [KW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
 

Best NWCMO: 0.03461 
 
LPSP: 9.2 [%] 
LCOE: 0.14 [$/kWh] 
εsys: 2100 [tCO2eq] 
Socio: 0  
 
 
 
TEL: 8.8×104 [kWh] 
 
PV generation: 2.1×105 [kWh/yr] 
Wind generation: 1.4×105    [kWh/yr] 
Battery energy generation: 4.3×104   
[kWh] 
Generator operation: 1663 [hrs/yr] 
Unmet load: 3.1×104  [kWh/yr] 
Excess load: 4.3×104   [kWh/yr] 
 
Best NWCMO System: 
 
pv size : 45.0 [kW] 
wind size : 46.2 [kW] 
gen size : 4.0 [kW] 
bat size : 766 [kWh] 
elec size : 0.0 [KW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
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Figure 110: System analysis Case Study 1 showing yearly and daily annual system load, energy 

surplus and energy deficit respectively 

It is seen from Figure 111 that the objectives converge as the PSO search function 

searches through the search space for an optimised system with the set out technical and 

economic weighting. The bottom left and bottom right panels of Figure 112, Tech vs 

Env and Tech vs Ec respectively, for a techno-economic weighting are of particular 

interest as they show that the LPSP value gradually moves towards its minimised value 

whilst the LCOE value and system emissions gradually moves to a higher value to 

compensate for the supply reliability. The bottom right figure Tech vs Ec vs Env in 

Figure 113 incorporates the environmental objective as a 3D view to show the 

interaction between the technical, economic and environmental objective in its entirety.  
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Figure 111: Test 1A – Convergence of individual objectives for Case Study 1 for 50% -50% techno 

– economic NWCMO with a renewable factor 

 

 

 

Figure 112: Test 1A - 2D multi objectives for case 1 for 50% -50% techno – economic NWCMO 

with a renewable factor 
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Figure 113: Test 1A - 3D multi objectives for Case Study 1 for 50% -50% techno – economic 

NWCMO with  a renewable factor 

 

As a sanity check a simulation was carried out with a 100 % technical weighting to 

determine the highest achievable LPSP value without any restrictions on cost whilst 

maintaining the set out device bounds by Borhanazad et al [28]. As anticipated the 

highest LPSP (8.6%)  was attained with the maximum device sizes (45 kW PV, 50 kW 

wind, 4 kW diesel generator) and a battery backup of 4284 kWh for 3 autonomous 24 

hour days whilst the LCOE ($0.54) value is higher to enable the higher supply 

reliability.  

To demonstrate the working of the WNCMO function and the influence of the 

socio-political objective, a hypothetical negative local perception was adopted towards 

wind turbines (effect on bird life, concern about electromagnetic fields, visibility in the 

landscape). As a consequence, the categories Aesthetics, Hazard, Local environmental 

impact and Land acquisition in the socio political table in 4 lower the desirability of a 

system with a high reliance on wind turbines. Therefor the model was configured using 

the socio-political index to reduce the size of wind turbines whilst adjusting the 

remaining device size ranges to maintain the LPSP below 6%. Trialling a 15 %, 2.5 %, 
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2.5 % and 80 %, technical, economic, environmental and socio-political weighting mix 

(i.e. putting a very high value on positive public reception of the energy system given 

the negative attitude to wind power) enabled the LPSP value to remain below 9 % with 

a 48 kW PV system, a 41 kW wind turbine, a battery backup of 4284 kWh (24 hour 

autonomy) and a higher diesel generator size of 8 kW.  It is seen that this system 

configuration has a lower LPSP value compared to previous tests with lower annual 

Excess loads at a higher LCOE value.  

In a further trial to minimize the wind size, an overwhelming weight (98%) was 

placed on the socio-political factor, resulting in a 50 kW PV system, a relatively small 

(10 kW) wind turbine as expected, a battery backup of 4284 kWh (24 hr autonomy) and 

an 8 kW generator size, resulting in a much worse supply reliability (15.6 %) showing a 

much lower annual excess energy generation. If the boundary of the PV system size is 

expanded further, naturally a much lower LPSP of 3% can be attained with an LCOE 

value of $0.54/kWh using a PV size of 70 kW, with all the remaining device sizes 

remaining at their previous values. 

The results are summarised in Table 13. 

