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Abstract 5 

For a successful transition to a renewable energy economy, optimisation of renewable 6 

energy systems must evolve to take into account not only technical and/or economic 7 

objectives, but also environmental and socio-political objectives. A Normalised Weighted 8 

Constrained Multi-Objective (NWCMO) meta-heuristic optimisation algorithm has been 9 

proposed for achieving a compromise between mutually conflicting technical, economic, 10 

environmental and socio-political objectives, in order to simulate and optimise a renewable 11 

energy system of any configuration. In this paper, an optimisation methodology based on 12 

these four classes of objective is presented. The methodology was implemented using Particle 13 

Swarm Optimisation and tested against data from the literature. In the Case Study the original 14 

results could be reproduced, but the newly-implemented algorithm was further able to find a 15 

more optimal design solution under the same constraints. The influence of additional 16 

quantified socio-political inputs was explored. 17 
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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) 

maxeffpfc  
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 tankHη  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 107 

A detailed literature review by Eriksson and Gray [1] of the field of optimisation of 108 

renewable energy systems identified a research gap in multi-objective optimisation of energy 109 

systems for sustainable energy delivery. 110 

This paper elaborates and applies the idea, discussed by Eriksson and Gray [1], of a 111 

four-dimensional multi-objective meta-heuristic simulation and optimisation model which 112 

simultaneously takes into account technical, economic, environmental and socio-political 113 

objectives, using weighting factors to tailor the design goals to the circumstances and 114 

conditions under which the energy system is built. 115 

Decisions about energy systems are made based on cost. Previously, “cost” almost 116 

exclusively meant the monetary cost to the stakeholders to build and profitably operate the 117 

energy system. Environmental and social costs generally were not factored into the 118 

calculations. This is the main reason why very large renewable energy systems are now 119 

needed urgently. Yet despite the imperative to reduce carbon-dioxide and other emissions, 120 

new renewables-based energy systems continue to be costed on the same techno-economic 121 

basis as those based on fossil fuels, and are expected to be competitive in monetary terms. A 122 

true comparison requires that both the proposed renewables-based system and the alternative 123 

be costed on a level playing field, which must include all the monetary and other costs paid 124 

immediately or eventually. While this has long been recognised in principle, in practice 125 

comprehensive modelling that includes factors other than techno-economic is still very rare. 126 

The urgency to implement this novel approach is underlined by the recent quantification of 127 

the effects of pollution on human health [2]. 128 

To minimise the monetary or other cost of energy production whilst upholding 129 

reliability of supply already constitutes a complex multi-objective optimisation problem with 130 
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conflicting objectives. Even considering only monetary cost and performance, classical 131 

methods of optimisation have struggled with the complexity of the problem of optimally 132 

designing a hybrid renewable energy system [1]. Adding environmental and socio-political 133 

dimensions significantly compounds the problem. Applied to new energy systems, an 134 

approach that accounts for not just technical and economic but also environmental and socio-135 

political factors will lend credibility to the design as a defensible compromise between 136 

conflicting objectives. Examples of the latter factor are public acceptance of land-based wind 137 

farms and possible negative perceptions of hydrogen safety. The challenge is to find a 138 

practicable approach to performing the optimisation. 139 

In [1], the authors surveyed methodologies and software used in optimisation studies of 140 

hydrogen-based energy systems. They concluded that that there was a need for a more 141 

flexible approach to shaping design objectives additional to cost and technical performance. 142 

The available software packages were found to lack capability in modelling hydrogen-based 143 

system components and that no software package incorporated factors beyond cost, 144 

performance and (sometimes) environmental footprint. Bio-inspired optimisation algorithms 145 

were identified as being well suited to solve the complex problem of optimising a multi-146 

component energy system in which hydrogen is one of the energy vectors. A four-147 

dimensional objective function was proposed with weightings applied to monetary cost, 148 

technical performance, environmental footprint and socio-political factors.  149 

A new four-dimensional multi-objective meta-heuristic algorithm is implemented and 150 

demonstrated in this paper. To construct the simulation and optimisation model, a new 151 

methodology developed around the Particle Swarm Optimisation algorithm is introduced and 152 

tested against existing studies from the literature, by first reproducing those studies, then 153 

searching for a more nearly optimal system configuration. In all cases, the new optimisation 154 

algorithm quickly finds a better configuration that still satisfies the original constraints. In 155 
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order to incorporate socio-political factors, a list of quantifiable factors is first proposed. 156 

Then the influences of some simple hypothetical socio-political factors on the studied 157 

systems are explored and the effects on the system performance and monetary cost are 158 

demonstrated. 159 

 The remainder of the paper is organised as follows: Section 2 gives an overview of the 160 

optimisation approach taken; Section 3 outlines the four classes of objectives, includes 161 

suggested quantifiable socio-political factors and introduces the Normalised Constrained 162 

Weighted Multi-Objective; Section 4 discusses the search function algorithm; Section 5 163 

outlines the mathematical models of individual system components within the optimisation 164 

model;  Section 6 details a Case Study used to verify the optimisation model; Section 7 165 

contains a summary and conclusions. 166 

2 Optimization overview 167 

Based on the critical review of methodologies and software by Eriksson and Gray [1] , 168 

a flexible optimisation and simulation model has been adopted within which a system can be 169 

optimised, either based on a search for best system devices using user constraints and/or 170 

using a minimised Normalised Weighted Constrained Multi-Objective (NWCMO) meta-171 

heuristic function. Figure 1 illustrates the design method used to put these ideas into practice, 172 

and the steps taken when evaluating a design with respect to the four sets of objectives. The 173 

type of energy system considered generates electricity from renewables, but the principles 174 

and approach are general. Inputs to the model are PSO parameters, technical, economic, 175 

environmental and socio-political parameter constraints, mormalised weightings for the four 176 

objective classes, simulation period, device system configuration, weather data and load data. 177 

A key requirement is to quantify socio-political factors so that they become numerical inputs 178 

to the optimisation task. 179 
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Figure 1: Optimisation algorithm 180 

 181 

3 Objectives 182 

The various well-known approaches to quantifying technical and economic objectives were 183 

surveyed in [1] , along with less-often used environmental objectives. The following section 184 

briefly outlines the methods adopted in this new optimisation model to evaluate technical, 185 

economic and environmental objectives. More details will be found in the recent review  and 186 

references therein. A social and political acceptance index is introduced here as a quantifiable 187 

socio-political objective. 188 

 189 

3.1 Technical objective 190 

 Analysis of the reliability of supply plays a vital role when incorporating renewable 191 

energy in energy systems, owing to the fundamental intermittency of renewable energy 192 
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sources. The technical objective adopted in this paper is the well-known Loss of Power 193 

Supply Probability (LPSP). LPSP is defined as the ratio of the summed energy deficits to the 194 

total load energy demand over a selected period, ranging from 0 (load always satisfied) to 1 195 

(load never satisfied) [3]. The aim is usually for LPSP to be as close to 0 as possible.  196 

 
1

1

( )
[%]

( )

T

t
T

L
t

LPS t
LPSP

E t

=

=

=
∑

∑
 (1) 197 

where  is the load [kWh] and is the summed energy deficit [kWh]. LPS varies 198 

depending on the system components and naturally decreases when more energy generating 199 

sources are present in the system.  200 

A Safety Factor (SF) may be applied to express a desired load safety percentage 201 

margin, or as an alternative to re-analysing the design based on data for unlikely but severe 202 

weather, with the outcome of a more robust energy system, inevitably at higher cost. 203 

3.2 Economic objective 204 

The economic objectives evaluated in this paper are Levelized Cost of Energy (LCOE) 205 

and Net Present Value (NPV). LCOE is an adopted economic criterion, which quantifies the 206 

economic feasibility of an energy system as a system’s cost over lifetime divided by its 207 

lifetime energy production. The present value of the total costs of the system is calculated 208 

over an assumed lifetime. For a hybrid energy system, the present value of costs can be 209 

composed of the initial cost, the present value of maintenance cost, the present value of 210 

replacement cost and the Capital Recover Factor (CRF) of the hybrid energy system. LCOE 211 

is calculated as [4]  212 

LE LPS
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[$/kWh]

L

TPV
LCOE CRF

E
=

 (2) 213 

where LE is the total load over the simulation period [kWh]. The Total Present Value (TPV) 214 

of the system [$] varies according to the components that make up the system: 215 

 
1

[$]
k

d
d

TPV C
=

=∑   (3) 216 

where d represents the device to be optimised and dC  consists of dInit  the initialisation [$] 217 

costs and & dO MC , the operation and maintenance [$] costs: 218 

 & [$]
dd d O MC Init C= +   (4) 219 

In Eqn (2) CRF calculates the present value of the system components for a given time 220 

period, taking into consideration the interest rate: 221 

 

