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Sammanfattning 
En ny syn på energisystem för tillfällig underhållning (TEEI) är under utveckling. En karaktärisering av 
sammanhanget för det senare och dess energisystem har varit fokus i denna studie. Utgående från utvecklingen 
av den aktuella studien, modellering av tillfälliga energisystem i TEEI, levereras ett verktyg för bedömning av 
prestandan hos dessa system på en nivå av analytisk detaljering som tidigare inte fanns i branschen. 

I avsaknad av tidigare litteratur om ämnet har state-of-the-art modelleringstekniker från området för småskaligt 
polygenerationssystem använts för att utveckla ett anpassat tillvägagångssätt för modellering av tillfälliga 
energisystem. En integrerad strategi för design, syntes och driftoptimering (IDSOO) har anpassats i en MILP-
modell (Mixed Integer Linear Programing) och kontextualiserats för TEEI. Dessutom har ett anpassat 
tillvägagångssätt utvecklats för behandling och komprimering av mätningar av faktiska energibehov i en separat 
optimeringsalgoritm definierad med avseende på begränsningarna och prioriteringarna i det givna 
sammanhanget. 

Modellen har utvecklats för att tillgodose utvärderingen av de mål som fastställts av Festival Vision 2025-
pantsättningen. Som sedan tillämpas i en fallstudiehändelse i Storbritannien (Storbritannien), med över 50 000 
besökare under en period av fyra dagar. Förutom utvärderingen av de uppsatta målen skapas ytterligare två 
scenarier för att bättre utforska till den fulla potentialen för den för närvarande utvecklade metodiken. Först 
har en integrerad systemansats och dess fördelar utvärderats för att motverka den etablerade praxisen att isolera 
evenemangets energi-delsystem. För det andra analyseras effekterna av den rådande osäkerheten om 
energibehov i TEEI och dess typiska preferens för systemdesign med alltör generösa säkerhetsmarginaler i ett 
hypotetiskt men ändå representativt scenario. Slutligen, med tanke på studiens banbrytande karaktär, har en 
lista gjorts med de mest relevanta framtida studieämnen som visat sig ge de främsta fördelarna för TEEI. 

Sammanfattningsvis har det visat sig att det verkar finnas mer potential än man tidigare trott för förbättring av 
prestandan i TEEI: s nuvarande energisystem. Det visas att även när optimerade och isolerade 
generatorbaserade system i vissa fall oundvikligen kommer att drabbas av oönskade driftsförhållanden och 
därmed demonstreras gränserna för den nuvarande praxisen och teknikvalet. Trots det konstaterades att, 
åtminstone för den givna fallstudien, Festival Vision 2025 målsättningarna på medellång sikt kan uppnås även 
om man endast använder sig av optimeringen av de nuvarande dieselbaserade systemen, vilket återinför behovet 
av bättre planering och design av energisystem. 

I slutändan drogs slutsatsen att den utvecklade modellen uppfyller målet att representera TEEI: s energisystem 
till en ny detaljnivå och att den, eller liknande verktyg, skulle kunna användas för att kvantifiera och underbygga 
konsekvenserna av branschens miljömål för dess energisystem.  
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Abstract 
An unprecedented view into the nature of energy systems in the Temporary Entertainment Events Industry 
(TEEI) is developed. A characterization of the context of the latter and its energy systems state-of-the-art is 
performed. Allowing for the main development of the present study, the modeling of temporary energy systems 
in the TEEI, ultimately delivering a tool for the assessment of the performance of these systems at a level of 
analytical detail previously inexistent in the industry. 

In the absence of previews literature on the topic, state-of-the-art modeling techniques have been reviewed 
from the field of small-scale polygeneration system to develop a customized approach for the modeling of 
temporary energy systems. An Integrated Design, Synthesis and Operation Optimization (IDSOO) approach 
has been adapted in a Mixed Integer Linear Programing (MILP) model and contextualized for the TEEI. 
Additionally, a customized approach has been developed for the treatment and compression of the original 
energy demand curves in a separate optimization algorithm defined in respect to the constraints and priorities 
of the given context. 

The model has been developed to cater to the evaluation of the targets set by the Festival Vision 2025 pledge. 
Which is then applied in a case study event set in the United Kingdom (UK), with over 50 000 visitors over a 
period of 4 days. In addition to the evaluation of the pledge’s targets, two additional scenarios are created to 
better explore to full potential of the methodology presently developed. Namely, first an integrated system 
approach and its benefits has been evaluated to counterpose the established practice of isolating the event’s 
energy sub-systems. Secondly, the effects of the prevailing energy demand uncertainty in TEEI and its typical 
preference of overgenerous systems’ designs are analyzed in a hypothetical, yet representative, scenario. Finally, 
given the pioneering nature of the developed study, a listing has been made with the argued most relevant 
future study topics that were found to offer the highest benefits to the TEEI. 

In conclusion, it has been found that there seems to be more potential than previously thought for the 
improvement of the performance of the TEEI’s current energy systems. It is shown that even when optimized, 
isolated generator-based systems in some cases will inevitably incur into undesired operational conditions, thus 
demonstrating the limits of the current practices and technology selection. Nevertheless, it was found that, at 
least for the given case study, the Festival Vision 2025 medium term targets are achievable even when resorting 
solely to the optimization of the current diesel-based systems. Reinstating the need for better energy systems 
planning and designs. 
Ultimately, it was concluded that the developed model fulfills the objective of representing the TEEIs energy 
systems to a level of detail unprecedented and that it, or similar tools, could be used to quantify and substantiate 
the implications of the industry’s environmental goals for its energy systems. 

 

 

 

  



 
  

4 
 

Acknowledgments 
I would like to begin by thanking my supervisor, Professor Anders Malmquist, for believing in my abilities 
and allowing me to peruse this project with the freedom and support it required. Without these elements the 
project would not have been possible. 

I would like to thank everyone in the events industry that took a bit of their time the support the project and 
provide vital insights on the reality of the industry. A special thanks in that respect to Govert Reeskamp, from 
Innofest, and to Dieter Castelein, from Greener. Also, a special thanks to the organizers and attendees of the 
11th edition of Green Events & Innovations conference in London for the experience and insights gained in 
that unique gathering. 

A great deal of gratitude goes to Ian Peniston, from Powerlogistics, and to Jim Brown, form Pearce Hire, and 
their respective organizations. Without their support a case study analysis would not have been possible, 
neither would have been the deeper understanding of the issues and difficulties faced by todays power 
suppliers in the events industry.  Furthermore, I would like to extend my gratitude to James Eade, who 
facilitated the connection with such relevant power supplier organizations, bringing the project to new 
horizons. 

Finally, it goes without saying that none of this could have been accomplished without the support of my 
friends and family. This project is the culmination of a 2-year journey which shall forever be remembered 
fondly. The countless friendships made along the way have much to do with my personal growth and ability 
to tackle a project in the way that I have here and so does my family’s support, without which none of it 
would have been possible. 

  



 
  

5 
 

Table of Contents  
 

Abstract ............................................................................................................................................................................... 3 

Acknowledgments............................................................................................................................................................... 4 

Table of Contents ............................................................................................................................................................... 5 

List of Figures ...................................................................................................................................................................... 7 

List of Tables ....................................................................................................................................................................... 7 

List of abbreviations ........................................................................................................................................................... 8 

List of symbols .................................................................................................................................................................... 9 

Introduction ....................................................................................................................................................................... 10 

Part I – Industry’s background ....................................................................................................................................... 12 

1. The Temporary Entertainment Events Industry ........................................................................................... 12 

Environmental impact and Sustainability goals .................................................................................................. 12 

2. Power in temporary events ................................................................................................................................ 14 

Power infrastructure ................................................................................................................................................ 14 

Traditional systems .................................................................................................................................................. 16 

Alternative solutions ................................................................................................................................................ 17 

Barriers for improvement ....................................................................................................................................... 18 

Part II – Theoretical background ................................................................................................................................... 19 

1. Diesel & Biodiesel generators ........................................................................................................................... 19 

2. Choice of methodology ...................................................................................................................................... 21 

Buildings and Communities analogy ..................................................................................................................... 21 

3. Modelling & Optimization Overview .............................................................................................................. 22 

Basic definitions ....................................................................................................................................................... 22 

Optimization in polygeneration ............................................................................................................................. 23 

Mixed Integer Linear Programming ..................................................................................................................... 24 

Multi-objective Optimization................................................................................................................................. 25 

ε-constraint method ................................................................................................................................................. 27 

Part III – Model & Methodology ................................................................................................................................... 29 

1. Model Concept .................................................................................................................................................... 29 

Basic structure .......................................................................................................................................................... 29 

MOO formulation ................................................................................................................................................... 31 

2. Problem Formulation ......................................................................................................................................... 32 

Generator Modeling ................................................................................................................................................ 32 

Step-Wise Linearization .......................................................................................................................................... 35 



 
  

6 
 

Linearization of non-linear terms .......................................................................................................................... 36 

Generator Synchronization .................................................................................................................................... 37 

StartUp penalty ......................................................................................................................................................... 37 

3. Economic and Environmental Criteria ........................................................................................................... 38 

Rental cost ................................................................................................................................................................. 38 

Fuel cost and emissions .......................................................................................................................................... 40 

Emission calculation ................................................................................................................................................ 40 

Transport emissions ................................................................................................................................................ 41 

Part IV – Case Study Analysis......................................................................................................................................... 43 

1. Available data & Compression method ........................................................................................................... 43 

Data compression Algorithm................................................................................................................................. 44 

Discussion on the data compression method ..................................................................................................... 47 

2. Results from standard assumptions ................................................................................................................. 49 

Simulating the original systems’ designs............................................................................................................... 49 

Cost Optimization ................................................................................................................................................... 51 

Cost of the Festival Vision 2025 pledge ................................................................................................................. 53 

3. Considering the event as a single system ......................................................................................................... 55 

4. Impact of Demand Uncertainty ........................................................................................................................ 58 

Simulation of demand uncertainty ........................................................................................................................ 59 

Analysis ...................................................................................................................................................................... 61 

5. Model Performance ............................................................................................................................................ 62 