Table 13: Output results from Case Study 1 using NWCMO and different weightings 
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Case Study 2 

The second case study was a hybrid PV/wind/battery/diesel generator energy 

system, optimised by Sharafi and Elmekkawy [26] SE Case 1 and DB Case 2 using a 

System configuration – PV+wind+battery+diesel generator 
 
Propopsed optimisation  
techno-economic-env-socio-political 
 
Load = 3.4×105 [kWh] 
Weighting: 
 
Technical weighting : 15 % 
Economic weighting : 2.5 % 
Environmental weighting : 2.5 % 
Socio-political : 80 % 
 
 
 
Best NWCMO: 0.0931 
 
LPSP : 6.01 [%] 
LCOE : 0.54 [$/kWh] 
εsys : 2411.1 [tCO2eq] 
Socio : 12 
 
 
TEL: 8.7×104 [kWh] 
 
PV generation: 2.2×105 [kWh/yr] 
Wind generation: 1.2×105    [kWh/yr] 
Battery energy generation: 5.2×104   
[kWh] 
Generator operation: 1224 [hrs/yr] 
Unmet load: 2.0×104  [kWh/yr] 
Excess load: 3.2×104   [kWh/yr] 
 
Best NWCMO System Configuration 
 
pv size : 48.2 [kW] 
wind size : 40.7 [kW] 
gen size : 8.0 [kW] 
bat size : 4284.0 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 

Weighting: 
 
Technical weighting : 1 % 
Economic weighting : 0.5 % 
Environmental weighting : 0.5 % 
Socio-political : 98 % 
 
 
 
Best NWCMO: 0.0194 
 
LPSP: 15.6 [%] 
LCOE : 0.53 [$/kWh] 
εsys : 2604.1 [kgCO2eq] 
Socio : 12  
 
 
TEL: 3.6×104 [kWh] 
 
PV generation: 2.3×105 [kWh/yr] 
Wind generation: 2.9×104    [kWh/yr] 
Battery energy generation: 4.3×104   [kWh] 
Generator operation: 3001 [hrs/yr] 
Unmet load: 5.3×104  [kWh/yr] 
Excess load: 1168   [kWh/yr] 
 
Best NWCMO System Configuration 
 
pv size : 50.0 [kW] 
wind size : 10.0 [kW] 
gen size : 8.0 [kW] 
bat size : 4284.0 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
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genetic algorithm to minimise a cost function subject to technical and environmental 

constraints.  

In the control strategy in the studied system (Figure 114) the load is directly 

supplied with solar- and wind-generated electricity generated when available. Surplus 

energy is used to charge the battery. The battery then supplies any deficit in the 

available solar and/or wind energy down to its minimum SOC, when the generator will 

start. The battery will handle most scenarios when there is insufficient renewable energy 

generation and in times when the battery has been depleted, the generator will attempt at 

supplying the remainder of the deficit load. Once the load has been satisfied by the 

diesel generator, any surplus energy will be used to charge the battery bank as this will 

ensure that maximum generated energy is utilised in the stand alone system leading to 

minimum excess energy. 

 

Figure 114: Block diagram of energy system 

Sharafi and Elmekkawy plotted average monthly wind speeds during one year 

from Zaragoza in Spain, latitude 41.6488° N, 0.8891° W, Time Zone: - GMT+2 and 

plotted a daily load profile for each month in kWh. These daily load profiles and 

average wind speeds were used algorithmically to simulate a year of data in order to 
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carry out the optimisation modelling (Figure 115). The annual load, PV and wind 

generation were emulated according to annual figures given by Dufo-López and Bernal-

Agustín [27]. 

 

Figure 115: Weather and building data for case study 2 showing annual and daily solar, 

temperature, wind and load data respectively.  

Sharafi and Elmekkawy did not clearly state the size ranges for the optimised 

devices, only the optimised final device sizes. Assumptions were therefore made based 

on the case study’s given optimised device ranges: PV (1 kW to 8 kW), wind (1 kW to 

6.5 kW), generator size (1 to 4 kW) and battery capacity size (44.3 kWh to 88.7 kWh). 