(1 )

(1 ) 1

i i
CRF

i

η

η
+=

+ −  (5) 222 

where the nominal interest rate [%] and η is the system life [years]. 223 

Net Present Value (NPV) can be expressed as a sum over devices (d) [5]: 224 

&
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) 225 

& dO MC is repair cost, Ld is the lifetime of the specific device, nd represents the number of 226 

replacements needed to occur in the lifetime of the project (typically set to 25 years). dP  is 227 

the power of the specific device in kW. consfuel  only apply if system has a diesel generator, 228 

where fuelC is the cost of fuel to run the diesel generator,  hoursOp  is the hours of operation and229 

consfuel is its fuel consumption in litre/hour.  230 

i
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Finally, the economic model used here takes into account direct or indirect (taxation) 231 

government subsidies.  232 

3.3 Environmental objective 233 

The environmental objective evaluated in this paper is Carbon Footprint of Electricity 234 

(CFOE), which incorporates direct CO2 emissions from any diesel generators or similar,genε . 235 

An environmental objective could imply the calculation of the generated CO2 emissions 236 

associated with manufacturing, shipping, operating and maintaining the system as well as 237 

final waste disposal. A cradle-to-grave approach for CFOE enables the energy system to be 238 

considered based on the greenhouse gas emissions quantified in equivalent CO2 mass per 239 

kWh of produced energy (kgCO2eq) throughout the system’s lifetime [6-9]. The elements of 240 

the environmental impact analysis are illustrated in Figure 2. 241 

 242 

Figure 2: Environmental objective 243 

 244 

The CFOE is measured in kgCO2eq/kWh and can be expressed as follows: 245 

 2eq[kgCO kWh]sys

L

CFOE
E

=
ε

 (7) 246 
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where sysε is the total emissions produced by the system during manufacturing and operation 247 

[kgCO2eq] and LE is the total simulated load [kWh]. The total emissions from an energy 248 

system sysε  consisting of PV, batteries, inverter, generator, interconnects and so on is 249 

 ...sys pv bat batinv gen syswiresε ε ε ε ε ε= + + + +  (8) 250 

where  pvε  , batε  , batinvε , genε  and syswiresε  are the emissions associated with the PV system,  251 

battery and battery inverters, diesel generator and associated interconnects and system wires 252 

respectively. 253 

Within this total, each component of emissions can be further broken down according to its 254 

component. For example, the total emissions in kgCO2eq from the PV component can be 255 

expressed as follows: 256 

mod 2eq[kgCO ]pv pv pvstr pvinv pvwir pvauxε ε ε ε ε ε= + + + +
 (9) 257 

where , ,  ,
  

and  are the emissions associated with the PV 258 

modules,  PV inverter, PV structures, electrical wires in the PV system and  auxiliary devices 259 

such as circuit breakers and switchboards respectively. All remaining system devices are 260 

evaluated using the same principle. 261 

Where the emissions come mainly from operating a diesel or other generator, a 262 

simplified environmental objective may be calculated from the operating fuel emissions from 263 

the generator, ignoring other emissions, as follows [5, 8]: 264 

 ( ) 2eq
1

[kgCO ]
T

gen cons tfuel EFε =∑  (10) 265 

where the emission factor (EF) [kg/litre] depends on the type of fuel as well as the engine 266 

characteristics (typically 2.4–2.8 kg/litre) [10]  and ( )cons tfuel is the fuel consumption of the 267 

modpvε pvinvε pvstrε pvwireε pvauxε
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diesel generator. The total emissions from a diesel generator system are calculated in a 268 

similar fashion to the above example for the PV component with the in-operation diesel 269 

generator emissions added to the final emissions.  270 

3.4 Socio-political objective 271 

Incorporating socio-political criteria is obviously less straightforward and less certain 272 

than an analysis based only on quantitative technical, economic objectives and/or 273 

environmental objectives, but very important because real projects are subject to such factors. 274 

Numerical quantification is necessary in order to adopt an algorithmic approach to 275 

optimization. Hence, a socio-political index is proposed as an example of an adaptive, multi-276 

input evaluation aid to analysing an energy system from a socio-political perspective. The 277 

concept uses both qualitative and quantitative factors to measure a socio-political objective 278 

through an index-based approach to judge all parameters on the same basis. The outcome is a 279 

numeric value, which in this example of the methodology represents the expected public 280 

satisfaction with/acceptance of a proposed energy system.  281 

In order to analyse quantitative figures, each factor is assigned a numerical value 282 

between one and five (five for worst, one for best) proportional to its impact on the renewable 283 

energy system project. 284 

Each parameter is assigned a certain weight from zero to 100 percent (zero for no 285 

impact, 100 for full impact) based on its relative importance specific to the current project 286 

being analysed. The weighted sum of all the parameters constitutes the socio-political 287 

numerical objective value. The NWCMO meta-heuristic function seeks to minimise the 288 

socio-political objective along with the more familiar objectives.  289 

The socio-political index proposed is inherently semi-quantitative, as there is no 290 

standard approach to assign weights to the parameters. This reflects the actual nature of 291 

qualitative parameters. However, if a participatory approach with stakeholders, decision 292 
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makers, political representatives and the local community is used in interpreting parameters 293 

and weights, the usefulness of the socio-political index improves, as it is then tailored to that 294 

specific project. Parameters can be varied depending on local conditions, but this also reduces 295 

the standardization of the method to some degree. The numerical values of interpreted 296 

parameters and weights should be accumulated over time so that comparisons of similar 297 

projects and known indicators can be taken advantage of. A list of possible parameters is 298 

presented below which may be taken into consideration while devising a socio-political 299 

index, notated Socio.  300 

Table 1: Socio-political objective 301 

A renewables factor RF may be introduced for the purpose of penalising non-renewable 302 

energy. An example of the RF used in a system incorporating a diesel generator is 303 

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

Aesthetics Public acceptance to  
visual appearance, shadow flicker 
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-renewable 
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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diesel

T

gen

T

RE

P
RF

P

 
 
 = −
 
 
 

∑

∑
 (11) 304 

where 
1

diesel

T

genP∑ (kWh) is the sum of the total output of fuel consumption from a diesel 305 

generator over the simulation period and REP∑ (kWh) is the sum of the total renewable 306 

energy mix output over the simulation period.  307 

 308 

3.5 Normalised Weighted Constrained Multi-Objective 309 

Many real world problems are concerned with so-called multi-objectives where a 310 

solution is sought as the best possible compromise. Optimisation can be defined as the 311 

process of finding conditions that give the minimum value of a function which numerically 312 

expresses the value of the optimized system to the stakeholders in that system.  313 

An optimisation problem can generally be stated as follows: 314 

 

1

2

Find .  which minimizes ( )

.

n

x

x

X f X

x

 
 
  =  
 
 
    (12) 315 

subject to the constraints 316 

 ( ) 0, 1,2....,jg x j m≤ =  (13) 317 

where  is the objective function, x is an n-dimensional design vector and  are set 318 

out constraints that may or may not be related [11]. There is no single best method for solving 319 

all such optimization problems efficiently, and many differing mathematical optimization-320 

( )f x ( )jg x
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programming techniques are available in the context of renewable energy systems depending 321 

on the nature of the optimisation problem . 322 

To solve the optimization problem involving multiple objective functions, a 323 

minimisation fitness function is adopted which results in an overall optimisation solution, as 324 

follows:  325 

If  are the normalised objective functions corresponding to the 326 

proposed number sets of objectives, a new overall Normalised Constrained Weighted Multi-327 

Objective (NCWMO) function can be established such that  328 

 
1

min ( ) ( )
p

NWCMO k NWCMO
k

f x w f x
=

=∑   (14) 329 

where NWCMOf  is the normalised objective,  are weightings such that  whose 330 

values indicate the relative weight given to each objective function; in other words a 331 

quantitative implementation of the scheme proposed by Eriksson and Gray [1]. 332 

3.5.1 Global energy audit figure 333 

At the end of each optimisation, it is appropriate to conduct a “reality check”, which 334 

constitutes a bottom-line assessment of whether the optimisation is sensible. In the example 335 

described here, the excess renewable energy potentially generated but not used by a 336 

renewable system is assessed. This could be a major factor in a system not going ahead due to 337 

oversizing and its consequences, such as escalating cost, problems with land acquisition, 338 

unnecessary environmental emissions and so on. The notional available renewable energy 339 

under prevailing conditions can be seen as surplus energy. Whilst somewhat misleading, the 340 

term commonly used in literature for this concept is Total Energy Lost (TEL).  Extra power 341 

generation from a renewable energy source may be minimised by imposing a threshold value 342 

which must not be exceeded throughout the simulation . TEL may be expressed as: 343 