Part V – Future work & Concluding remarks .............................................................................................................. 66 

1. Model Limitations and Notes for Future Improvement .............................................................................. 66 

Improve operational modeling .............................................................................................................................. 66 

Feed-back between design and operational problems ....................................................................................... 67 

Assumptions made .................................................................................................................................................. 67 

2. Future Research topics ....................................................................................................................................... 68 

In-depth analysis of the potential of energy storage alternatives ..................................................................... 68 

Smart-grids in the TEEI ......................................................................................................................................... 69 

Waste to energy & alternative biofuels ................................................................................................................. 70 

3. Conclusion ............................................................................................................................................................ 72 

References .......................................................................................................................................................................... 75 

 

  



 
  

7 
 

List of Figures 
Figure 1 - Target carbon emissions trajectory for the UK festival industry to 2050. [1] ...................................... 13 
Figure 2 - Typical consumption profile for electricity use for non-stage systems [4]. ........................................... 15 
Figure 3 - Typical consumption profile for electricity use on stages [4]. ................................................................. 15 
Figure 4 - Maximum, minimum and interquartile range of loading percentage for each generator. [2] ............. 16 
Figure 5 - Typical efficiency curve of a 45 kVA ICE, illustrative of ICE in general. [14] .................................... 20 
Figure 6 - Levels of optimization [23]. .......................................................................................................................... 24 
Figure 7- Illustration of MOO concepts ....................................................................................................................... 27 
Figure 8 - Linear interpolation of the selected generator’s efficiency curves as a function of partial load ........ 33 
Figure 9 - SWL of the unit’s efficiency curves ............................................................................................................. 34 
Figure 10 - Relationship between Carbon Emissions Factor and Truck Load in tons (full range) [51] ............. 41 
Figure 11 - Illustration of the subdivision of the original dataset. ............................................................................ 45 
Figure 12 - Low resolution example of data compression algorithm (e.g. ~30 nodes). ........................................ 46 
Figure 13 - High resolution example of data compression algorithm (e.g. ~130 nodes). ..................................... 47 
Figure 14 - Accumulated energy demand over each power level for the same example in Figure 11 ................ 48 
Figure 15 -Accumulated time spent above each power level for the same example found in Figure 11 ........... 48 
Figure 16 - Time spent at lower load factor regions. .................................................................................................. 50 
Figure 17 - Relative performance of the cost optimization versus the modelled original conditions................. 51 
Figure 18 - The optimized operational conditions of each sub-system expressed in the percentage of time spent 
below the 50% and 25% load factor marks. ................................................................................................................. 52 
Figure 19 - Relative added costs of each scenario relative to the monetary cost optimized scenario. ................ 54 
Figure 20 - Relative performance of the cost optimized integrated systems versus the original conditions and 
the optimized isolated sub-systems approach, presented in terms of added savings both in costs and emissions.
.............................................................................................................................................................................................. 56 
Figure 21 - The operational conditions of the integrated system optimization expressed in the percentage of 
time spent below the 50% and 25% load factor marks. ............................................................................................. 57 
Figure 22 - Relative added savings of the integrated systems approach relative to the optimized isolated sub-
systems approach. With the figures for the 30% and the 50% emissions reduction scenarios and the maximum 
emission reduction scenario can be found from left to right respectively. .............................................................. 58 
Figure 23 - Example of demand curve amplification, with the original curve on the left and the amplified one 
on the right. ........................................................................................................................................................................ 60 
Figure 24 - Relative added costs of demand uncertainty, under the implementation of a 50% safety margin, for 
each scenario including the integrated system approach. ........................................................................................... 61 
Figure 25 - Model performance depicted by the time spent on each problem phase and in total. ..................... 63 
Figure 26 - Illustration of a good example of the implementation of the Startup Constraint Penalty. .............. 65 

List of Tables 
Table 1 - Selection of units used in the present study ................................................................................................ 32 
Table 2 - Parameters used in equation (23) .................................................................................................................. 39 
Table 3 - Units' assumed rental cost .............................................................................................................................. 39 
Table 4 - Fuel Properties. ................................................................................................................................................ 40 
Table 5 - Approximate values for the transport emissions calculation .................................................................... 42 
Table 6 - Unit's simplified transport emissions ............................................................................................................ 42 
Table 7 - Relative total fuel consumption difference between real and modelled conditions for the original 
installation scenario. ......................................................................................................................................................... 49 

file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140127
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140128
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140129
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140130
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140131
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140132
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140133
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140137
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140138
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140139
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140140
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140141
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140142
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140143
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140146
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140146
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140146
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140147
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140147
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140149
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140149
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140151
file://ug.kth.se/dfs/home/v/a/vascom/appdata/xp.V2/Desktop/Thesis/Chapters/Vasco%20Mergulhao%20_%20Innovation%20and%20Optimization%20of%20Energy%20Systems%20in%20the%20Temporary%20Entertainment%20Events%20Industry.docx#_Toc20140152


 
  

8 
 

List of abbreviations 
CO2e  Carbon Dioxide equivalent RETs  Renewable Energy Technologies 

GHG  Green House Gases SOO  Single-Objective Optimization 

HVO  Hydrated Vegetable Oil SOx  Sulfur Oxides 

ICE  Internal Combustion Engine SWL  Step-wise Linearization 

IDSOO  Integrated Design, Synthesis and 
Operation Optimization TEEI  Temporary Entertainment Events 

Industry 

LCA  Life Cycle Assessment UK  United Kingdom 

MOO  Multi-Objective Optimization WVO  Waste Vegetable Oil 

PV  Photo Voltaic     

  



 
  

9 
 

List of symbols 
𝑹𝑹𝒊𝒊  rental cost 𝑵𝑵𝒅𝒅  number of rental days 

𝑭𝑭𝑭𝑭𝒊𝒊  fuel emissions 𝑭𝑭𝑭𝑭𝒊𝒊  fuel cost 

𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝒊𝒊  transport emissions 𝑪𝑪𝑪𝑪𝑪𝑪𝑭𝑭𝑭𝑭𝑻𝑻𝒄𝒄  limit on total emissions 

𝛕𝛕𝐭𝐭  period time duration 𝑷𝑷𝒅𝒅𝒕𝒕  power demand 

𝒎𝒎𝒊𝒊  slope of linear relationship between 
units’ energy input and output 𝒃𝒃𝒊𝒊  intercept of linear relationship between 

units’ energy input and output 

𝜹𝜹𝒕𝒕,𝒊𝒊  binary variable for the unit’s on/off 
status 𝜸𝜸𝒊𝒊  binary variable for the unit selection  

𝝈𝝈𝒕𝒕,𝒊𝒊,𝑻𝑻  binary variable for the SWL 
management ∆𝒕𝒕,𝒊𝒊  binary variable for the tracking the 

unit’s start-ups 

𝒙𝒙𝒕𝒕,𝒊𝒊,𝑻𝑻  fuel input per unit’s segment per 
period 𝒄𝒄𝑻𝑻𝒕𝒕𝑻𝑻𝑻𝑻𝒕𝒕−𝒖𝒖𝒄𝒄  start-up penalty 

𝒙𝒙𝒊𝒊,𝑻𝑻  minimum fuel input 𝒙𝒙𝒊𝒊,𝑻𝑻  maximum fuel input 

𝒚𝒚𝒕𝒕,𝒊𝒊  unit’s power output per period 𝑵𝑵𝑭𝑭  unit nominal capacity 

𝒛𝒛𝒕𝒕,𝒊𝒊,𝑻𝑻  auxiliary linearization variable 𝑪𝑪𝑻𝑻𝒊𝒊  capital cost 

𝑳𝑳𝒄𝒄𝒃𝒃  desired payback time  𝑼𝑼𝒇𝒇  usage factor 

𝑨𝑨𝒄𝒄𝒊𝒊  equivalent annual payment 𝑻𝑻  annual interest rate 

𝑴𝑴𝒇𝒇  maintenance factor 𝑵𝑵𝑻𝑻  number of small-steps 

𝑪𝑪𝒎𝒎,𝒊𝒊  average demand of the original 
curve in each small-step 𝑪𝑪𝒊𝒊  power demand points of the 

compressed curve 

𝑪𝑪𝑻𝑻,𝒊𝒊  maximum power demand at each 
small-step  𝑪𝑪𝒄𝒄,𝒊𝒊  permanent maximum power points 

𝑵𝑵𝒐𝒐  number of intervals between 
each original data point 𝑪𝑪𝒋𝒋  original power demand value in 

each original data node 

𝑷𝑷𝑻𝑻𝒕𝒕  data points of the amplified curve   𝑷𝑷𝒐𝒐𝒕𝒕  originally recorded demand 

𝑷𝑷𝒎𝒎  mean demand value 𝑷𝑷𝒄𝒄  peak demand 

𝜶𝜶  desired amplification factor 𝛚𝛚  auxiliary amplification factor 

  



 
  

10 
 

Introduction 
Background 
The Temporary Entertainment Events Industry (TEEI), in particular multi-day music festivals, are often 
regarded by both their organizers and visitors as safe havens from the constraints of their routines. Offering, 
though temporarily, a place to experiment with alternative lifestyles, often reflecting how their attendees and 
organizers would like the broader society to transform into [1]. Meanwhile, the most common approach used 
to power events still relies on diesel generators, as it has since the 1980s [2]. Furthermore, these systems are 
usually well oversized, with most units operating below 20% of their rated capacities for the majority of the 
event’s duration [3] [4] [5], leading to gross system inefficiencies. A consequence which derives from the lack 
of energy metering in the industry, which in turn is linked with the historical disregard for energy efficiency in 
the TEEI in favor of security of supply [5]. However, in recent years the environmental awareness of both the 
event organizers and their visitors has risen, putting pressure on power suppliers to improve their services from 
a sustainability point of view [6]. Alternative technologies have been implemented in some sporadic cases, and 
increasingly more relevant national and international industry organizations have emerged to tackle the TEEI’s 
sustainability problems [6]. From these developments and efforts it has been possible to established goals to 
the industry as a whole, at least in the United Kingdom (UK) [5]. 
However, to the best of the authors’ knowledge, there has only been one academic study performed on the 
actual performance of the TEEI’s energy systems [2]. While the most detailed and recent industry report on 
the subject [3] adds little to the latter form an analytical point of view. Which implies that, although the need 
and will for change is clear from most sectors of the industry and goals and targets have been established, a 
comprehensive analytical study has yet to have been developed on the implications of the latter targets. 
Conversely, as observed by the authors of the present study, the TEEI’s systemic condition in its lack of energy 
metering has been changing noticeably even through the development of the present study. Which implies that 
there will soon be an abundance of metering data of the industry’s energy systems. Yet, there is no established 
dedicated methodology which could make use of this data and aid the industry in better defining and 
substantiating its sustainability goals. 