An analysis was carried out on the range of given battery capacities and it was seen that 

the capacities corresponded to 1.36 to 2.6 24-hour autonomy days. The device 

characteristics were simulated according to  Table 2 [26]. The tilt angle of the PV panels 

was not stated, so it was assumed that it was equal to the latitude. Models for the 

irradiance, PV inverter output, wind output, battery SOC and generator output expressed 

in equations in 4 respectively were used. The environmental objective was implemented 

using equations in 4as the case study only based its environmental objective on the 

running emissions of the diesel generator, notated genε  in case studies 2, 3 and 4. The 

economic objective was based on the total cost according to equations set out in 4. The 

weighting was set initially to 100 % economic but subject to technical (LPSP: 4.5% 
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maximum) and environmental ( genε : 1315 kg/year maximum) upper limits for SC Case 

1 [26] and DB Case 1 [27]. The authors reported on trials of two methods for optimising 

this system. The first method SE Case 1, yielded an optimal configuration with PV size 

of 8.0 kW, 6.5 kW wind, 1.8 kW diesel generator and 66.4 kWh battery [26]. The 

second trial DB Case 1 [27] yielded an optimal configuration with PV size of 8.0 kW, 

6.5 kW wind, 1.9 kW diesel generator and 88.7 kWh battery.  

Results and Discussion 

As Sharafi did not publish the calculated values of LPSP and genε  for the given 

optimised device sizes, these values were calculated by emulating their model using the 

new software. For Sharafi and Elmekkawy’s configuration SE Case 1: 8.0 kW PV, 6.5 

kW wind, 1.8 kW diesel, 66.4 kWh battery, the following values were obtained: LPSP = 

2.8 %, genε = 757 kgCO2eq and NPV = 84,518 Euro.  For Dufo-López and Bernal-

Agustín’s configuration DB Case 1: 8.0 kW PV, 6.5 kW wind, 1.9 kW diesel, 88.7 kWh 

battery, similar values were obtained: LPSP = 2.5 %, genε = 788 kgCO2eq and NPV = 

90,945 Euro. Although the LPSP and genε value are low for both methods compared to 

the declared upper limit of 4.5%, and 757 kgCO2eq the TEL from the renewable energy 

component is relatively high (10,550 kWh/year) with a high system cost, meaning that 

better use could be made of the available renewable energy.  

With these calculated values as a reference, the PSO optimisation algorithm was 

run to find its own reasonable optimal values for the device sizes within the constraint 

bounds. The optimised LPSP value was found to be 4.1 % with a genε  value of 1234 

kg/year, both still below the declared upper limits. The attained minimised economic 

NPV function was 78,655 Euro. The optimum system configuration which minimised 

the economic function while meeting the environmental and technical constraints was a 
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PV size of 7.3 kW, a wind size of 6.5 kW, a generator size of 1.5 kW and a battery 

capacity of 60.3 kWh.  The PSO algorithm yielded a system cost 7% and 16% less that 

of the optimal systems reported by SE Case 2 and DB Case 2 [26, 27] respectively. It is 

seen that the LPSP value is closer to the limit with slightly higher emissions than the SC 

Case 2 and DB Case 3. 

The results are summarised in Table 14. 
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Table 14: Optimisation output for case study 2 with NWMO and user constraints 

 

 

System configuration – PV+wind+battery+diesel generator 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
User tech constraint : 4.5 [%] 
User economic constraint : Inf [1000 Euro] 
User environmental constraint : 1351.0 [kgCO2eq] 
User socio-political constraint : Inf  
 
Load: 1.4×104 [kWh/yr] 
 
Optimisation by Sharafi  
and Elmekkawy [26] 
Reference case SE Case 1 

Optimisation by Dufo-López  
and Bernal-Agustín [27]  
Reference case DB Case 1 

Proposed optimisation 
Plots: Test 2A output 
Figure 116, Figure 117, 
 Figure 118, Figure 119 

Best Constraint  
Optimisation: 
 
LPSP : 2.8 [%] 
NPV : 84.5 [1000 Euro] 

genε
 : 756.6 [kgCO2eq] 

Socio : 0 
 
TEL : 1.1×104 [kWh] 
 
PV generation: 9154 [kWh/yr] 
Wind generation: 8642 [kWh/yr] 
Battery energy generation: 5709 
[kWh] 
Generator operation: 656 [hrs/yr] 
Unmet load: 389 [kWh/yr] 
Excess load: 3965 [kWh/yr] 
 