( ) ( )1NORM NORMof x f xL

iw
1

1
k

i
i

w
=

=∑
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1

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

0

T

gen L L gen
t

P t E t E t P t
TEL =

 − <= 



∑  (15) 344 

where is the generated energy [kWh], is the load [kWh]. 345 

Whilst TEL does not necessarily equal the surplus energy from the system when there 346 

are storage devices present in the system, it still serves as a useful reference point for 347 

benchmarking systems against each other.  348 

3.5.2 Constraints 349 

Constraints are restrictions imposed on the available resources and environment (e.g. 350 

time restriction, physical limitation), and are defined as dependencies among the parameters 351 

and decision variables that are involved in the problem. A constraint may be of inequality or 352 

equality type and restricts a variable to be between a lower and upper bound in a decision 353 

space.  354 

In the present context, each objective should be less than its corresponding constraint: 355 

 obj techtech ε≤   (16) 356 

 obj ecec ε≤   (17) 357 

 obj envenv ε≤   (18) 358 

 obj sociosocio ε≤   (19) 359 

where techε , ecε , envε  socioε  are respectively the technical, economic, environmental and socio-360 

political constraints corresponding to the four objectives. These constraints may be set by the 361 

user for a particular objective during the initial model configuration.  362 

Finally, there are non-negativity constraints, energy flow and lower and upper limits for 363 

decision variables. These specific constraints are applied to particular components to ensure 364 

genP LE
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that the outputs of the optimisation are physically meaningful and are initialised at the start of 365 

the optimisation. For example, the constraints for battery charging/discharging and hydrogen 366 

storage/retrieval respectively can be expressed as: 367 

 ( )min maxSOC SOC t SOC≤ ≤    (20)      368 

 2 ( )2min-level level 2max-levelH H t H≤ ≤   (21) 369 

4 Optimisation algorithms 370 

Optimisation approaches and algorithms were recently reviewed in Ref. [1], where it 371 

was found that Particle Swarm Optimisation (PSO) is a fast, accurate and relatively easy-to-372 

implement algorithm suitable for solving multi objective search functions. A modified PSO 373 

algorithm was therefore implemented for this work, to search for a configuration of devices 374 

in the energy system. PSO is similar to other evolutionary algorithms, in that a system is 375 

initialised with a population of random solutions in a search space, then evaluated against a 376 

fitness function. Each solution is a so-called particle, with a velocity which is updated to 377 

optimise its position in the search space. Every particle is optimised by following a pbest 378 

value, which is the best fitness value the particle has achieved so far, and a gbest value, which 379 

is the best global value in the search space. A particle’s velocity is dependent on how far it is 380 

from the target as well as being constrained by minimum and maximum boundaries. 381 

The pseudo code below outlines the main function of the PSO algorithm which runs 382 

until the maximum iteration number or a set satisfied constraint is fulfilled.  383 

While ma× iterations or minimum error criteria not met 384 
For each particle 385 
 Initialise particle 386 
End 387 
 388 
For each particle 389 
 Calculate fitness value 390 
 If the fitness value is better than historic pbest best value 391 
  Set current fitness value to new pbest 392 
End 393 
 394 
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If pbest is better than historic gbest best value of all the particles 395 
  Set pbest to new gbest 396 
End 397 
 398 
 Calculate particle velocity 399 
 Update particle position 400 
End 401 

End 402 
 403 
Each particle has two variables, its current position ijx (t)  and its velocity  ijv (t)  with 404 

the pbest value stored in ijp (t) , while jg (t)  denotes the best global particle. Parameters 405 

required to be tuned and initialised at start-up for a PSO search function include the number 406 

of particles, the maximum adjustment a particle can undergo during one iteration vmax, 407 

learning factors, the stop condition; the maximum number of iterations or convergence 408 

requirement and inertia weight all of which affect the velocity of the particle.  409 

The particle velocity and position are updated as follows [12]: 410 

( ) ( )1 1 2 2r c r cω= + − + −ij ij ij j j ijv (t +1) v (t) p (t) xi (t) g (t) x (t)  (22) 411 

 = +ij ij ijx (t +1) x (t) v (t +1)   (23)  412 

In Eqn (22) ijv (t)  is the inertia velocity, ω ijv (t) is the inertia term and  is the inertia 413 

coefficient which ensures that there is a smooth transition between previous and current 414 

velocities.  415 

The term ( )1 1r c −ij jp (t) xi (t)  in Eqn (22) is known as the cognitive component and 416 

( )1 1r c −ij jp (t) xi (t) is known as the social component, where  is the cognitive learning factor 417 

guides particles towards the optimum value, and the social learning factor represents the 418 

attraction toward other particles.  and  are randomly generated numbers within interval 419 

(0, 1). Clerc and Kennedy proposed a constriction factor to restrict the swarm in a multi-420 

dimensional space as follows [12]: 421 

ω

1c

2c

1r 2r
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( ) ( )( )1 1 2 2r c r cχ ω= + − + −ij ij ij j j ijv (t +1) v (t) p (t) xi (t) g (t) x (t)   (24) 422 

where  is the constriction coefficient and is defined by                                                 423 

 
2

2

2 4

kχ
φ φ φ

=
− − −

  (25) 424 

where , typically   ,  and [12]. An optimal setting 425 

of the parameters depends on the current optimisation problem. As demonstrated in the 426 

simulations in section 6, suitable values for setting the main parameters of PSO algorithm ,427 

,  and the swarm size are:                                                      428 

 ω χ=   (26) 429 

 1 1c χφ=   (27) 430 

 2 2c χφ=  (28) 431 

The simulation model is run for the whole simulation period to evaluate the 432 

performance of each particle. The simulation model calculates the objective functions 433 

discussed in section 3. Particles in the swarm size are evaluated against the NWCMO fitness 434 

function until the stopping criterion is met and the best of all evaluated solutions is presented.  435 

To speed up the PSO algorithm when running through a large search space, a historical 436 

look-up table is kept so that previously calculated values do not have to be recalculated.  437 

5 Simulation models 438 

A particle represents a certain configuration of a hybrid renewable energy system for a 439 

simulation period (in this study set to one year with hourly time interval analysis) of 440 

electricity demand and weather data (typically solar radiation, wind speed and ambient 441 

temperature). The particle represents any combination of device sizes for PV, wind, battery, 442 

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 443 

the viability of the system.  444 

Many mathematical representations of components including PV, wind, generators, 445 

battery, fuel cells, electrolysers, hydrogen storage, inverters and auxiliary devices have been 446 

published. Here a modular architecture has been adopted, using simplified component models 447 

for demonstration purposes. It is appropriate to think of the various mathematical models as 448 

black boxes so they can easily be interchanged with more sophisticated models to suit the 449 

goals of the analysis. The mathematical models implemented in the case studies reported in 450 

§6 are described briefly below.  451 

5.1 PV model 452 

Various simplified electrical and thermal mathematical models exist describing PV 453 

behaviour under external influences from solar irradiance and temperature.  454 

A model of the solar radiation received by a tilted solar collector, described in detail by 455 

Khatib [13] was used. Briefly, the received radiation ,TG β  on a surface at angle β to the 456 

horizontal consists of three components: direct beamBG , diffuse solar radiation DG  and 457 

reflected solar radiation R T RG G R= ρ , such that  458 

 ,T B B D D T RG G R G R G Rβ ρ= + +  (29) 459 

where BR is the ratio between global solar energy on a horizontal surface and global solar 460 

energy on a tilted surface, DR is the ratio between diffuse solar energy on a horizontal surface 461 

and diffuse solar energy on a tilted surface, RR is the ratio of reflected solar energy on a tilted 462 

surface and ρ is the ground albedo factor. If only global irradiance data are available, the 463 

other contributions may be estimated based on a model of transmission and scattering by the 464 

atmosphere. 465 
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The altitude angle is the angular height of the sun measured from the horizontal and is 466 

expressed as follows: 467 

 sin sin sin cos cos cosL Lα δ δ ω= +  (30) 468 

Where L is the latitude of the location, δ is the angle of declination and ω is the hour 469 

angle. The angle of declination is the angle between the earth-sun vector and the equatorial 470 

plane and is calculated as follows: 471 

 

80
23.44sin 360

365.25

dδ  −  =   
     (31) 472 

The hour angle ω is the angular displacement of the sun from the local point and is 473 

given by: 474 

 ( )15 12AST hω = ° −   (32) 475 

AST is the true apparent or true solar time and is calculated by the daily apparent 476 

motion of the observed sun and is calculated as follows: 477 

 ( )4 /AST LMT EoT LSMT LOD= + ± −  (33) 478 

Where AMT is the local meridian time, LOD is the longitude, LSMT is the local 479 

standard meridian time and EoT is the equation of time. The LMST is a reference meridian 480 

and is given by : 481 

 15 GMTLMST T= °   (34) 482 

EoT is the difference between the apparent and mean solar times, taken at a given 483 

longitude and is expressed as: 484 

 9.87sin(2 ) 7.53cos 1.5sinEoT B B B= − −   (35) 485 
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 ( )2
81