Project goals and scope 
Therefore, the present study proposes that a dedicated energy systems modeling approach be made for the 
context of the TEEI. The purpose of which being the in-depth characterization of this industries current and 
future energy systems, so that its sustainability goals and targets can be assessed and properly quantified. It 
should hence be a tool designed to assess the industry as a whole, instead of being carted to the modeling and 
optimization of any event in particular. 
In the scope of the current project, the modeling of the TEEI’s energy systems has been limited to the current 
most common approaches for off-grid events, that is; diesel and bio-diesel generators. In doing so, providing 
the initial modeling approach capable of representing most of the industry’s current energy systems while 
demonstrating the potential of the proposed approach. Regardless, the developed tool should eventually be 
capable of modeling the full spectrum of technologies currently used to power events and also novel ones to 
be implemented in the foreseeable future. Consequently, the methodology proposed in the present study was 
designed to account for the latter future expansion of the model. 

Additionally, given the severe lack of scientific research into the topic, the present study also serves to identify 
some of the most promising research topics in respect to the TEEI’s interests. Combining the knowledge 
acquired from the contact with the industry and its experts with research on other relevant research topics, it 
was possible to identify the key areas from which the TEEI could most benefit from additional scientific studies. 
On which the present study delivers an argumentation as to why it is believed that certain areas deserve special 
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attention, namely in the areas of; smart energy storage solutions, waste to energy opportunities and alternative bio-
fuel sources, and the investigation of smart-grids in the TEEI. In the latter case the developed argumentation 
is also complemented with a preliminary analysis performed with the proposed methodology on the available 
case study. 

Choice of Methodology 
As mentioned, the present study has been developed in an environment almost absent of previous studies on 
the TEEI’s energy systems, having had to rely on industry reports and testimonials as sources of information. 
Hence, the present study represents an unprecedented attempted at modelling and optimization of the 
industries energy systems. 

It was found that there are several distinctive characteristics of the TEEI’s energy given its particular context, 
namely in its temporary nature, the common synchronization of multiple generator units and general system 
performance priorities. Therefore, it was found that the presently available commercial solutions found for 
other energy systems’ contexts were not ideal for the present study. Thus, a customized model had to be 
developed and implemented in a generalist optimization software (i.e. IBM ILOG CPLEX Optimization Studio 
IDE 12.8.0). 

Given the lack of previous studies, it was found that the most appropriate analogy from which to base the 
model formulation from was the field of polygeneration system’s modeling and optimization. From the latter, 
it was found that an Integrated Design, Synthesis and Operation Optimization (IDSOO) approach was desired 
for its ability to model the full technology choice, design and operation process which the project aimed to 
analyze. In order to incorporate the opposing economic and environmental priorities found in the industry’s 
system designs, it was considered that the model should be developed under a Multi-Objective Optimization 
algorithm, instead of limiting the study to a Single-Objective Optimization approach. Finally, the latter 
approaches were modelled and contextualized to the TEEI’s context under a Mixed Integer Linear 
Programming (MILP) formulation. The latter was found to be the most appropriate modeling formulation as 
apposed to Mixed Integer Non-Linear (MINLP) and heuristic approaches, given the abundance of commercial 
solvers, which implied readily available considerably more competent solvers, but also for what was believe to 
be a good compatibility with the given context constraints.  
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Part I – Industry’s background 
In this part the context of the Temporary Entertainment Events Industry (TEEI) is introduced defining the 
environment on which this study develops upon. To that end, the first of the two chapters of this part is dedicated to 
defining the TEEI, its environmental impact and the industry’s targets to reduce its energy related carbon footprint. 
The second chapter is dedicated to summarizing the state-of-the-art of the energy usage in temporary events, 
elaborating on the distinctive characteristics of these events’ energy infrastructure, defining the traditional approaches 
to energy production, followed by the innovative solutions already implemented and concluding on some of the 
barriers slowing the transition to more efficient systems.  

1. The Temporary Entertainment Events Industry 
The TEEI encapsulates a wide variety of activities, however, the most significant share of these can be included 
under the classification of music festivals, on which the present study focuses on. Within the genera of music 
festivals, events can still vary substantially, being; either indoor or outdoor, urban or greenfield, one-day or 
multi-day events, ranging from 100 to over 100 000 visitors1 and occurring both in winter and summer [2]. 
However, the present study will be focusing on those that fall into the more popular view of music festivals, 
occurring during summer at outdoor isolated areas, attended by thousands of people which stay for multiple 
days [2]. Also defined as greenfield festivals, events of this type are defined by their isolation (being at least at 
30min walking distance from the nearest train station), typically being held at locations not prepared to host 
large amounts of people (e.g. farmland and large parks) [2].  

By extrapolating the data gathered in [7] for the United Kingdom’s (UK) case, [6] claimed that there are 
approximately 4 200 festivals in Europe. The European music event production industry is best characterized 
by its heterogeneousness in terms of maturity and level of professionalization, and the same can be said in 
terms of sustainable practices [6]. Unlike the recorded music industry, the latter is not comprehensively reported 
on [6], reflected, for example, by the fact that continent level statistics must extrapolated. From an academic 
point of view the majority of the studies addressing sustainability in the TEEI focus on waste and audience 
travel, whilst, to the best of the authors’ knowledge, only one published study reports on the electricity 
consumption of events [2] [4]. 

It should be noted, however, that in recent years efforts have been increasing to tackle sustainability issues in 
the industry, including the topic of energy use [6]. This increase in interest is reflected by the efforts of industry 
cooperation groups and institutions, which include, but are not limited to; the Powerful Thinking association and 
Julie’s Bicycle organization. Both of which have collaborated to produced, with additional partners, the most 
comprehensive non-academic publications on energy practices and innovation in the TEEI, which, given the 
absence of academic literature, have been recurrently referenced in the present study. 

Environmental impact and Sustainability goals 
As mentioned before, most of the literature addressing sustainability in the TEEI focuses on waste management 
and audience travel [2] [4]. The former could be justified by the visual impact that waste has (i.e. creating a 
negative image for the event) whilst the latter, audience travel, is responsible for the majority of Carbon Dioxide 
(CO2) emissions related to events. On average in the UK’s TEEI, audience travel accounts for 80% of the 
emissions, while energy and waste constitute only 13% and 7%, respectively [7]. Nevertheless, in the UK alone, 
                                                      
1 Size is often a significant distinguishing factor between different events, having a meaningful influence in the 
characteristics of the energy infrastructure as well. Events are considered small when attended by less than 5 000 visitors, 
medium if between 5 000 and 20 000, large if from the latter to 60 000, and major if attended by more than 60 000 visitors. 
[4] 
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music festivals produce 19 778 tons CO2/year, solely from onsite emissions (i.e. excluding audience travel) [1]. 
Furthermore, 65% of onsite emissions can be attributed to energy, with the remaining 35% being related to 
waste. Energy emissions in the TEEI are caused by the predominant use of diesel generators for power 
generation. Indeed, [1] reports a yearly consumption of 5 million liters of diesel by the UK’s festival industry, 
averaging on 0,6 liters per person per day. It should be noted that the practice of measuring an event’s 
environmental impact on a per person per day basics, introduced by Julie’s Bicycle [7], has become a wide spread 
procedure to normalize the data from different events. 

However, event organizers’ environmental concerns have been increasing throughout Europe in recent years 
[6]. In the UK, sustainable approaches to energy where reported to be among the top 5 priorities for festival 
organizers both in [1] and in the latest Industry Green Survey [8].Once more, however, the industry is characterized 
by its fragmentation in its commitment to sustainable energy efforts, where higher ‘development’ levels of the 
local markets seem to correlated with the level of engagement with sustainability [6]. Hence, countries such as 
the UK, Germany, France and the Benelux region are where most innovation efforts can be found, however, 
it should be noted that the festival organizers from areas with ‘developing’ festivals markets (e.g. Asia and South 
America) perceive engagement with environmental sustainability as an aspirational mark of professionalism for 
their industry [6]. 

A good tangible example of the industry’s commitment to tackle CO2 emission levels is the Festival Vision 2025 
pledge initiated by the Powerful Thinking group, which, as of the composition of this study, has seen over 70 
festivals join the initiative, mainly from the UK. The pledge aims at achieving a reduction of 50% of CO2 
emissions in the UK’s festival industry, compared to 2014 levels, serving as a steppingstone to the final goal of 
80% reduction by 2050, following the tendency illustrated in Figure 1 [1] 

As a means to achieve the mentioned targets, the group postulates on three different diesel consumption 
reduction scenarios, a reduction of 30%, 50% and 100%. The last one achieves a maximum 65% emission 
reduction, which constitutes the total estimated share of onsite emissions related to energy. However, the 
interesting targets the Powerful Thinking group suggests are related to the first two scenarios. The first of which 
could achieve a reduction of 20% of onsite emissions, while the mentioned 30% diesel consumption reduction 
is claimed to be achievable resorting solely to better planning, system design and energy demand reductions [1]. 
The second scenario is also claimed to be realistic based on the current proliferation of alternative technologies 
and fuel sources (e.g. hybrid systems and the use of biofuels), which could reportedly deliver a reduction of 
33% of onsite emissions. It is this second scenario, in combination with an increase to 50% of recycled waste, 
that has been included in the Festival Vision 2025 pledge in order to achieve the 50% total onsite emission 
reduction by 2025 [1]. 