 
Best Constraint 
System: 
 
pv size: 8 [kW] 
wind size : 6.5 [kW] 
gen size : 1.8 [kW] 
bat size : 66.4 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 

Best Constraint  
Optimisation: 
 
LPSP : 2.5 [%] 
NPV : 90.9 [1000 Euro] 

genε
 : 788 [kgCO2eq] 

Socio : 0  
 
TEL : 1.1×104 [kWh] 
 
PV generation: 9154 [kWh/yr] 
Wind generation: 8642 [kWh/yr] 
Battery energy generation: 5720 
[kWh] 
Generator operation: 647 [hrs/yr] 
Unmet load: 354 [kWh/yr] 
Excess load: 3962 [kWh/yr] 
 
 
Best Constraint  
System: 
 
pv size: 8 [kW] 
wind size : 6.5 [kW] 
gen size : 1.9 [kW] 
bat size : 88.7 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
 

Best Constraint  
Optimisation: 
 
LPSP : 4.1 [%] 
NPV : 78.7 [1000 Euro] 

genε
 : 1234 [kgCO2eq] 

Socio : 0  
 
TEL : 9752 [kWh] 
 
PV generation: 8306 [kWh/yr] 
Wind generation: 8642 [kWh/yr] 
Battery energy generation: 5369 
[kWh] 
Generator operation: 1270 [hrs/yr] 
Unmet load: 23 [kWh/yr] 
Excess load: 5957 [kWh/yr] 
 
 
Best Constraint  
System: 
 
pv size : 7.3 [kW] 
wind size : 6.5 [kW] 
gen size : 1.5 [kW] 
bat size : 60.3 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
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Figure 116: System analysis of Case Study 2 showing yearly and daily annual system load, energy 

surplus and energy deficit respectively 

It is seen from Figure 117  that the objectives converge as the PSO search function 

searches through the search space for an optimised system with the set out economic 

weighting and technical and environmental constraint. In Figure 118, the panels Ec vs 

Env and Tech vs Ec respectively for an economic weighting are of particular interest as 

they show the interaction between the emission and NPV and LPSP and NPV 

respectively. As expected, the higher the NPV, the lower the LPSP value and the higher 

the NPV value the higher emission cost. The bottom right panel Tech vs Ec vs Env in 

Figure 119 incorporates the environmental objective as a 3D view to show the 

interaction between the technical, economic and environmental objective in its entirety.  
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Figure 117: Test 2A - Individual objectives for case study 2 for 100% economic NWCMO with user 

constraints 

 

Figure 118: Test 2A - 2D multi objectives for case study 2 for 100% economic NWCMO with user 

constraints 

 

Figure 119: Test 2A - 3D multi objectives for case study 2 for 100% economic NWCMO with user 

constraints 

 

Case Study 3 

A third case study was set up based on the same physical energy system by 

Sharafi and Elmekkawy [26] using a 100% economic weighting as before with the same 

solar and wind data and the same load, but with tightened technical (LPSP = 0.5% 

maximum ) constraint and relaxed environmental constraints ( genε  = 2421 kg/year 

maximum) according to SE Case 2 and DB Case 2 of Table 3 in [26]. Sharafi and 

Elmekkawy reported two methods for optimising this system for SE Case 2 with a PV 
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size of 8 kW, 6.5 kW wind, 3.9 kW diesel generator, 45.9 kWh battery capacity [26] 

and PV size of 8 kW, 6.5 kW wind, 4.0 kW diesel generator and 88.7 kWh battery for 

DB Case 2 by Dufo-López and Bernal-Agustín [29]. 

 

Results and Discussion 

It should be noted that the optimisation was over economic cost minimisation, 

subject to upper limits on the LPSP and operating emissions. As in Case Study 2, the 

LPSP and genε values implied by the optimisations that used the methods of Sharafi and 

ElMekkawy and Dufo-López and Bernal-Agustín were calculated in order to benchmark 

those methods against the new PSO algorithm. Running the obtained optimum device 

sizes found by the Sharafi and ElMekkawy SE Case 2 method [26] (8.0 kW PV, 6.5 kW 

wind, 3.9 kW diesel, 45.9 kWh battery) , using the same input data in the PSO 

algorithm produced the following values: LPSP = 0.01%, genε  = 922  and NPV = 79,465 

Euro. The Dufo-López and Bernal-Agustín DB Case 2 method (8.0 kW PV, 6.5 kW 

wind, 4.0 kW diesel, 44.3 kWh battery) gave similar values: LPSP = 0.01%, genε  = 946 

and NPV = 79,054 Euro. The LPSP value is very low for both configurations, hence it is 

seen that the cost may be able to be optimised further.  