365
B n

π= −  (36) 486 

Where n is the day number defined as the number of days elapsed in a given year up to 487 

a particular date.  488 

The azimuth angle is an angular displacement of the sun reference from the source axis 489 

and can be calculated as follows: 490 

 

cos sin
sin

cos

δ ωθ
α

=
  (37) 491 

Direct solar radiation ,B normG reaching the earth can be expressed as: 492 

 
sin

,

K

B normG Ae α
−

=
  (38) 493 

Where A is an extraterrestrial flux and K is dimensionless factor.  494 

 
( )360

1160 75sin 275
365

A N = + −     (39) 495 

 
( )360

0.174 0.0035sin 100
365

K N = + −     (40) 496 

Direct solar radiation on a horizontal surface BG can be expressed as: 497 

 , sinB B normG G α=
  (41) 498 

Diffuse solar radiation on a horizontal surface DG can be calculated as follows: 499 

 ( ) ,

360
0.095 0.04sin 100

365D b normG N G = + −  
  (42) 500 

The coefficient BR is most commonly represented as: 501 
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cos( ) cos sin sin( )sin

cos cos sin sin sin
ss ss

B
ss ss

L L
R

L L

β δ ω ω β δ
δ ω ω δ

− + −=
+

  (43) 502 

The coefficient RR is given by the following equation: 503 

 

1 cos

2RR
β−=

  (44) 504 

The coefficient DR is given by the following equation: 505 

 

1 cos

2DR
β+=

  (45) 506 

 507 

A detailed electrical model is usually based on the well-known Schottky diode equation 508 

for a single solar cell. At the array level, it is reasonable to assume that maximum-power-509 

point tracking has been employed, so that manufacturer’s data for the nominal power output 510 

of a module at its maximum power point may be assumed under standard conditions. A 511 

thermal model then estimates the effect of ambient temperature and heat generation within 512 

the PV module.  513 

The power supplied by the PV system can be calculated as a function of the solar 514 

radiation as follows [14]: 515 

( )( ), 1 0.0256  [kW]T
gen N - pv T amb ref

ref

G
P P k T G T

G
β  = + + −   (46) 516 

where N - pvP  is nominal PV output [kWh] with received irradiance Gref at the reference 517 

temperature Tref, ,TG β  is the received solar radiation [W/m2] ,  is 1000 [W/m2],  is 25 518 

°C, 3 13.7 10  [ C ]Tk − −= − × °  is the power temperature coefficient and  is the ambient 519 

refG refT

ambT
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temperature. Inverter inefficiency degrades the achievable PV output and is incorporated in 520 

the software model.  521 

5.2 Wind model 522 

The power output of a wind turbine can be approximated by the following formula: 523 

 
3

3
3 3 3 3

0 ,cutin cutout

cutin
cutin rated

r cutin r cutin

rated cutout

v v v v

vPr
Pgen v Pr v v v

v v v v

Pr v v v

< >


   = − ≤ <    − −   
 ≤ ≤

 (47) 524 

where Pr is the rated power [kW], v is the wind speed (ms–1) in the current time step, cutoutv , 525 

ratedv , cutinv  represent cut-in wind speed, nominal wind speed for rated power and cut-out 526 

wind speed (ms–1) respectively. Wind speed data are required as input to the generator model. 527 

Since the wind speed varies with height, the measured wind speed at the anemometer must be 528 

converted to the desired hub height according to [15]. 529 

 

2 2

1 1

v h

v h

α
 

=  
    (48) 530 

where  is the speed at the hub height , is the speed at the reference height   and α 531 

known as the friction coefficient or Hellman coefficient  and depends on the location, terrain 532 

on the ground and stability of the air [16]. 533 

5.3 Battery mathematical model 534 

Low-level battery models may be based on chemical or electrical analogues and charge 535 

accumulation and/or empirical models. Defining a general model which covers all categories 536 

simultaneously is quite complex, hence most battery modelling focus on specific 537 

characteristics only.  538 

2v 2h 1v 1h



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

27 

 

 

The energy capacity [Wh] of a battery is defined by the energy that a fully charged 539 

battery can deliver under specified conditions. Depth of Discharge (DOD) is the ampere 540 

hours removed from a fully charged battery and is defined as the percentage ratio of the 541 

battery rated capacity to the applicable discharge rate [A].The battery capacity of the 542 

renewable energy system can be initially estimated using the load demand and the required 543 

days of autonomy using the following equation [17]: 544 

 
max

[Ah]L

B cf inv b

E AD
CB

V DOD T η η
=  (49) 545 

where LE  is the load, AD is autonomy days (typically 2–3 days), BV is the operating voltage 546 

of the battery [V], maxDOD is the max depth of discharge (typically 80%), cfT  is the 547 

temperature correction factor, invη and bη are the inverter (typically 95%) and battery 548 

(typically 85%) efficiency [11, 18].  549 

State of Charge (SOC) can be defined as the ratio of available capacity to the rated 550 

capacity in Ampere-hours [Ahr] and can be estimated using the following equation: 551 

 [Ah]AC

RC

B
SOC

B
=  (50) 552 

where ACB is the available capacity of the battery [Ah] and RCB is the rated capacity of the 553 

battery [Ah].  554 

In a hybrid renewable energy system, the mode of operation of the battery whether it is 555 

discharging or charging depends on the available renewable energy in the system and the 556 

load. In order to avoid gassing and over-charging the battery is bound by maximum and 557 

minimum state of charge constraints. The charging of a battery at any instant t + ∆t can be 558 

estimated with the following equation [19]: 559 
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( ) ( 1)(1 ) [%]ch

ch
bat

P
SOC t SOC t

P
σ η= − − +

 (51) 560 

where  is an hourly self-discharge rate, chP  is the required power to charge or discharge, 561 

batP is the available battery power, chη  is the coulomb efficiency of the battery,  is 562 

the previous state of charge and  is the current state of charge.  563 

Another battery model for state of charge can be expressed as an equivalent circuit 564 

where the internal voltage is represented by a voltage source and an internal resistance [13]. 565 

The charging or discharging current depends on the system’s voltage levels. If the applied 566 

voltage is greater than the battery’s voltage, the current will flow in the battery as a charging 567 

current [11]. Meanwhile, if the applied voltage is less than the battery’s voltage battery, the 568 

current will flow out from the battery as a discharging current.  569 

5.4 Generator model 570 

Generators are not renewable energy options due to their high operating emissions but 571 

can provide a steady source of power when renewables are not available and the energy 572 

storage is depleted. In principle the environmental cost over lifetime of a small diesel 573 

generator could potentially be lower than oversizing the renewable component. The hourly 574 

fuel consumption of the diesel generator is considered in the renewable energy system and 575 

can be expressed as follows [19]: 576 

 r( ) ( ) [l/hr]genq t aP t bP= +  (52) 577 

where is fuel consumption [L/h], is generated power [kWh],  Pr is rated power 578 

[kWh],  and are constant coefficients of the fuel consumption curve [l/kW] and is 579 

approximated to 0.246 and 0.08415 respectively [19].  580 

σ

( 1)SOC t−

( )SOC t

( )q t gP

a b



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

29 

 

 

5.5 Fuel cell model 581 

A fuel cell is an electrochemical energy conversion device, which converts chemical 582 

energy of fuel directly into electricity. There are several different types of fuel cells 583 

depending on their electrolyte such as Proton Exchange Membrane (PEM) fuel cell, Alkaline 584 

fuel cell, Molten Carbonate fuel cell and Solid Oxide fuel cell of which the PEM fuel cell is 585 

showing promise due to its low operation and quick start up. Fuel cell modelling can be 586 

classified into three categories, analytical, semi-empirical and mechanistic. Analytical 587 

methods arrive at V-I density relationships through simple assumptions and neglect water 588 

transport processes in the cell. Semi-empirical modelling combine theoretically derived 589 

differential and algebraic equations and it is seen that most fuel cells are one dimensional 590 

semi empirical models. Mechanistic models are based on electrochemical, thermodynamic 591 

and fluid dynamic equations and require details such as transfer coefficients, humidity levels, 592 

membrane, electrode and active catalyst layer thicknesses.  593 

The hydrogen consumption of the fuel cell is modelled as dependent on the output 594 

power and can be expressed with the following function [11]: 595 

 2 [kg/hr]H fc pnom fc pfc fc fcα β= +  (53) 596 

  597 

where is the hydrogen consumption [kg/hr], is the fuel cell output power [kW], 598 

is the nominal fuel cell output power [kW],  and are the coefficients of the 599 

electrical consumption curve [kg/kWh]. In the presented optimisation model = 0.004 600 

kg/kWh and =0.05 kg/kWh [11].  601 

5.6 Electrolyser model 602 

The hydrogen needed for power generation in a PEM fuel cell is extracted from water 603 

in an electrolyser via electrolysis. In the process of electrolysis, the water molecules are 604 