Figure 1 - Target carbon emissions trajectory for the UK festival industry to 2050. [1]  
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The Festival Vision 2025 pledge was found to be the most relevant manifestation of the TEEI’s sustainability 
goals, while also defining measurable targets for its energy systems environmental performance. Hence, it was 
chosen in the present study as the main guideline for the analyses here developed. 

2. Power in temporary events 
As is the nature of the events themselves, the power supply in these activities often comes from temporary 
infrastructures, most often in the form of diesel generators [4]. Although it is possible and desirable in some 
cases to draw power from the mains (i.e. grid connection), this condition is usually reserved to urban events. 
As mentioned before, the present study focuses on greenfield events, where most often there is no satisfactory 
grid connection and the construction of one is seldom a sensible option [2]. Therefore, the focus of the analysis 
will be on off-grid temporary energy systems for events. 
It should be noted that the principle driver that has shaped many off the characteristics of power systems in 
the TEEI is its focus on ensuring energy security. The audience experience is paramount, hence power-outages 
should as preventable as possible [2], justifying many of the practices that will be described in the following 
sections.  

Power infrastructure 
Power use at temporary events, as suggested in [4], can be broken down into three categories; stages, traders 
and site infrastructure. Depending on the size, an event will have multiple stages and trader islands [4]. Each of 
these elements typically have dedicated energy systems designed to operate autonomously, creating self-
contained sub-systems as a means to ensure energy security [2]. 

Stages are the most energy intensive systems, particularly at large events, and can be defined as the area where 
performances take place. The energy use can be sub divided into video, audio and lighting, where on average 
they consume 19%, 27% and 54% respectively [4]. 
Traders can be sub-divided into non-food and food traders, which include bars, and are defined as businesses 
selling products or services to visitors. Non-food traders’ energy use can generally be summarized in electricity 
consumption for lighting, cash machines, mobile phone charging and boiling water for hot drinks. Whilst food 
traders have higher energy demands, attributed to the use of cookers, freezers, fridges and water heating. It 
should be noted that these can also use liquefied petroleum gas for cooking and water heating. On a final note, 
in the TEEI traders are usually grouped into trader islands, which together constitute a typical separate energy 
sub-system as mentioned earlier. [4] 
The remaining systems at an events are grouped under the site infrastructure category, which include production 
spaces, waste facilities, staff catering and tour buses’ power provision, as well as lighting in campsites, car parks 
and security. [4] 
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An example of typical electricity demand curves in a temporary event can be found in Figure 3 and Figure 2, in 
the case of non-stage and stage systems respectively: 

It should be noted that both systems have clear peak demand and base load periods, corresponding to day and 
nighttime periods. Between non-stage and stage systems, it is clear that the former has significantly smoother 
curves, with the latter having sharp spikes in demand caused mainly by the lighting and audio sub-systems. 
Analyzing the non-stage systems, it appears that trader islands have significant differences between peak and 
base demands, following smooth predictable patterns, whereas bars seem to have a more constant load while 
campsite lighting follows a programmed schedule resulting in a predictable binary state. 

Figure 2 - Typical consumption profile for electricity use on stages [4]. 

Figure 3 - Typical consumption profile for electricity use for non-stage systems [4]. 
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Traditional systems 
Dating back to the 1980s, when outdoors events were gaining popularity, the preferred approach to secure 
power at an event has been to hire rental power companies which supply diesel generators for each sub-system. 
Since then, in name of energy security, it is customary to supply generators with significant extra capacity 
margins, exacerbated by the fact that the power requirements are often incorrectly reported by event organizers 
[5]. At larger events, a back-up generator might also be put in place for the additional energy security [2], further 
demonstrating the relevance that is put in to energy security in the TEEI. 

The combination of exaggerated capacity margins and the isolation of sub-systems leads to quite inefficient 
energy systems. As illustrated in the previous section, several sub-systems have significant differences between 
peak and base loads, which when combined with the island approach for each sub-system, leads to diesel 
generators being operated at sub-optimal loads for the majority of operating hours. [2] 
A study covering over eight generators, at different events and applied in different sub-system types, found 
significant potential for design improvements, originally reported in [2] and later published in [4]. Considering 
that generators should optimally be operated at 75% of nominal load or higher, having significantly inferior 
efficiencies at lower values [4] , the study found that only three out of the eight generators had a maximum load 
greater than 50% of their rated power. Figure 4 illustrates their finding in detail:  

Only generator E had its interquartile range covering the 50% load factor mark, five of the generators had the 
interquartile range under 25% of their rated range, thus operating at equipment-damaging levels. Finally, it is 
clear that for every case, the majority of the operating period is spent at ranges significantly far from optimal 
operational conditions. 

Even though the previous study has a very small sample size, later findings in [5] and [9], comprised of industry 
case studies collected by Powerful Thinking, have found similar results. Furthermore, a study performed by a 
Dutch energy consultancy group, Watt-Now, also corroborates the findings in [4], additionally suggesting that 
the latter discoveries are representative of a significant portion of the industry. In [4], the authors justify the 
systems questionable design on the poor electricity demand reporting, as described in [5], but they also add that 
the availability of the right generator’s size also has an influence. Showcasing how the problem of poor energy 
efficiency in the TEEI is not solely of technological origin. 

Figure 4 - Maximum, minimum and interquartile range of loading percentage for each 
generator. [2] 
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Alternative solutions 
Although diesel generators are still by far the most used technology in the industry, there are several examples 
of new technologies and practices, brought forth by pioneering events and organizations, which are worthy of 
mention. These have shown that there are viable alternatives to diesel generators which are more sustainable 
and, at times, more affordable without compromising the power supply reliability [5]. 

For most cases the use of Renewable Energy Technologies (RETs) along with biofuels have often been 
confined to less important loads (e.g. festoon lighting). However, smaller events have demonstrated that, in 
some instances, it is possible to fully substitute diesel generators. Several different RETs have been 
experimented within the sector, and some have already proven to be quite adequate in current market 
conditions. Additionally, concepts such as hybrid systems and smart grid applications have been experimented 
whit in the TEEI, the latter albeit in an early stage [5]. 

In the TEEI biofuel applications are usually distinguished from other RETs as their mode of use and prevalence 
is significantly different from the latter. Biofuels, namely biodiesel, are the most common alternative to 
traditional diesel generators, thanks in part to the fact they operate essentially in the same way as the latter [5]. 
In [1] it is reported that from a sample of events with a combined audience of 1,3million visitors, collected by 
the Julie’s Bicycle Creative IG Tool, 50% of the events were using waste vegetable oil biodiesel, resulting in an 
average consumption of 15% biodiesel and 85% diesel in this sample. 

Of the remaining RETs, solar photovoltaics (PV) are the most widespread technology in the outdoor events 
industry. Small-scale wind power has also been attempted, however apart from a few suppliers, the technology 
has not seen significant success in the TEEI [9]. The same can be say about the use of hydrogen fuel cells [9], 
however, with initiatives such as the EVERYWH2ERE project [10], the technology might gain notoriety in the 
near future. 
In the case of PV however, there are several instances of its application in both small and large events. For 
example, in the Boom Festival in Portugal with around 30 000 visitors. The event uses a mix of PV panels, diesel 
generators and a 100kW waste vegetable oil diesel generator. The festival site is home to 12 residents which 
rely entirely on the onsite RETs throughout the year, with the surplus energy being repurposed for the festival. 
The largest array is comprised of 18 panels, providing the festival with 40kWh of solar power. [5]. 

Hybrid systems are those which integrate several technologies in the same sub-system, typically, in the TEEI 
hybrid systems come in the form of combined battery and diesel generator systems, or also additionally RETs, 
mostly in the form of solar PV [5]. These systems are designed to maximize the share of renewable sources as 
well as to optimize the use of the generators. The inclusion of battery storage allows for the sizing of generators 
to better suit the general load, relying on the batteries to meet the peak demands. 
Although the supply might be limited [9], these systems are already commercially available as exemplified by 
the The Secret Garden Party festival in the UK, with around 30 000 visitors. In 2014 the festival deployed hybrid 
systems which reduced the running time of their diesel generators by 50%, saving over 10 000 litters of diesel, 
translating into 7713£ of cost savings and 24 tons of avoided CO2 emissions. [5] 

The deployment of smart grids on the other hand, although a promising approach, is still in early stages. 
Potentially the most disruptive innovation in the energy supply within the TEEI, the concept of smart grids 
represents a considerable deviation from the traditional approach, as it not only integrates multiple energy 
sources, such as with hybrid systems, but it also does away with the isolated sub-systems approach. 
Examples such as the Pukkelpop Festival in Belgium, with 150 000 visitors, demonstrate that the concept is 
applicable in the TEEI. The mentioned festival used a smart-grid system, operation off-grid, to power the 
event’s needs, resorting to biodiesel generators, solar PV and battery storage [11]. However, examples like it are 
still uncommon, even though the approach has many advantages over the traditional one. The smart grid 
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approach implies a significant deviation from the current state of the art, requiring new expertise, equipment 
and investment which has halted its proliferation. 

Barriers for improvement 
It has already been highlighted how traditional power management practices in the TEEI result in inefficient 
systems. Moreover, alternative methods and technologies have already shown to be more efficient, sustainable 
and, at times, more affordable with several case studies to demonstrate it at different scales and conditions [5] 
[9]. Therefore, the fact that these alternative solutions are not yet widely adopted is a clear indicator that there 
are other factors in the events industry that play an important role in the decision-making process related to 
power infrastructure choices. Hence, when proposing innovative solutions to the power infrastructure in this 
type of events one must be aware of these factors and their influence. 

Among the reasons discussed both in [5] and [9], the authors would highlight; the aforementioned, poor energy 
demand reporting and disregard for energy efficiency, but also the factors influencing the broader attitude of 
event organizers. 
Poor energy demand reporting is symptomatic of an industry that up until recently only considered energy 
security has the goal for their energy system’s design. Only recently the monitoring of electricity consumption 
started to become widespread, whereas previously only fuel consumption was registered. Without records of 
electricity consumption, the reporting of energy demand was often based on the inventory’s maximum 
theoretical demand [5]. Furthermore, whit each step in the information chain (e.g. from trader to event 
organizer to energy supplier) it is not unusual to add a safety margin for the sake of energy security [5], 
culminating in grossly oversized generators as demonstrated in [4]. It was also found that, even RET heavy 
events are also characterize by the lack of energy monitoring, sizing their storage and PV installations in a 
similarly unsubstantiated manner.  
However, it should be noted that the lack of energy metering is a changing trend. Indeed, within the time frame 
of the development of the present study significant improvements were witnessed. Manifested mostly by the 
number of commercial power supplier that have included energy monitoring in their services since the start of 
the project. 