From the results summarised in Table 15. 
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 It can be seen that the optimisation model iterated to a system with LPSP = 0.2% 

and genε  = 995 kgCO2eq, both below the declared constraints, with NPV = 77,047 Euro 

for the optimised system. The optimised system device sizes were 7.8 kW PV, 6.5 kW 

wind, a generator size of 3.4 kW and a battery capacity of 44.2 kWh. This corresponds 

to TEL = 10,334 kWh which is slightly less than SC Case 2 and DB Case 2 due to the 

somewhat lower PV size. The cost is lower mainly due to the lower reliance on battery 

size.  

The results are summarised in Table 15. 
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Table 15: Optimisation output for case study 3 with NWCMO and tech and env user constraints 

System configuration – PV+wind+battery+diesel generator 
 
Weighting: 
 
Technical weighting : 0 % 
Economic weighting : 100 % 
Environmental weighting : 0 % 
Socio-political : 0 % 
 
User Constraint Optimisation: 
 
User tech constraint : 0.5 [%] 
User economic constraint : Inf [1000 Euro] 
User environmental constraint : 2421.000 [kgCO2eq] 
User socio-political constraint : Inf  
 
Load = 1.4×104  [kWh] 
Optimisation by Sharafi and  
Elmekkawy [26] 
Referemce case SE Case 2 

Optimisation by Dufo-López 
 and Bernal-Agustín [27] 
Reference case DB Case 2 

 Proposed optimisation 
Plots: Test 3A output 
Figure 120, Figure 121, 
 Figure 122, Figure 123 
 

Best Constraint Optimisation: 
 
LPSP : 0.01 [%] 
NPV: 79.5 [1000 Euro] 

genε
 : 922 [kgCO2eq] 

Socio : 0 
 
TEL: 1.1×104 [kWh] 
 
PV generation: 9154 [kWh/yr] 
Wind generation: 8642 [kWh/yr] 
Battery energy generation: 6207 [kWh] 
Generator operation: 369 [hrs/yr] 
Unmet load: 1.8 [kWh/yr] 
Excess load: 3966 [kWh/yr] 
 
Best Constraint System: 
 
pv size: 8.0 [kW] 
wind size : 6.5 [kW] 
gen size : 3.9 [kW] 
bat size : 45.9 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 

Best Constraint Optimisation: 
 
LPSP : 0.01 [%] 
NPV : 79.1 [1000 Euro] 

genε
 : 946 [kgCO2eq] 

Socio : 0  
 
TEL: 1.1×104 [kWh] 
 
PV generation: 9154 [kWh/yr] 
Wind generation: 8642 [kWh/yr] 
Battery energy generation: 6207 
[kWh] 
Generator operation: 369 [hr/yr] 
Unmet load: 1.7 [kWh/yr] 
Excess load: 3967 [kWh/yr] 
 
Best Constraint System: 
 
pv size: 8.0 [kW] 
wind size : 6.5 [kW] 
gen size : 4.0 [kW] 
bat size : 44.3 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
 

Best Constraint Optimisation: 
 
LPSP : 0.2 [%] 
NPV : 77 [1000 Euro] 

 genε
 : 995 [kgCO2eq] 

Socio : 0  
 
TEL: 1.0×104 [kWh] 
 
PV generation: 8925 [kWh/yr] 
Wind generation: 8642 [kWh/yr] 
Battery energy generation: 6080 [kWh] 
Generator operation: 457 [hrs/yr] 
Unmet load: 34 [kWh/yr] 
Excess load: 3868 [kWh/yr] 
 
Best Constraint System: 
 
pv size : 7.8 [kW] 
wind size : 6.5 [kW] 
gen size : 3.4 [kW] 
bat size : 42 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
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Figure 120: System analysis of Case Study 3 showing yearly and daily annual system load, energy 

surplus and energy deficit respectively 

To demonstrate the optimisation a system with four objectives simultaneously, a 

trial optimisation was performed including economic, environmental objectives and a 

socio-political objective was introduced to express a negative attitude (or policy) 

towards diesel generators (noise and air pollution, additional capital outlay and 

additional ongoing maintenance). Consequently the categories Aesthetics, Hazard, 

Local environmental impact, Land acquisition and Renewable Factor of the Socio-

Political index matrix penalise the system if it has high reliance on a diesel generator. 