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 605 

of cells each containing a positive and negative electrode immersed in electrically conductive 606 

water where hydrogen and oxygen gases are produced at the cathode and anode respectively. 607 

The rate of hydrogen generation depends on the current density.  608 

The electrolyser electrical consumption can be modelled as a function of nominal 609 

hydrogen mass flow [11] 610 

 
2 2

[kW]ele ele n H ele Hp Q Qα β−= +  (54) 611 

where elep
 
is electrolyser electrical consumption [kW], , are the coefficients of the 612 

electrical consumption curve [kW/kg/hr] , is the nominal hydrogen mass flow [kg/hr] 613 

and is the actual hydrogen mass flow [kg/hr].  614 

The availability of hydrogen in a hybrid energy system can be expressed as follows: 615 

 ( ) [kW]fc
ele ele ele

fc

p
SOC p dtη

η
= −∫ ∫  (55) 616 

where [kW] is the power available to run the electrolyser and is the remaining power 617 

after the load has been satisfied (  ), [kW] is the power generated by the 618 

fuel cell stack, [%] and [%] is the efficiency of the electrolyser and fuel cell 619 

respectively.  620 

5.7 Hydrogen storage model 621 

One of the most crucial factors in simulation of hydrogen storage in HRES models is to 622 

calculate its available hydrogen tank level at any point in time. The expression used to 623 

calculate the current hydrogen level, implements a typical hourly flow balance between the 624 

input and the hydrogen output flow in the tank. The hydrogen level of the H2 tank 
2

H level at 625 

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 626 

follows: 627 

 2

2 2 2

2 tan

( ) ( 1) ( ) [kg]H
H

H k

fc
H level t H level t Q t

η
= − + −  (56) 628 

where  
2

H level[kg] is the hydrogen level of the hydrogen tank, [kg/hr] is the mass flow 629 

of hydrogen from the electrolyser, [kg/hr] represents the fuel cell hydrogen consumption 630 

and 
2 tanH kη [%] is the efficiency of the hydrogen storage tank and is set to 5%  [11].  631 

6 Case studies 632 

6.1 Case study 4 633 

Case Study 4 is based on set out cases by Sharafi and Elmekkawy [5] and Dufo-López 634 

and Bernal-Agustín [8]. Sharafi and Elmekkawy set out different tests using various LPSP 635 

and CO2 emission constraints (Table 2 in [5]) where  Case Study 4 emulates SC Case 3  [5] 636 

and BD Case 3 [8] (LPSP = 1.8%, genε  = 1778 kg/yr).  These constraints originate from 637 

system outputs found by Dufo-López and Bernal-Agustín [8].  638 

The test cases are summarised in Table 2. 639 

Table 2: Test cases benchmarked and analysed 640 

 641 

Sharafi and Elmekkawy plotted average monthly wind speeds during one year from 642 

Zaragoza in Spain, latitude 41.6488° N, 0.8891° W, Time Zone: - GMT+2 and plotted a daily 643 

2HQ

2Hfc

Case 
Study 

Reference PV(kW) Wind 
(kW) 

Diesel 
generator 
(kW) 

Fuel cell 
(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 644 

used algorithmically to simulate a year of data in order to carry out the optimisation 645 

modelling (Figure 3, Figure 4, Figure 5). The annual load, PV and wind generation were 646 

emulated according to annual figures given by Dufo-López and Bernal-Agustín [8]. 647 

 648 

Figure 3: Building data showing annual (1st January 2016 to 31st December 2016) and daily load data 649 

respectively.  650 

 651 
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 652 

Figure 4: Weather and building data showing annual (1st January 2016 to 31st December 2016) solar, 653 

temperature, wind and load data respectively.  654 

 655 

Figure 5: Typical winter (27th July 2016) and summer (27th January 2016) daily weather data showing  656 

 657 

A case study was set up based on an energy system with PV, wind, battery bank, 658 

generator, fuel cell, electrolyser and hydrogen tank (Figure 6) by Sharafi and Elmekkawy [5] 659 

using a 100% economic weighting with the generated solar, wind data and load and a 660 
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Figure 6: Block diagram for case study 4 

technical (LPSP = 1.8% maximum ) constraint and environmental constraint (genε  = 1778 661 

kg/year maximum) according to SE Case 3 and BD Case 3 [5, 8] in Table 2.  662 

The load is supplied by solar/wind-generated electricity when available. Surplus energy 663 

is used to charge the battery. If the battery has been charged to its maximum SOC, any 664 

surplus energy is fed to the electrolyser to generate hydrogen for storage in the hydrogen 665 

tank. When there is a deficiency in the solar/wind resource, the battery will supply the deficit 666 

until it has reached its minimum SOC. If the battery cannot satisfy the full residual load, then 667 

the fuel cell will satisfy the remainder provided there is enough hydrogen in the hydrogen 668 

tank to do so. If the fuel cell cannot satisfy the needed portion of load then the generator will 669 

try to fulfil the remainder of the load demand. Once the load has been satisfied by the diesel 670 

generator, any surplus energy will be used to charge the battery bank as this will ensure that 671 

maximum generated energy is utilised in the stand alone system leading to minimum excess 672 

energy. 673 

 674 

 675 

 676 
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 677 

Component specifications and costings used in the optimisation originate from the 678 

project costs in [5, 8] where initial cost and capital costs are extrapolated from graphs in [5] 679 

and have been summarised in Table 3.  Assessment period is 25 years, discount rate is set to 680 

8% and real interest rate is set to 13% [5]. Typical system losses [20] of 11.42% are applied 681 

with an actual PV inverter efficiency of 97% for the roof inverters. The electrolyser capacity 682 

is set to 10% implying that hydrogen will be generated once 10% of the full electrolyser 683 

electrical consumption is available. This figure was based on a discussion with a 684 

manufacturer of PEM electrolysers.  685 

Table 3: Component costings for Case study 4 686 

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 H 2 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% 
 

 687 
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The authors reported trials of two methods for optimising the system. The first method 688 

SE Case 3, that of Sharafi and Elmekkawy, yielded a configuration with a PV size of 8.0 kW, 689 

6.5 kW wind, 3.0 kW diesel generator, 0.1 kW fuel cell, 88.7 kWh battery capacity, 1.1 kW 690 

electrolyser and 4.2 kg H2 storage. The second method DB Case 3, that of Dufo-López and 691 

Bernal-Agustín [8], yielded a configuration with a PV size of 8.0 kW, 6.5 kW wind, 3.0 kW 692 

diesel generator, 3.0 kW fuel cell, 88.7 kWh battery capacity, 4.0 kW electrolyser and 10.0 693 

kg H2.  694 

 695 

6.1.1 Results and Discussion 696 

It should be noted that the optimisation was over economic cost minimisation, subject 697 

to upper limits on the LPSP and operating emissions. As the objectives in question had not 698 

been given by Dufo-López and Bernal-Agustín, LPSP and genε had to be calculated for the 699 

Sharafi and Elmekkawy and Dufo-López and Bernal-Agustín methods in order to be 700 

benchmarked against the PSO algorithm. Running the obtained optimum device sizes found 701 

by Sharafi and Elmekkawy method for SE Case 3 [5] (8.0 kW PV, 6.5 kW wind, 3 kW diesel, 702 

0.11 kW fuel cell, 88.7 kWh battery, 1.1 kW electrolyser and 4.2 kg H2 tank ) using the same 703 

input data in the proposed optimisation algorithm, found an LPSP value of 0.8 %, an 704 

emission limit of 1128 kgCO2eq and a cost of  118,296 Euro. The Dufo-López and Bernal-705 

Agustín method DB Case 3 (8.0 kW PV, 6.5 kW wind, 3 kW diesel, 3 kW fuel cell,  88.7 706 

kWh battery, 4 kW electrolyser and 10 kg H2 tank) obtained an LPSP of 0.8 %, a genε  of 969 707 

kgCO2eq and a total project cost of 186,728 Euro. The TEL value from the renewable energy 708 

component is reasonable (9812 kWh/year) for both systems.  709 

While both methods employed by Sharafi and Elmekkawy and Dufo-López and Bernal-710 