Energy efficiency has also only recently gain relevance in the TEEI, being encouraged by the increased concern 
for environmental sustainability in the industry. As stated before, the disregard for efficiency can be largely 
attributed to its overshadowing under energy security concerns. However, it is important to add that, apart 
from the environmental mindset shift, there is still a legacy of lack of incentives for energy efficiency that can 
be found at multiple levels in the industry. Namely, in the fact that in most cases the cost of energy access is 
not correlated to energy consumption. Exemplified by the typical trader’s energy access contracts, which are 
usually charged a fix fee for their energy supply connection, dependent on their initially stated requirements. 
This removes the incentive to reduce power consumption and can arguably produces the perverse incentive to 
maximize the usage of the contracted connection, effectively increasing demand [4]. 
On a final note, as reported in Festival Industry Green Manifesto Survey of 2015 [5], the fear of increased costs is 
still a major concern for event organizers when considering alternative solutions. Therefore, as one might 
expect, alternative solutions should prove to be financially competitive relative to traditional systems in addition 
to being more environmentally friendly. 
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Part II – Theoretical background 
In this second part, one can find the theoretical background necessary to comprehend the proposed methodology and 
the subsequent analyses performed with it. To that end, the first chapter of this part offers a theoretical background 
has to how generators function and how they are operated in the TEEI, for both diesel and bio-diesel driven units. 
The second and third chapters in this part focus on the background related to the chosen methodology. The first of 
which focuses on justifying the choice of methodology as well as establishing the connection to the field of 
polygeneration and why it was chosen as the reference from which to base the methodology upon. 
The third and final chapter of this part delivers a thorough background on modeling and optimization techniques 
which serves to contextualize the reader on the techniques used to develop the methodology elaborated in the present 
study. 

1. Diesel & Biodiesel generators 
Given the prevalence of the technology in the TEEI, diesel and bio-diesel generators have been chosen has a 
starting point for the effort of modelling the TEEI’s energy systems. The modeling of this technology should 
allow to cover most of the systems currently found at events. Therefore, it is necessary to characterize their 
working principles and link to the TEEI. 

Diesel generators are comprised of two main components; the diesel engine, which converts fuel into 
mechanical power and an electric generator that converts the mechanical power into the desired electrical 
power. The scope of the analysis in this section, however, covers only on the diesel engine component. These 
engines fall into the broader category of Internal Combustion Engines (ICE) [12] [13] which are characterized 
by their energy conversion principal. The basic component in these engines is the cylindrical combustion 
chamber complemented by a piston which allows the internal volume of the chamber to change. As the fuel 
enters the cylinder and is subsequently ignited, the energy from the combustion forces the piston to withdraw, 
effectively converting the fuel’s chemical energy into mechanical power. In the case of diesel engines, is the 
advancement of the piston and the subsequent compression of the air-fuel mix which generates the heat to 
ignite the fuel and restart the cycle [12]. 

The attractiveness of diesel generators in the TEEI context can be in part explained by the technology’s level 
of maturity, its high availability [12] including for temporary applications and a relatively low initial cost. In 
addition, several of its technical characteristics prove to be quite interesting in this industry’s context. Namely; 
ICE have rapid starts, they respond well to load fluctuations, can be connected in parallel, have proven to be 
reliable when properly maintained [12] and have a high power to weight ratio [13]. 

Even though diesel generators are the preferred option in the TEEI, there are meaningful relative disadvantages 
to this technology. Highlighting those that are most relevant in this industry’s context, one must mention that 
diesel generators usually have relatively high operational noise levels and require regular maintenance at high 
costs [12]. Nonetheless, it should be mentioned that in the context of the TEEI, the technology’s main 
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drawbacks are its relatively high emissions levels [12], and its pour efficiencies under partial loads [14], as 
illustrated in Figure 5: 

One should be reminded that in the TEEI most often systems are isolated, implying that the diesel generators 
must be sized to accommodate for the peak demand [4]. This in turn results in an already relatively high emitting 
technology operating at sub-optimal conditions for prolonged periods, further aggravating its pour 
environmental performance and increasing the system’s costs. 

It is possible however to fuel diesel generators with alternative fuels such as biodiesel, whose environmental 
impact is significantly lower than that of regular fossil diesel, 2.676 kgCO2e/liter compared to 0.019 
kgCO2e/liter in the case of waste vegetable oil [5], for example, in addition to not emitting Sulfur Oxides (SOx) 
[15] [16].  
Biodiesel is not unknown in the TEEI [16] [5], as introduced in Part I – Industry’s background, and in [4] Paul 
Fleming et.al. defend its use as a meaningful tool to reduce Green House Gases (GHG) emissions in the 
industry. Given its common use, as the main alternative to regular diesel, and its conceptual similarity, bio-
diesel generators were chosen as the non-carbon intensive alternative technology to diesel generators in the 
present study. 
The two most common biodiesels used in the live events industry are Waste Vegetable Oil (WVO), and 
Hydrated Vegetable Oil (HVO) biodiesel [16]. Both can be used in regular diesel engines, and thus diesel 
generators, however the use WVO in particular has some additional implications. The latter type of biodiesel 
can cause issues due its high viscosity, which demands engine modifications and increases the servicing intervals 
while it also has poor cold-start properties [16]. HVO on the other hand has a superior performance compared 
to WVO [16] and no significant difference when compared to regular diesel [17], in addition to requiring little 
[4] [17] to no engine modifications [15]. Hence, for the mentioned advantages, in the present study HVO was 
chosen as the biodiesel alternative to regular diesel. 

It should be noted that often at events systems will be designed with multiple synchronized generators [18]. In 
the case of off-grid installations, generators can be synchronized in two different modes. On the one hand, 
generators might be synchronized in a redundancy mode, with one of the generators remaining disengaged until 
an eventual failure of a main one. The aim of the latter being an extra layer of security. 
While on the other hand, generators may be synchronized in a load-sharing mode. In this case the motivation 

Figure 5 - Typical efficiency curve of a 45 kVA ICE, illustrative of ICE 
in general. [14] 
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may be the inability to meet the demand with a single unit of the available capacities, or to allow for more 
flexible, and thus more efficiency, operating conditions. The latter mode requires that each of the generators 
voltage waveforms be aligned before paralleling the outputs together, however, most modern generating sets 
have in-built control systems for this purpose [18]. In addition, in a load-sharing mode, the generators in the 
system must split the load between them proportionally to their capacities. 

2. Choice of methodology 
As mentioned, the aim of the present study is to develop a modeling tool which is able to facilitate the evaluation 
of energy systems in accordance to the TEEI’s practical characteristics as well as goals and concerns. Although 
the scope of the study only includes diesel and bio-diesel generators, the proposed tool should be able to, in 
future studies, accommodate the remaining technologies already in use in the TEEI as well as allowing for the 
testing of novel ones. Therefore, the methodology used to develop this tool should be based on methodologies 
used to model complex energy systems, preferably those that include all the technologies used presently in the 
TEEI and also additional levels of complexity. 

With the latter criteria in mind it was found that the most appropriate reference field to base the methodology 
of off was the field of small-scale polygeneration systems, used for residential purposes from a single household 
to a community level. In part chosen for the fact that polygeneration system are able to maximize the use of 
the locally available resources thanks to their inherent flexibility to utilize several fuel inputs of different natures 
simultaneously. 
The concept of polygeneration can be broadly described as an integrated process which produces two or more 
energy products from one or more primary energy sources [19]. It can also be interpreted as the generalization 
of combined heat and power production; a processes where electric power and useful heat are produced 
simultaneously [20]. Polygeneration, however, goes a step further and integrates the production of further 
energy products while utilizing multiple energy sources, including renewable energy sources [21]. In this way, if 
properly designed, polygeneration systems facilitate maximum resource utilization, achieve higher efficiencies 
and reduced GHG emissions whilst being economically attractive [22]. Hence, these systems could arguably 
represent the practical limit to which the TEEI’s energy systems could possibly achieve in terms of complexity 
and efficiency. 
On the other hand, the competitive advantage of polygeneration systems can only be achieve via their proper 
design [23]. This in turn implies that several methodologies have been and are being investigated to model and 
optimize these systems design and operation. Hence, given that these systems represent the complexity limit 
expectable in the TEEI and that there is a significant focus on the correct modelling of these systems, it was 
concluded that the mentioned modelling methodologies should represent the best reference for the 
development of the desired tool. 

Buildings and Communities analogy 
With such a wide variety of possible combinations of energy input sources and possible output products, 
polygeneration systems have found many applications in the building sector, utilities and in several industrial 
sectors [19]. Nevertheless, most of the literature found develops only on theoretical plants, with few commercial 
applications already implemented [22]. 

In [2], Ben Marchini introduces the analogy of music festivals and communities/buildings in terms of energy 
requirements. As pointed out by the latter, although temporary, these events while in operation are comparable 
to villages, towns or even cities in terms of quantity and scale of operational requirements. For example, the 
biggest event in the UK, Glastonbury, occupies 1100 acres and, during that time, becomes the 32nd or 34th 
largest city in the country, depending on the metrics used [2]. Although the latter study suggested the analogy 
under a GHG emission study perspective, it is the opinion of the authors’ that this analogy is also of value to 
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the present study. In the current case, defining the category of polygeneration systems which are relevant for 
the present investigation. 
Decentralized polygeneration systems for residential building or community level applications, under the 
authors’ opinions, represent the closest analogue to the TEEI context, with the distinctive factor however, of 
not being temporary systems. In particularly off-grid applications, such as small and medium islands, offer a 
good parallel with greenfield temporary events, with similar needs, constraints and scale. Hence, given the 
similarities in needs, constraints and priorities, the present study will build upon methodologies use to model, 
design and simulate polygeneration systems designed for residential applications, both at building and 
community levels, adapting the latter to the context of the TEEI. 