It is seen from Figure 121 that the objectives converge as the PSO search function 

searches through the search space for an optimised system with the set out economic 

weighting and technical and environmental constraint. The Figure 122  Ec vs Env and 

Tech vs Ec respectively for an economic weighting is of particular interest as it shows 

the interaction between the emission and NPV and LPSP and NPV respectively. As 

expected the higher the NPV cost, the lower the LPSP value and the higher the NPV 

value the higher emission cost. The bottom right figure Tech vs Ec vs Env in Figure 123 
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incorporates the environmental objective as a 3D view to show the interaction between 

the technical, economic and environmental objective in its entirety.  

 

 

 

Figure 121: Test 3A - Convergence of individual objectives for case study 3 for 100% economic 

NWCMO with user constraints 

 

Figure 122: Test 3A - 2D multi objectives for case study 3 for 100% economic NWCMO with user 

constraints 
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Figure 123:Test 3A - 3D multi objectives for case study 3 for 100% economical NWCMO with user 

constraints 

The model was initially configured using the socio-political index to penalise the 

use of generators below emission constraints whilst adjusting the other  device size 

ranges to maintain the supply reliability at or below the technical constraint. The battery 

backup range was configured for three days autonomy corresponding to 111 kWh. The 

PV and wind device range was expanded to 15 kW. A PV size of 12.4 kW, a wind size 

of 9.9 kW, a generator size of 0.5 kW and a battery size of 111 kWh achieve LPSP = 

0.4% and genε  = 42 kgCO2eq, at a system cost of 129,520 Euro. The system cost is high 

in order to cater for three days battery backup, eliminate the diesel generator whilst 

increasing the renewable device sizes to maintain the low LPSP and low emissions. 

The results are summarised in Table 16. 
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Table 16: System output for case study 3 with WNCMO , tech, env and socio user constraints 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As expected the Socio-political objective has deterred the system from selecting an 

optimised system with a high generator size.   

System configuration – PV+wind+battery 
+diesel generator 
Weighting: 
 
Technical weighting : 0% 
Economic weighting : 100% 
Environmental weighting : 0% 
Socio-political : 0% 
 
User Constraint Optimisation: 
 
User tech constraint : 0.50000 [%] 
User economic constraint : Inf [1000 Euro] 
User environmental constraint : 100.000 [kgCO2eq] 
User socio-political constraint : 5 
Proposed optimisation 
 
Best NWMO:0.0529 
 
Optimisation: 
 
LPSP: 0.4  [%] 
NPV: 129.5[1000 Euro] 

genε
: 42.0 [kgCO2eq] 

Socio: 2.3 
 
TEL: 2.7×104 [kWh] 
 
PV generation: 14188 [kWh/yr] 
Wind generation: 21265 [kWh/yr] 
Battery energy generation: 5781 [kWh] 
Generator operation: 131 [hrs/yr] 
Unmet load: 62 [kWh/yr] 
Excess load: 20461 [kWh/yr] 
 
 
Best User Constraint  
System Configuration: 
 
pv size : 12.4 [kW] 
wind size : 9.9 [kW] 
gen size :   0.5 [kW] 
bat size :  111.0 [kWh] 
elec size : 0.0 [kW] 
fc size : 0.0 [kW] 
H2 size : 0.0 [kg] 
 



Hybrid renewable energy systems with battery and hydrogen storage 

 Page 197   
 

 


	Abstract
	Statement of Original Authorship
	Acknowledgements
	Declaration
	Nomenclature
	1 Introduction
	1.1 Background
	1.2 Context
	1.3 Purposes
	1.4 Objectives
	1.5 Significance, Scope, and Definitions
	1.6 Delineation
	1.7 Thesis Outline

	2 Literature Review
	2.1 Foreword

	3 Research Design
	3.1 Background
	3.2 System design methodology
	3.3 Participants
	3.4 Instruments
	3.5 Data Acquisition
	3.6 System configurations and testing