Agustín lead to configurations that are within the constraints for reliability and emissions, it 711 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

37 

 

 

is observed that the electrolyser doesn’t run at all for the whole duration of the simulation 712 

period and hence doesn’t fill the hydrogen tank once the hydrogen level is low. As the 713 

electrolyser does not have enough surplus energy to operate, the system configuration leads 714 

to unutilised components and an unnecessarily complex configuration and high system cost 715 

for little return. In SC Case 4 and DB Case 4, the fuel cell is sized too low and will in most 716 

cases never satisfy the deficit load without having to run the diesel generator as well. It is 717 

concluded that the energy system places much of its supply reliability in the hands of the 718 

battery bank (5806 to 5757 hours/year). In order to make it worthwhile to install the hydrogen 719 

fuel cell component and utilise it more frequently throughout the year, the system reliance on 720 

other storage devices should be reduced. Therefore the generator is proposed to be sized to 721 

only handle the minimum load (up to 0.5 kW) and the battery sized to handle max a day’s 722 

load (37 kWh).  723 

With a hydrogen fuel cell energy system in mind, the PSO configuration boundaries are 724 

initialised to a battery max size of 1 day’s autonomy (37 kWh), a hydrogen tank equivalent to 725 

4 day’s battery capacity (10 kg), the generator max boundary to the minimum load (0.5 726 

kWh), the fuel cell and electrolyser range set to the maximum load (5 kW) and the PV and 727 

wind size up to 10 kW. The building load is fairly small (min 0.47 kW, max 4.18 kW, 728 

average 1.6 kW) hence it seems unnecessary to oversize the system much more than the set 729 

ranges. These ranges ensured a system which wasn’t oversized within similar economic 730 

frameworks to the benchmark tests whilst ensuring a more efficient operation. The fuel cell 731 

never operates at its peak as seen in output graph Figure 9 as the battery is heavily relied 732 

upon first before the fuel cell is used. The optimisation model found a system configuration 733 

with LPSP = 1.0 %, genε  = 59 kgCO2eq, both well below the declared constraints, with an 734 

optimised cost of 213,200 Euro for the whole system. The system device sizes were 10.0 kW 735 

PV, 10 kW wind generator, 0.5 kW diesel generator, 37 kWh battery capacity, 5 kW 736 
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electrolyser size capacity, 4.2 kW fuel cell capacity and 11.0 kg H2 storage. As expected the 737 

system life cost is higher for the optimised system compared to Sharafi and Elmekkawy and 738 

Dufo-López and Bernal-Agustín methods as the hydrogen fuel cell component is geared to be 739 

more utilised with less input from the battery bank and generator. It is observed that the 740 

electrolyser generates hydrogen for a fair part of the year and the fuel cell contributes to 741 

satisfying the deficit load continuously throughout the year. The operational hours of the 742 

generator through out the year are kept at a minimum as well as the battery operational hours. 743 

The LPSP with this arrangement is 1.0% and it is seen that deficit energy occurs towards the 744 

end of the year in Figure 7 and Figure 8. 745 

The results are summarised in Table 4. 746 

 747 

Figure 7: Test Case 4 Annual (1st January 2016 to 31st December 2016) system analysis  748 

 749 

A typical summer (31st January) and winter (31st July) day for daily load, surplus energy and deficit 750 

energy is shown in Figure 8 for the proposed system. On these particular days there is no shown 751 

deficit but surplus energy appears during the day between 9 am and 6 pm on both typical winter and 752 

summer days. 753 
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 754 

Figure 8: Test Case 4 Typical summer (31st January 2016) and winter (31st July 2016) load, deficit and 755 

surplus analysis. 756 
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Table 4: Optimisation output for Case Study 4 757 
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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 7, Figure 8, Figure 9, Figure 10,  
Figure 11, Figure 12 Figure 13, 
Figure 14, Figure 15,Figure 16, Figure 17 

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 758 

streams (renewable, battery and fuel cells) that the battery is utilised fairly consistently 759 

throughout the year  but with overall less annual discharge hours (3081 hrs/yr) compared to  760 

[8] (3910 hrs/yr) with use of the fuel cell towards the end of the year (Figure 9). The fuel cell 761 

annual kWh generation (208.7 kWh) is more than in [8] (54.7 to 158.5 kWh). The generator 762 

annual operational hours have decreased drastically from 479.1 and 403.7 hrs/yr to 24.6 763 

hrs/yr. 764 

 765 

Figure 9: Test Case 4 Annual (1st August 2016 to 1st August 2017) renewable output analysis 766 

 767 

The battery is seen to discharge and charge consistently throughout the year. Figure 10 768 

shows annual battery kWh discharge, charge and SOC throughout the simulation and 769 

optimisation period.  770 
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 771 

Figure 10: Test Case 4 Annual (1st August 2016 to 1st August 2017) battery analysis 772 

 773 

A typical summer (31st January) and winter (31st July) day for battery charging, discharging and SOC 774 

is shown in Figure 11 for the proposed system. For the typical days, the battery appears to mainly be 775 

discharging after 7 pm on both typical winter and summer days and be charging in a similar pattern on 776 

both days between 2 am and 9 am.  777 

 778 

Figure 11: Test Case 4 Typical summer (31st July 2016) and winter (31st January 2017)  battery analysis 779 

 780 

The system’s hydrogen generation and hydrogen consumption in the energy system 781 

during the simulation and optimisation period is demonstrated next. Figure 12 shows annual 782 

hydrogen flow from the hydrogen storage tank, fuel cell hydrogen consumption and 783 
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equivalent fuel cell electrical output throughout the simulation and optimisation period for the 784 

proposed system and indicates that there is activity from the fuel cell only towards the end of 785 

the year.  786 

 787 

Figure 12: Test Case 4 Annual (1st January 2016 to 31st December 2016) hydrogen storage discharge 788 

hydrogen flow analysis 789 

 790 

As expected the only time when there is fuel cell electricity generation is when the fuel cell hydrogen 791 

intake occurs, which coinicides with the outflow of hydrogen from the hydrogen tank. For these 792 

typical days the fuel cell is not running.  As estimated the only time the electrolyser consumes 793 

electricity is when it generates hydrogen for storage in the hydrogen tank and a linear correlation is 794 

observed between the level of hydrogen generated by the electrolyser and it’s electrical consumption 795 

(Figure 13). The hydrogen tank is only discharged towards the end of the year. Once the hydrogen 796 

tank reaches a certain level, the electrolyser generates hydrogen.  797 

 798 
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 799 

Figure 13: Test Case 4 Annual (1st August 2016 to 1st August 2017)  hydrogen storage charge hydrogen 800 

flow analysis 801 

 802 

A typical summer (31st July) and winter (31st January) day for electrolyser hydrogen production, 803 

hydrogen storage level and electrolyser consumption is shown in Figure 14 for the proposed system. It 804 

appears from these typical winter and summer days that hydrogen remains the same in the hydrogen 805 

tank with no generation from the electrolyser.  806 

 807 

Figure 14: Test Case 4 Typical summer (31st July 2016) and winter (31st January 2017) hydrogen storage 808 

charge analysis 809 

It is seen from Figure 15 that the objectives converge as the PSO search function 810 

searches through the search space for an optimised system with the set out economic 811 
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weighting and technical and environmental constraint. The Figure 16 Ec vs Env and Tech vs 812 

Ec respectively for an economic weighting is of particular interest as it shows the interaction 813 

between the emission and NPV and LPSP and NPV respectively. As expected the higher the 814 

NPV cost, the lower the LPSP value and the higher the NPV value the higher emission cost. 815 

The bottom right figure Tech vs Ec vs Env in Figure 17 incorporates the environmental 816 

objective as a 3D view to show the interaction between the technical, economic and 817 

environmental objective in its entirety. 818 

 819 

Figure 15: Test 4A - Individual objectives for case study 4 for 100% economic NWCMO with user 820 

constraints 821 

 822 

Figure 16: Test 4A - 2D multi objectives for case study 4 for 100% economic NWCMO with user 823 

constraints 824 
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 825 

Figure 17: Test 4A - 3D multi objectives for case study 4 for 100% economic NWCMO with user 826 

constraints 827 

 828 

To demonstrate optimisation of a system with four objectives simultaneously and to 829 

show the significance of the socio-political objective, suppose a local negative perception 830 

exists towards diesel generators due to emissions, capital outlay and maintenance concerns. 831 