3. Modelling & Optimization Overview 
A common approach to encompass the complexity of the conception of polygeneration systems is the 
Integrated Design, Synthesis and Operation Optimization (IDSOO) method. A suitable design of a 
polygeneration system requires techniques which can handle simultaneously the selection of the system 
configuration and of the operational strategies. The handling of the latter, however, is a considerably complex 
problem both from a practical and theoretical point of view [19]. To that end, there are IDSOO based 
optimization techniques which can handle the problem’s complexity in an efficient computational approach. 
These techniques are widely covered in the literature for polygeneration systems [19]. Several solution 
techniques have been developed and applied, covering a broad range of optimization approaches [19], providing 
the basis for the methodology developed in the current investigation. 

Hence, in this chapter one can find the theoretical basis required to describe and justify the methodology 
selected in the present study. The topic of optimization techniques, however, is quite vast even when 
considering only those applied in the design of polygeneration systems. Therefore, in the interest of objectivity 
and brevity, the following chapter will only focus on the concepts directly linked to the methodology here 
applied, for a broader overview the reader is referred to [24] and [25]. 

Basic definitions 
Optimization algorithms are computational tools that help to solve problems with large amounts of variables, 
parameters and calculations. These take advantage of the current digital computational capabilities at our 
disposal to exhaustively search for an optimal solution to a problem which otherwise would be too complex to 
sensibly compute. The field of application of optimization algorithms is quite vast and limited only by the ability 
to properly model the problem in question under the algorithm’s framework. Therefore, beyond 
polygeneration, one can see applications of these type of algorithms for problems related, but not limited to: 
civil engineering, telecommunications networks, energy systems, control systems, and financial and economical 
applications, but also less traditional applications such as dietary nutritional problems [24]. 

Regardless of the context, the essential operation of an optimization algorithm is to find the minimum, or 
maximum value of a desirer objective function. In the context of an energy system, a recurrent approach is to 
define the total cost of the system as the objective function, applying then an optimization method to determine 
the minimum cost possible for the system and its operation. 
Assuming the constraints are properly defined, the algorithm will search through the set of possible solutions 
and, by comparing all the calculated options, the program is then be able to detect the best solution to the 
presented problem. The defined constraints are what ensures that the algorithm operates within the realm of 
reasonable solutions, in other words, they are what transforms an abstract formulation into a concrete one. In 
the context of energy systems, these can be anything from site characteristics, thermodynamic laws to the cost 
and technical characteristics of units, among others. The mathematical representation of this concept can then 
be exemplified as in equation (1): 
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𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹(𝑥𝑥) 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠𝑠𝑠 𝑠𝑠𝑡𝑡 
𝑔𝑔𝑖𝑖 ≤ 0 , 𝑀𝑀 = 1,2, … ,𝑀𝑀 
ℎ𝑗𝑗 = 0 , 𝑠𝑠 = 1,2, … ,𝑀𝑀 

(1) 

   
Where 𝑭𝑭(𝒙𝒙) represents the objective function (e.g. total cost), which is set to be minimized, or maximized 
depending on the context. The constraints can then come in two forms; that of equality, meaning that a given 
parameter needs to be a certain precise value, or that of an inequality, setting an upper or lower boundary to a 
parameter, if not an interval of admissible values. In the formulation above, 𝒈𝒈𝒊𝒊 represents the set of inequality 
constraints, where 𝒎𝒎 is the number of inequality constraints defined in a given problem. Similarly, 𝒉𝒉𝒋𝒋 represents 
the set of equality constraints and 𝑻𝑻 the number of imposed constraints of this kind. 

Optimization in polygeneration 
In dealing with the design and optimization of small-scale polygeneration systems, [26] identified and suggested 
a three-step process for formulating and solving these problems. The first step consists of the defining the 
problem’s superstructure. Here all the possible units are considered, and all their possible interactions specified. 
The point of the superstructure is then to create a redundant and all including system configuration that lays 
out all the possibilities from which the optimal solution may be ‘chosen’ from.  

In the second step, the optimization model itself is defined translating the problem at hand into parameters 
that can be assessed under the lens of optimization techniques. In energy systems, the model of the whole 
system is based on the individual modelling of each component, characterizing their performance when 
converting an input into the intended output with the corresponding limitations and dynamics involved [19]. A 
review of the modelling techniques and their defining characteristics is elaborated in the following subchapter. 

The third and final step suggested by [26] involves the implementation and subsequent solving of the 
optimization formulation, which can be executed resorting to two different approaches. In ‘simpler’ cases, as 
explained further on, one can resort to standard solvers, such as MATLAB, IBM ILOG CPLEX and others. 
Provided the problem formulation is adequate, these solvers can deliver a solution without further burdens to 
the project developers. On the other hand, when a problem cannot be formulated in a compatible way with the 
standard solvers, it becomes then necessary to develop a tailored solution, adding an extra degree of complexity 
to the problem. 

As introduced in the beginning of the chapter, the handling and harmonization of several design variables is 
what allows for the optimal design of a polygeneration system, and its subsequent competitive advantage. 
Hence, regardless of the approach followed in step’s 2 and 3 of the previous description, the optimization 
technique implemented should be able to simultaneously handle the selection of the proper units/technologies, 
the sizing of the units, and the operational strategies imposed on these, following an IDSOO strategy [19]. 



 
  

24 
 

To this end, [27] proposed that the optimization of a polygeneration system should be discriminated into three 
phases, namely; the synthesis, the design and the operational optimal phases as illustrated in Figure 6: 

As the Figure 6 describes, the synthesis phase refers to the selection of the components that will be incorporated 
into the optimal design, choosing from those present in the superstructure, which is modelled by the 
introduction of binary variables. The following phase, the design, refers to the sizing of the previously selected 
components. Lastly, the operational phase optimizes the way the chosen devices should be operated. Here too 
the introduction of binary variables becomes relevant in order to simulate the ON/OFF states of the devices. 
One should note that it is also possible to describe the optimization problem under two, rather than three 
phases, as proposed by [26], where the synthesis and design phases are viewed as being the same and referred 
to as the system configuration determination. 
Moreover, as Figure 6 indicates, these optimization levels are interconnected, with each level affecting the result 
of the previous one, implying that the problem with its conceptually separate phases, should to be optimized 
as a whole.  

Mixed Integer Linear Programming 
The most common approaches for small-scale polygeneration system modelling are Thermodynamic models, 
Mixed Integer Linear Programming (MILP) and Mixed Integer Non-Linear Programming (MINLP). 
Thermodynamic models allow for the prediction of chemical and physical equilibria in the energy production 
process [19], thus defining the fundamental dynamics of the system. However, as previously mentioned, the 
modelling of polygeneration systems usually requires the ability to accommodate binary variables, for which 
solely Thermodynamic models fall short. Consequently, MILP and MINLP formulations are usually the 
implemented modelling techniques for this type of systems [19]. Additionally, in most problem formulations 
one will be faced with non-linear constraints, namely, in the performance curves of prime movers. 
Consequentially, generally speaking, polygeneration energy systems are of a MINLP problem nature, having 
continuous and discrete variables as well as nonlinear functions in either the objective function or the 
constraints [23]. However, due to nonlinearities and potential non-convexities along with the large number of 
variables typical of these problems, MINLP formulations can become impractical to solve, even with the 
application of cutting-edge algorithms [23].  

Synthesis 

Design 

Operation 

Components to be included and 
layout configuration. 

Components characteristics 
(size/capacity) 

Operating conditions of the system 

Figure 6 - Levels of optimization [23]. 
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Through the implementation of linearization techniques, it is possible to approximate the nonlinearities of the 
problem formulation and describe the problem under a MILP format [28]. This enables the use of one of the 
many fast and efficient commercially available solvers for MILP formulations (e.g. MATLAB, CPLEX, and 
others), substantially increasing the practical advantage of MILP formulations over their nonlinear counterparts. 
Additionally, if the problem is well bounded and the constraints properly defined, a MILP formulation is 
guaranteed to converge on the best solution [29]. Hence, for the reasons discussed, Luca Urbanucci in [23] 
argues that MILP is the most common modelling approach used in the context of polygeneration systems. 

Nevertheless, MILP formulations do have a couple of short comings that should not be ignored in the present 
study. The first of which is related to the downfalls of linearizing nonlinear problems, in particular, when dealing 
with the optimal design phase of the optimization. A MILP formulation does not allow one to, in a direct 
manner, model the relations between a unit’s size, cost and nominal efficiency, as well as the variation of a unit’s 
efficiency in relation to partial-loads, being limited to a single constant value for modelling these dynamics [29]. 
However, this can be counteracted by resorting to iterative procedures, as done in [30], or multi-stage algorithms 
as in [29]. On the other hand, in the operational optimization problem, it is possible to introduce a unit’s 
relationship between efficiency and load-factor via a linearization of its performance curve. Although still a 
simplification, through a piecewise linearization, as performed in [31], it is possible to obtain a satisfactory 
approximation of the original curve [23]. 

The second issue that arises with MILP formulations is the necessity to deal with the whole time period at once, 
increasing the dimensionality of the problem. Furthermore, the three optimization levels must be tackled 
simultaneously, generating a vast number of variables and constraints, which increase the computational burden 
significantly [23]. There are several approaches in the literature that help to alleviate this problem, most of 
which focus on shortening and/or simplifying the time frame that needs to be considered for the optimization. 
An interesting approach was implemented in [32], where different data resolutions were used for the different 
optimization levels. Concretely, monthly demand averages were used for the synthesis and design phases, 
restringing the use of high-resolution data (i.e. 1-hour intervals) to the operational phase of the optimization 
where it is most relevant. 

One might also add that additional difficulties arise when thermal energy storage is introduced, since it implies 
the handling of dynamics that cannot be directly modelled under a MILP formulation, requiring additional 
complexity and concessions [23]. However, the inclusion of thermal energy storage units does not fall into the 
scope of the present study, hence this issue is here dismissed. 