	4 Optimisation Implementation
	4.1 Foreword

	5 Solar battery and hydrogen fuel cell storage energy system – Sir Samuel Griffith Centre Case Study
	5.1 Optimisation overview
	5.2 Background
	5.2.1 Hybrid energy system control strategy

	5.3 Energy system components
	5.3.1 PV
	5.3.2 Batteries
	5.3.3 Electrolysers
	5.3.4 Hydrogen tank
	5.3.5 Fuel cells
	5.3.6 Data acquisition and safety measures

	5.4 Case studies
	5.5 Case Study 1
	5.5.1 Test Case 13 current SSGC configuration: preliminary building load
	5.5.2 Test Case 10 current SSGC configuration: actual metered building load
	5.5.3 Test Case 14 current configuration: actual metered building load (including all parasitic loads)
	5.5.4 Test Case 12 amended hydrogen storage at SSGC with actual building load (including all parasitic loads)
	5.5.5 Discussion

	5.6 Case Study 2
	5.6.1 Test Case 15 Test 1 amended SSGC energy system: actual building load (including all parasitic loads)
	5.6.2 Test Case 15 Test 2 amended SSGC energy system: actual building load (including all parasitic loads)
	5.6.3 Test Case 15 Test 3 amended energy system: actual building load (including all parasitic loads), actual PV inverter output
	5.6.4 Discussion

	5.7 Conclusions
	5.8 Acknowledgement

	6 Solar, wind battery and hydrogen fuel cell energy system - Coldstream Case Study
	6.1 Overview
	6.2 Background
	6.2.1 Test Case 30 – current configuration without storage
	6.2.2 Test Case 31 – amended energy system with storage
	6.2.3 Discussion

	6.3 Conclusion
	6.4 Acknowledgement

	7 Large solar farm, battery and hydrogen fuel cell energy system - HWY92 Case Study
	7.1 Overview
	7.2 Background
	7.2.1 Test Case 21 – Current configuration
	7.2.2 Test Case 22 – Amended energy system with storage

	7.3 Discussion
	7.4 Conclusion
	7.5 Acknowledgement

	8 Conclusions
	References
	Appendix 1 – Optimisation Results
	Case studies
	Case Study 1
	Results and Discussion
	Case Study 2
	Results and Discussion
	Case Study 3
	Results and Discussion

	Chapter 2 1-s2.0-S0306261917306256-main.pdf
	Optimization and integration of hybrid renewable energy hydrogen fuel cell energy systems – A critical review
	1 Introduction
	2 Hydrogen fuel-cell energy systems
	2.1 Principles and available technologies
	2.2 Practical design considerations
	2.2.1 Relationship to the electricity grid
	2.2.2 Microgrid topology
	2.2.3 Integration of hydrogen energy technology


	3 Optimization
	3.1 Constraints
	3.2 Design constraints for hydrogen systems

	4 Objectives
	4.1 Technical objectives
	4.2 Economic objectives
	4.3 Environmental objectives
	4.4 Socio-political objectives

	5 Optimisation algorithms
	5.1 Classification of algorithms
	5.2 Artificial intelligence methods

	6 Energy modelling/optimization tools
	6.1 Computation software tools
	6.2 Mathematical models

	7 Case studies of integration and optimization methods
	8 Discussion
	9 Beyond techno-economic assessment
	10 Conclusions
	References


	Optimization of Renewable Hybrid Energy Systems – A multi-objective approach - examiner's comments.pdf
	Cover page
	Optimization of Renewable Hybrid Energy Systems – A multi-objective approach - examiner's comments
	Abstract
	Nomenclature
	1 Advancing beyond techno-economic assessment
	2 Optimization overview
	3 Objectives
	3.1 Technical objective
	3.2 Economic objective
	3.3 Environmental objective
	3.4 Socio-political objective
	3.5 Normalised Weighted Constrained Multi-Objective
	3.5.1 Global energy audit figure
	3.5.2 Constraints
	4 Optimisation algorithms
	5 Simulation models
	5.1 PV model
	5.2 Wind model
	5.3 Battery mathematical model
	5.4 Generator model
	5.5 Fuel cell model
	5.6 Electrolyser model
	5.7 Hydrogen storage model
	6 Case study 4
	6.1.1 Results and Discussion
	7 Summary and Conclusions
	References