The project should instead demonstrate a clear reliance on electrolysers, fuel cells and 832 

hydrogen tanks whilst being backed up by batteries for three days autonomy to be perceived 833 

as more sustainable locally. Consequently the categories Aesthetics, Hazard, Local 834 

environmental impact and Renewable Factor lead to an unacceptable public and political 835 

acceptance whenever a system shows a high reliance on diesel generators. The LPSP and 836 

emission constraints still remain at the set out boundaries. The model was configured using 837 

the socio-political index to eliminate generators and increase the hydrogen component whilst 838 

adjusting remaining device size ranges to maintain the emission limits with little emphasis on 839 

supply reliability. An optimisation test was carried out to maintain the LPSP and emission 840 

limit, whilst eliminating the diesel generator, introduce a 3 day battery backup and lean more 841 

on the hydrogen fuel cell component. A balance had to be struck between the sizes of the 842 

renewables versus hydrogen storage to ensure that the fuel cell and electrolyser operated 843 
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enough hours throughout the year to demonstrate the hydrogen fuel cell component. The 844 

result was an LPSP of 1.0%, 0 kgCO2eq, a system cost of 234,148 Euro, equivalent to 10.0 845 

kW PV, 10.0 kW wind, 111 kWh battery , 4.2 kW fuel cell, 5.0 kW electrolyser and 11.0 kg 846 

H2. As expected, a higher input of hydrogen and its constituent components, plus a 3 day 847 

battery backup eliminates the need for a diesel generator. The emissions are 0 kgCO2eq as 848 

only diesel generator emissions are considered in Case Study 4 to emulate SE Case Study 3 849 

and DB Case Study 3. A more appropriate way of analysing an energy system’s footprint is 850 

to analyse the total system emissions. Despite the high system cost, the system would serve 851 

as a good pilot study for the integration of hydrogen storage in renewable energy systems.  852 

The results are summarised in Table 5. 853 

  854 
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 855 
 856 

Table 5: WNCMO minimisation for case study 4 857 

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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 858 
 859 
6.2 Case study Cold Stream 860 

This section outlines a case study where the proposed search model has been applied 861 

for a techno-economic optimisation study to analyse and optimise a solar and wind farm in 862 

South Australia to increase supply reliability whilst minimising cost by incorporating battery 863 

capacity, fuel cell, electrolyser and hydrogen storage. The socio political objective is 864 

explored to rectify the system’s supply reliability with a hydrogen fuel cell component focus.  865 

A techno-economic-socio-political study using the developed optimisation model by 866 

Eriksson and Gray has been undertaken of a proposed large 250 kWp solar and 95 kWp wind 867 

generation plant near ColdStream in south Australia at a longitude of 45.4°, a latitude of 868 

37.3° and a time difference of +11 GMT. The tilt angle of the PV panels are assumed to be 869 

the same as the latitude angle. The weather data is shown in Figure 18  and Figure 19 and has 870 

been simulated based on available BOM data from the region.  871 

The system has been analysed from a distributed network point of view off grid to 872 

determine optimum storage to achieve a certain reliability of supply whilst minimising the 873 

cost function.  The supply reliability is calculated as Loss of Power Supply Probability 874 

(LPSP) and the cost as Net Present Value (NPV) outlined in paper by Eriksson and Gray. In 875 

addition to an economic and technical objective, an environmental objective as the total 876 

emissions of the system sysε  is calculated. The socio political objective is explored to rectify 877 

the system’s supply reliability with a hydrogen fuel cell component focus. Economic 878 

parameters for the NPV function are a discount rate of 8%, a real interest rate of 13%, a fuel 879 

inflation rate of 5% and a project life time of 24 years.  880 

The load pattern is actual metered data in 2016 from a conference centre in the 881 

Coldstream area provided by stakeholders of the premises. The annual load is 56,033 kWh 882 

with a min, max and average hourly load of 0, 37.9 and 6.4 kWh respectively.  883 
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 884 

Figure 18: Annual (1st January 2016 to 31st December 2016) weather data in Coldstream, south Australia 885 

 886 

Figure 19: Typical summer (31st January 2016) and winter (31st July 2016) solar radiation, temperature 887 

and wind speeds in Coldstream, south Australia 888 

 889 

The energy system in Coldstream was simulated firstly in its current proposed 890 

configuration (250 kWp PV system and a 95 kWp wind system) using the generated solar 891 

radiation, wind data, ambient temperature and actual load to analyse its current supply 892 

reliability.  893 

 894 
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To ensure better reliability, it is proposed to integrate storage devices such as a battery 895 

bank in conjunction with electrolyser, hydrogen tanks and fuel cells into the energy system 896 

whilst reducing the renewable generation plant size. A techno-economic optimisation is 897 

hence carried out to maintain the LPSP at between 0.5% and 3% whilst minimising the NPV. 898 

For demonstration purposes of hydrogen capability, the devices are constrained for a system 899 

with a high reliance on a hydrogen fuel cell component in conjunction with weightings 900 

applied in the socio-political objective. The optimisation ranges are set to a PV range 901 

between 40 kW – 100 kW, wind range to 30 – 80 kW, fuel cell size between 80 and 100 kW, 902 

electrolyser between 5 and 45 kW, battery backup of between 2 and 38 kWh (up to 25% of a 903 

day’s autonomy) and hydrogen storage between 4.6 and 46 kg equivalent to a range between 904 

1 and 10 times the battery capacity.   905 

The optimised PV inverter output generation for the whole simulation period is shown 906 

in Figure 20. 907 

 908 

Figure 20: Test Case 31 Annual (1st January 2016 to 31st December 2016) PV, wind and renewable power 909 

output 910 

 911 
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A typical summer (31st January) and winter (31st July) day for PV, wind and total 912 

renewable power output is shown in Figure 21. The daily summer and winter typical PV 913 

inverter output displays generation in particular early in the morning until 3 pm. 914 

 915 

 916 

Figure 21: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016) system 917 

renewable power analysis  918 

 919 

The optimisation achieves an LPSP of 1.3% (Figure 22) with a 51.2 kWp PV system, 920 

46.9 kWp wind, a battery size of 38 kWh (38% of a day’s load requirement of 98 kWh), an 921 

electrolyser and a fuel cell size of  45.0 kW and 44.0 kW respectively (based on surveyed 922 

surplus load and max building load) and a hydrogen storage tank of 46.0 kg (hydrogen 923 

electrical equivalent storage capacity is 10 times a day’s usable battery capacity of 153 kWh). 924 

The NPV and emissions are $7,067,588 USD and 229.4 TCO2eq respectively.  925 

 926 
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 927 

Figure 22: Test Case 31 Annual (1st January 2016 to 31st December 2016)  system analysis showing system 928 

load, energy surplus and energy deficit 929 

 930 

A typical summer (31st January) and winter (31st July) day for building load, deficit and 931 

surplus load is shown in Figure 23. A typical summer day shows no deficit whilst a winter 932 

day shows deficit for an hour around midnight. Surplus for a typical summer day occurs up to 933 

around 3 pm whilst in winter surplus only occurs for two hours from 5 am.  934 

 935 

Figure 23: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016) system analysis 936 

showing system load, energy surplus and energy deficit 937 
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Results are summarised in Table 6. 938 

It is seen from analysis of the energy generation streams (renewable, battery and fuel 939 

cells) that the battery and fuel cell are utilised fairly consistently throughout the year (Figure 940 

24).  941 

 942 

Figure 24: Test Case 31 Annual (1st January 2016 to 31st December 2016) renewable output analysis 943 

 944 

Figure 25 shows the convergence of all system input devices as they travel through the 945 

PSO search space using the configured PSO algorithm parameters.  946 

 947 

Figure 25: Test Case 31 System input device capacity PSO convergence 948 
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Figure 26 shows annual battery kWh discharge, charge and charge and State of Charge 949 

( SOC) throughout the simulation and optimisation period and indicate the battery is 950 

consistently deployed throughout the year.  951 

 952 

Figure 26: Test Case 31 Annual (1st January 2016 to 31st December 2016) battery analysis 953 

 954 

A typical summer (31st January) and winter (31st July) day for battery charging, 955 

discharging and SOC is shown in Figure 27. Discharging occurs after 3 pm in summer for 956 

about 8 hours and on a typical winter day for three hours before 10 am. The battery charges 957 

briefly for an hour around 1 am in summer and for around four hours before 5 am on a typical 958 

winter day.  959 
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 960 

Figure 27: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016)  battery analysis 961 