Multi-objective Optimization 
It should be noted that until this point, for the sake of contextualization, only Single-Objective Optimization 
(SOO) techniques have been mentioned. However, there are many instances where modelling a problem with 
a single objective is an over-simplification that fails to properly represent the reality of the issue at hand. Namely, 
with polygeneration systems and indeed the issue of temporary energy systems, formulating the problem to 
find an optimal solution based solely on cost, for example, fails to capture the reality and purpose of such an 
application. When proposing and designing such systems, one intends to also capture aspects related to issues 
such as sustainability and reliability, which will be misrepresented if not optimized for.  

Multi-Objective Optimization (MOO), as the name suggests, is the collection of techniques which allow one 
to formulate an optimization problem with multiple objective functions in sight. In essence, this is done as in 
single-objective problems, following the equation (2) formulation below [24]: 
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Minimize
𝑥𝑥

𝑭𝑭(𝑥𝑥) = [𝐹𝐹1(𝑥𝑥),𝐹𝐹2(𝑥𝑥),⋯ ,𝐹𝐹𝑘𝑘(𝑥𝑥)]𝑇𝑇 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠𝑠𝑠 𝑠𝑠𝑡𝑡  
𝑔𝑔𝑗𝑗 ≤ 0, 𝑠𝑠 = 1,2,⋯ ,𝑀𝑀, 
ℎ𝑙𝑙 = 0, 𝑙𝑙 = 1,2,⋯ , 𝑀𝑀, 

(2) 

   
Similarly to what was previously introduced for the case of single-objective optimization, the goal is to 
minimize, or maximize, the objective functions. Only, in this case, 𝑭𝑭(𝒙𝒙) represents a vector of objective 
functions rather that a single one, 𝒌𝒌 being the number of objective functions in a particular problem 
formulation. The remaining elements stay the same as with the initial formulation, where 𝒈𝒈 represents the 
inequality constraints and m the number of inequality constraints imposed, 𝒉𝒉 represents then the equality 
constraints with 𝑭𝑭 symbolizes the number of constraints imposed of the latter kind. 

However, it is important to keep in mind that unlike its SOO counterpart, multi-objective optimization, in most 
cases, does not offer a singular optimal solution to a problem, but rather a set of optimal solutions. More often 
than not, the optimal solution to all the objective functions at once is not a feasible one, since the objectives 
can be contradictory [24]. For example, in energy systems there is usually a trade-off between the reduction of 
emissions and cost, making it impossible to design a system that is simultaneously the least emitting and 
cheapest solution. Therefore, the solutions found by such a MOO algorithm will then be a compromise between 
the diverging objectives. A commonly used mathematical definition of an optimal solution under these 
conditions is the Pareto optimality [24], defined as: 

Pareto Optimal: A point, x∗ ∈ X, is Pareto optimal iff there does not exist another point, x ∈ X, such that F(x) ≤ F(x∗), 
and Fi (x)<Fi (x∗) for at least one function. 

However, it is also possible to define a less strict formulation of an optimal solution, denominated by weakly 
Pareto optimal, defined as follows: 

Weakly Pareto Optimal: A point, x∗ ∈ X, is weakly Pareto optimal iff there does not exist another point, x ∈ X, such 
that F(x) < F(x∗). 

To be a weakly Pareto optimal solution it is sufficient that there are no other solutions that improve on all other 
objective functions simultaneously. Whereas, for a solution to be Pareto optimal there must not be any other 
solution that improves on any of the objective functions without undermining at least one of the other objective 
functions. Consequently, any Pareto optimal solution is also a weakly Pareto optimal solution, but the opposite is 
not true. The collection of Pareto optimal solutions will, by definition, be found in the boundary of the group of 
possible solutions (i.e. the feasible criterion space), forming what is usually referred to as the Pareto front [24]. 
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To illustrate the newly introduced concepts let us refer to dual-objective optimization problem set in the context 
of an energy system optimization problem. Consider the goal is to optimize an energy system both on the 
emissions factor and the total cost. The hypothetical Pareto front and the respective points of interest can be 
viewed in Figure 7: 

In Figure 7, the vertical axis expresses the emissions factor (CO2e/kWe) of the found solutions while the 
horizontal axis expresses the total cost (EUR) for the same set of solutions. At the top left corner of the figure 
there is the point which represents the optimal solution if one where to solve the problem only considering 
cost, the typical SOO approach. On the bottom right hand corner, in opposition, is the point which represents 
the solution that would be obtained if only the emissions factor were to be optimized. In this case, the optimal 
point (i.e. being both the cheapest and least emitting), most commonly named utopian point, is not within the 
range of possible solutions and is thus unattainable. As in most cases, the answer to this problem is then a set 
of solutions rather than a single one, forming the aforementioned Pareto front, which is depicted in Figure 7 by 
the blue line. Each of the points in this line represent a Pareto optimal solution, and a compromise between cost 
and emissions. In real applications however, ultimately a decision must be made and only one of the optimal 
solutions can be chosen. In the absence of a mathematical answer, the choice between the compromise 
solutions comes down to the opinion of the decision makers supervising the process.  

ε-constraint method 
As mentioned before, there are several MOO algorithms which offer different alternatives as to how to deal 
with the lack of a mathematically optimal solution. Several of these were considered in the conceptualization 
of the methodology prosed in  

  

Figure 7- Illustration of MOO concepts 
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Part III – Model & Methodology, where the relevant algorithms were evaluated based on their ability to model 
the conditions found in the TEEI in a straightforward manner. Those found to be most noteworthy include: 
the Weighted sum method, due to its practical and conceptual simplicity as well as its widespread use [25]; and also 
the Lexicographic method and its Hierarchical method variation [24], for their ability to model the priority between 
objectives in a MOO problem. Nevertheless, one could argue that the methodology developed in the present 
study most closely resembles that of the ε-constraint method. 

The ε-constraint method was introduced as a variation of the prior bounded objective function method, in 1971 [24]. In 
it, the underlining idea is to consider one objective function as the main goal, and to use the remaining objective 
functions to set boundary constraints to it. For illustrative purposes, considering a generic two objective 
problem, this method can then be mathematically formulated as depicted in equation (3) [33]: 

 
min𝑓𝑓1 �𝑥𝑥�𝜀𝜀𝑗𝑗�� , 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠𝑠𝑠 𝑠𝑠𝑡𝑡: 𝑓𝑓2 �𝑥𝑥�𝜀𝜀𝑗𝑗�� ≤ 𝜀𝜀𝑗𝑗,   𝐴𝐴 × 𝑥𝑥�𝜀𝜀𝑗𝑗� ≤ 𝑠𝑠 
𝑤𝑤𝑀𝑀𝑠𝑠ℎ 𝜀𝜀𝑗𝑗 = 𝜀𝜀1, 𝜀𝜀2,⋯ , 𝜀𝜀𝑛𝑛   𝑎𝑎𝑀𝑀𝑎𝑎  𝐿𝐿𝑀𝑀𝑀𝑀𝑖𝑖𝑛𝑛𝑖𝑖 ≤ 𝜀𝜀𝑗𝑗 ≤ 𝐿𝐿𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠 

(3) 

   
Here the main objective function, 𝒇𝒇𝟏𝟏 �𝒙𝒙�𝜺𝜺𝒋𝒋��, is being optimized under the condition that 𝒇𝒇𝑪𝑪 �𝒙𝒙�𝜺𝜺𝒋𝒋�� be no greater 
than 𝜺𝜺𝒋𝒋, thus restricting 𝒇𝒇𝑪𝑪 �𝒙𝒙�𝜺𝜺𝒋𝒋�� to a boundary defining role. It is possible for 𝜺𝜺𝒋𝒋 to assume a single value, thus 
providing a single final optimal solution. Or, like in equation (3), 𝜺𝜺𝒋𝒋 can be a set of discrete values of the second 
objective function, distributed between the upper and lower limit, 𝑳𝑳𝒊𝒊𝒎𝒎𝑻𝑻𝒖𝒖𝒄𝒄 and 𝑳𝑳𝒊𝒊𝒎𝒎𝒊𝒊𝑻𝑻𝒇𝒇 respectively, found by 
performing a SOO on 𝒇𝒇𝟏𝟏 �𝒙𝒙�𝜺𝜺𝒋𝒋�� and 𝒇𝒇𝑪𝑪 �𝒙𝒙�𝜺𝜺𝒋𝒋�� respectively [24]. Additionally, it is important to keep in mind 
that the ε-constraint method can also be applied to problems with more than two objective functions, by similarly 
adding extra boundary constraints based on the parameters related to the additional objective functions. 

To exemplify this method, let us consider the typical scenario for energy systems optimization, as in the [34] 
case and using Figure 7 as a reference. In [34], the objective was to optimize both the cost and the emission 
levels of the energy systems, exploring what would be the economic consequences of different emission level 
limits. Therefore, the problem is formulated so that the cost function is treated as the main one, 𝒇𝒇𝟏𝟏 �𝒙𝒙�𝜺𝜺𝒋𝒋��, and 
consequently, the emissions level function becomes the boundary defining function, 𝒇𝒇𝑪𝑪 �𝒙𝒙�𝜺𝜺𝒋𝒋��. It was then 
necessary to generate the lower and upper limits, 𝑳𝑳𝒊𝒊𝒎𝒎𝒊𝒊𝑻𝑻𝒇𝒇 and 𝑳𝑳𝒊𝒊𝒎𝒎𝑻𝑻𝒖𝒖𝒄𝒄 respectively. The lower limit was defined 
by the emissions level obtained when the problem was optimized solely on the emission levels, in a SOO 
fashion, in Figure 7 represented by the Minimal emissions solution. Likewise, to find the upper limit, the 
problem was optimized solely on cost, generating the worst emissions level admissible. The values of 𝜺𝜺𝒋𝒋were 
then defined as a discrete set of emission level values between the upper and lower limits, into 68 values in [34] 
example. Ultimately defining a discrete section of the Pareto front, a set of compromise optimal solutions between 
cost and emissions levels represented in Figure 7 by the blue border line.  