Figure 28 shows annual hydrogen flow from the hydrogen storage tank, fuel cell 962 

hydrogen consumption and equivalent fuel cell electrical output throughout the simulation 963 

and optimisation period.  964 

 965 

Figure 28: Test Case 31 Annual (1st January 2016 to 31st December 2016) hydrogen storage discharge 966 

hydrogen flow analysis 967 

A typical summer (31st January) and winter (31st July) day for hydrogen outflow from 968 

the hydrogen storage tank, the intake of hydrogen flow into the fuel cell and electrical output 969 

from the fuel cell is shown in Figure 29. As expected the only time when there is fuel cell 970 
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electricity generation is when the fuel cell hydrogen intake occurs, which coinicides with the 971 

outflow of hydrogen from the hydrogen tank. For a typical winter day the fuel cell generates 972 

electricity  after 3 pm onwards with a concurrent discharge of hydrogen from the hydrogen 973 

tank in this period. 974 

 975 

Figure 29: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016)  hydrogen 976 

storage discharge analysis 977 

 978 

The electrolyser consumes electricity in a linerar fashion in line with hydrogen 979 

generated for storage (Figure 30). It is observed that the hydrogen tank level is low between  980 

around mid June and beginnning of September. 981 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

59 

 

 

 982 

Figure 30: Test Case 31 Annual (1st January 2016 to 31st December 2016) and daily (27th July 2016) 983 

hydrogen storage charge hydrogen flow analysis 984 

 985 

A typical summer (31st January) and winter (31st July) day for electrolyser hydrogen 986 

production, hydrogen storage level and electrolyser consumption is shown in Figure 31. The 987 

electrolyser only appears to be generating hydrogen for an hour on a typical summer day at 2 988 

am and in winter around 6 am.  989 

 990 

Figure 31: Test Case 31 Typical summer (31st January 2016) and winter (31st July 2016)  hydrogen 991 

storage charge analysis 992 
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 993 

It is seen from Figure 32 that the objectives converge as the PSO search function 994 

searches through the search space for an optimised system with the set out economic 995 

weighting and technical constraint.  996 

 997 

 998 

Figure 32: Test Case 31 single objectives normalised output in PSO search algorithm 999 

The Ec vs Env and Tech vs Ec respectively in Figure 33 for an economic weighting is 1000 

of particular interest as it shows the interaction between the emission and NPV and LPSP and 1001 

NPV respectively. As expected the higher the NPV cost, the lower the LPSP value and the 1002 

higher the NPV value the higher emission cost. 1003 
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 1004 

Figure 33: Test Case 31 2D objectives normalised output in PSO search algorithm 1005 

 1006 

The bottom right figure Tech vs Ec vs Env in Figure 34 incorporates the environmental 1007 

objective as a 3D view to show the interaction between the technical, economic and 1008 

environmental objective in its entirety. 1009 

 1010 

Figure 34: Test Case 31 3D objectives normalised output in PSO search algorithm 1011 

 1012 

Results are summarised in Table 6. 1013 

 1014 
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Table 6: Test Case 31 energy system analysis 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 

 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 

 1040 

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] 
Simulation with preliminary design  
building load and estimated PV inverter output 
Test Case 31  
Figure 20, Figure 22, Figure 24, Figure 25,  
Figure 26, Figure 28, Figure 30 
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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Results and Discussion 1041 

Test Case 31 of a proposed solar and wind system with actual metered weather data and 1042 

building load data, provides an insight into enabling a medium sized commercial premise to 1043 

generate its own electricity and be off grid with a high supply reliability.  1044 

Without storage and using the actual weather data to calculate PV inverter and wind 1045 

output, it is seen that whilst the renewable energy components are oversized (3.9×105 1046 

kWh/year) and are larger than the total annual building load (5.6×104 kWh), the system does 1047 

not result in a high supply reliability (33.1%) as energy storage is missing. Facilities used in 1048 

hospitality would display similar load patterns such as this conference centre where the 1049 

building load is not necessarily high during the day when solar output is available but also 1050 

display high usage patterns early in the morning and at night. The early electrical morning 1051 

and night consumption may occur due to scheduled mechanical services and equipment to 1052 

run at off peak times to reduce peak loads. It is seen that on a typical summer and winter day 1053 

the renewable output fails to supply the load after around 3 pm, resulting in the high LPSP 1054 

(33.1%). 1055 

 The system is analysed and optimised for optimum storage of a larger battery back up 1056 

and minor hydrogen fuel cell component to obtain an LPSP of between 1% and 5%. It is seen 1057 

that the optimum storage which meets the technical constraints (1.5%) whilst minimises the 1058 

cost is a reduction in PV and wind size (52.3 kW and 46.9 kW respectively), a battery back 1059 

up of 38 kWh, 45 kW electrolyser, 44 kW fuel cell and 46 kg hydrogen storage tank (Table 1060 

6).  The less PV and wind system results in a 478% area reduction (1,600 m2 versus 335 m2) 1061 

and 50% less footprint (ten 10 kWp wind turbines versus five 10 kWp wind turbines) 1062 

respectively.  1063 
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From the output in Table 6 it is seen that the system relies heavily on the battery storage 1064 

(3902 hours/year) with frequent assistance from the hydrogen component (electrolyser 1065 

generates hydrogen 2251 hours/year, fuel cell generates 5.6×104 kWh and operates 1304 1066 

hours/year). The electrolyser control logic which turns on the electrolyser when 10% of the 1067 

full electrolyser capacity is available allows the fuel cell to contribute to the load fairly 1068 

consistently throughout the year (Figure 24).  1069 

7 Summary and Conclusions 1070 

This paper has provided an outline of a new method for simulation and optimisation of 1071 

hybrid renewable energy systems using a Normalised Weighted Constrained Multi Objective 1072 

Meta heuristic search technique which takes into account technical, economic, environmental 1073 

and socio-political objectives concurrently in a weighted fashion with a constraint capability.  1074 

Case Study 4 demonstrated several key issues when integrating electrolysers, fuel cells 1075 

and hydrogen storage tanks in that adequate surplus energy must be available to run the 1076 

electrolyser, the fuel cell must be adequately sized for the load or the deficit load will rely too 1077 

much on generators to fill the gap and hydrogen storage tanks must be adequately sized to 1078 

increase supply reliability. The socio-political objective was introduced to demonstrate a 1079 

certain social and political stance for a higher reliance on hydrogen fuel cells. As expected 1080 

the emissions were eliminated as battery backup and hydrogen storage needed to be increased 1081 

significantly to uphold the supply reliability to the detriment of the project cost. 1082 

It should be noted that the environmental objective proposed by Sharafi and 1083 

Elmekkawy [5] concerned only the diesel emissions from the diesel generator in operation 1084 

whilst all other device emissions resulting from production and shipment to site were ignored. 1085 

In the proposed optimisation model, the environmental objective utilises a cradle- to-grave 1086 

approach which would more realistically look at all components and their emissions during 1087 
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manufacturing, transportation and deployment. This approach would be the only objective 1088 

way to look at renewable energy systems as a whole.  1089 

By adding energy storage to the current energy system it is seen that the PV and wind 1090 

system size has been able to be reduced drastically (PV 250 kW to 51.2 kW, wind 95 kW to 1091 

46.9 kW) compared to the initial proposed system with just renewable energy whilst reducing 1092 

the LPSP to an acceptable level. This particular study emphasized hydrogen fuel cell 1093 

technology for demonstration purposes and purposefully steered away from a large battery 1094 

bank in the PSO optimisation model. This can be achieved by using the socio-political 1095 

objective to steer the PSO search algorithm in a certain direction. It is found that the test 1096 

cases in this chapter has emphasized that the configuration can be optimised using the 1097 

proposed optimisation model by Eriksson and Gray with variable system configuration, 1098 

boundaries for device ranges, multiple objectives and user constraints. 1099 

 It is important to consider the full system cost over the life time of the project, rather 1100 

than just the capital outlay as the life time cost is the true reflection of the cost throughout the 1101 

project duration. In the current economic climate a system with a hydrogen component with a 1102 

high system life cost ($7,067,588 USD) calculated in Test Case 31 would most likely not be 1103 

installed due to the cost constraints unless the project has been granted government funding. 1104 

Conventional mature energy storage such as batteries are obviously cheaper than hydrogen 1105 

fuel cell technology but if long term sustainable storage is sought then hydrogen fuel cell 1106 

technology is a viable option which can justify the additional capital outlay.  1107 

The presented optimisation technique is a versatile tool in that it is able to analyse and 1108 

optimise any energy system and is able to tailor the result to suit a particular project’s 1109 

emphasis on specific factors or include user constraints which will force the system to be 1110 

optimised to suit the individual set out constraints.  1111 
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• Optimisation search technique which goes beyond the traditional approach of techno and/or 
economic optimisation of energy systems. 

• Optimisation tool to narrow the gap between research and real-world applications. 
• More efficient renewable energy system design for technical (reliable), economical (cost 

efficient), environmental (emission minimisation) and socio-political (acceptability level to 
the public) optimisation.  

• A novel complex multi optimisation approach of renewable energy systems with 
conventional and/or hydrogen fuel cell storage components for multiple objectives and/or 
constraints concurrently. 
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