In should be noted however, that the use of the ε-constraint method in combination with MILP can lead to 
inconsistencies [33]. Due to the discrete nature of the integer variables and the solution space, the 
implementation of the ε-constraint method will omit a series of solutions that might be of interest. Providing 
solutions that might be only weakly Pareto optimal, mostly elaborating on which are the main energy system 
configurations, yet possibly failing to explore more creative solutions. One way to evert this could be to increase 
the density of ε values, however, this implies a higher computational effort with no guaranty of finding good ε 
values, leading to many useless calculations. 
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Part III – Model & Methodology 
In this third part, one can find a detailed description of the methodology developed and applied in the present study. 
Spilt into three chapters, the present part begins by defining the structure of the model developed in the present study, 
elaborating on its principals and the tools used to develop it. The second chapter then delves into the details of the 
model’s formulation, describing each constraint and objective function in detail. Finally, the third chapter of this part is 
dedicated to a description of the used and developed parameters applied in the model’s formulation. 
In each of the chapters one can find how the concepts described in the previous two parts have been combined to 
model the TEEI’s energy systems and its context with several novel features. 

1. Model Concept 

Basic structure 
In order to simulate the temporary energy systems of interest for the TEEI, a MILP optimization model was 
formulated and implemented in the commercial software IBM ILOG CPLEX Optimization Studio IDE 12.8.0. 
As introduced in Part II – Theoretical background, the modeling and optimization of complex energy systems 
can be subdivided into three conceptual phases; the synthesis, the design and the operational problems [27], 
constituting an IDSOO approach. 
In the present study the aim was to develop a tool catered to the TEEI context which could simulate and 
optimize the technology selection, unit sizing and operation. To achieve this, a pre-select list of units of different 
types and sizes was compiled, from which the model can choose from and optimize their joint operation. 
Therefore, unlike most examples of IDSOO found in the literature, the model does not allow for the generation 
of units outside of the pre-selected unit sizes. However, the developed model does allow for the design of 
systems with multiple units of the same type and size operating simultaneously. The conjugation of both of the 
later characteristics result in the better simulation of the distinct environment in which these systems are 
typically designed and operated in. 

As explained in [23], MILP formulations for IDSOO problems can often be too computationally intensive even 
with the commercial software tools currently available. A typical solution to tackle this issue being the 
decomposition of the IDSOO problem. This solution was also adopted in the present study, where the design 
problem (i.e. synthesis and design) and the operational problem have been split. Additionally, as mentioned in 
[23], the computational intensity of these formulations also comes from the consideration of the whole time 
horizon of the problem at once, with the amount of data points used to represent the problems time horizon 
being directly linked to the computational burden. 
Therefore, the solution proposed in the present study consists of considering the design and the operational 
problems separately. Where a lower resolution of the demand curve (i.e. ~30 nodes) is used to solve the more 
computationally intensive design problem. After which, the chosen design is introduced in the operational 
problem under a higher resolution of the demand curve (i.e. ~130 nodes), in which a more detailed 
representation of the real operational conditions is performed. Although, it should be mentioned that the 
complete separation between the design and operational phases does imply that global optimality is sacrificed 
in favor of model complexity and computational efficiency. 
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The aim of the design problem formulation is to find the optimal design to later be evaluated under the 
operational problem formulation. To this end, in the design formulation, the system’s super-structure is 
generated as a function of the pre-select list of available units and the nature of the demand curve. From this 
super-structure the design model then evaluates the optimal system design in accordance to basic operating 
conditions. The design model can be expressed in a simplified form as follows: 

Where equation (4) represents the simplified objective function of the design problem formulation. The first 
member of which corresponds to the design element of the formulation. In it, 𝑹𝑹𝒊𝒊 represents the rental cost 
associated to each unit 𝒊𝒊 available in the super-structure, 𝑵𝑵𝒅𝒅 represents the number of days of rental and 𝜸𝜸𝒊𝒊 is 
a binary variable which models the selection of the optimal units in the super-structure. 
The second member of equation (4) corresponds to the operational elements present in the design problem. 
The aim of this member of the equation is to ensure that the design problem is subject to relevant operational 
conditions which, although simplified, contribute towards the generation of optimal designs. In it, 𝑭𝑭𝑭𝑭𝒊𝒊 
represents the fuel cost associated to each unit 𝒊𝒊 in the super-structure, 𝛕𝛕𝐭𝐭 represents the duration of the time 
interval 𝒕𝒕 and 𝒙𝒙𝒕𝒕,𝒊𝒊 the fuel consumption per second of each unit at each time interval. 

The design model then attempts to optimize both member of the objective function equation while being 
subject to a collection of constraints which attempt to replicate the physical limitations of real energy systems. 
Equation (5) represents the main constraint which governs the entirety of the optimization process, which 
states that the power demand 𝑷𝑷𝒅𝒅𝒕𝒕 at each time interval 𝒕𝒕, belonging to the time horizon 𝑻𝑻, shall always be met 
by the units’ power production 𝒚𝒚𝒕𝒕,𝒊𝒊. This is done in accordance to the standards of the TEEI, where reliability 
is a top priority and must thus be ensure in any of the proposed systems here evaluated. 
It should be also noted that, in line with the principles of MILP formulations, the characterization of the power 
generating units in the present model has been done linearly as seen in equation (6). In it, the relation between 
a unit’s fuel consumption 𝒙𝒙𝒕𝒕,𝒊𝒊 and its power production 𝒚𝒚𝒕𝒕,𝒊𝒊 for each unit 𝒊𝒊 at each time interval 𝒕𝒕 is modelled 
after the standard linear formulation. Whit 𝒎𝒎𝒊𝒊 and 𝒃𝒃𝒊𝒊 representing, respectively, the slope and the intercept of 
each unit’s curve. In addition, the binary variable 𝜹𝜹𝒕𝒕,𝒊𝒊 is introduced to model the on and off states that each 
unit can adopt at each time interval. 

The solution found in the design problem, expressed by the array of 𝜸𝜸𝒊𝒊 binary variables, is then transmitted 
into the operational problem. In it, the optimal operational conditions are simulated for the chosen units under 
a higher resolution of the demand curve as well as additional constraints to better model the real behavior of 
the units. This formulation can then be expressed in a simplified manner as follows: 

 min�𝑅𝑅𝑖𝑖 ∙ 𝛾𝛾𝑖𝑖 ∙ 𝑁𝑁𝑑𝑑 + ��𝐹𝐹𝑠𝑠𝑖𝑖 ∙ 𝜏𝜏𝑡𝑡 ∙ 𝑥𝑥𝑡𝑡,𝑖𝑖

𝐼𝐼

𝑖𝑖=1

𝑇𝑇
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𝐼𝐼
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 (4) 

 

𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠𝑠𝑠 𝑠𝑠𝑡𝑡 

𝑃𝑃𝑎𝑎𝑡𝑡 = �𝑦𝑦𝑡𝑡,𝑖𝑖, ∀ 𝑠𝑠 ∈ 𝑇𝑇
𝐼𝐼

𝑖𝑖=1

 
(5) 

 𝑤𝑤ℎ𝑀𝑀𝑒𝑒𝑀𝑀 
𝑦𝑦𝑡𝑡,𝑖𝑖 = 𝑀𝑀𝑖𝑖 ∙ 𝑥𝑥𝑡𝑡,𝑖𝑖 ∙ 𝛿𝛿𝑡𝑡,𝑖𝑖 + 𝑠𝑠𝑖𝑖 ∙ 𝛿𝛿𝑡𝑡,𝑖𝑖, ∀ 𝑠𝑠 ∈ 𝑇𝑇, 𝑀𝑀 ∈ 𝐼𝐼 

(6) 
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Equation (7) expresses the simplified objective function applied in the operational problem, where the first 
element of the equation is identical to the operational element of the design problem’s objective function. In 
addition, instead of a design element, the operational problem has a second element related to an additional 
operational constraint present only at this level of the model which is detailed later on in this chapter. 
Apart from the aforementioned additional constraint, both the design and the operational problems operate 
under the same constraints, differing only in the resolution of the demand curve used in the optimization 
problem. 

MOO formulation 
So far, the description of the model’s formulation has been done under a SOO approach based on cost 
optimization. However, the aim of the present study is to develop a modeling tool which is able to facilitate the 
evaluation of energy systems in accordance to the TEEI’s practical characteristics as well as goals and concerns. 
Therefore, it is necessary that the model also include the assessment and optimization of the environmental 
impact of the systems it proposes. 

To that end, the model develop in the present study was expanded into a MOO formulation designed to assess 
both the system’s cost and environmental performance, in the form of Carbon Dioxide equivalate (CO2e) 
emissions. The approach selected to perform the multi-objective assessment was the ɛ -constraint method [24], 
with cost as the main objective function and CO2e emissions as the secondary one. 

However, unlike the typical use of the ɛ -constraint method where the purpose of the approach is to define the 
Pareto-front, in the present study the method is used to model the impacts of the Festival Vision 2025 industry 
pledge [1]. To that end, both extreme conditions are explored (i.e. the upper and lower limits in the ɛ -constraint 
method) by performing a SOO on both cost and CO2e emissions separately. In addition, both the 30% and 50% 
diesel fuel consumption reduction scenarios of the pledge [1] are also explored in the form of a 30% and 50% 
reduction scenario on the CO2e emissions directly. This formulation can then be expressed in a simplified 
manner with the same objective functions depicted in equations (4) and (7) for the design and the operational 
problems respectively, with the additional constraint: 

Equation (8) has two members, the first of which corresponds to the emissions related to the operation of the 
units, with 𝑭𝑭𝑭𝑭𝒊𝒊 representing the emissions intensity of the fuel used in each unit 𝒊𝒊. The second member of the 
equation refers to the emissions related to the transportation of the units to and from the event’s site, with 
𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝒊𝒊 representing the emissions associated to the transport of each unit 𝒊𝒊. Finally, 𝑪𝑪𝑪𝑪𝑪𝑪𝑭𝑭𝑭𝑭𝑻𝑻𝒄𝒄 represents the 
limit on the total emissions of the system, which is set relative to the emissions level of the upper limit (i.e. 
SOO on total system cost), as per usual in a ɛ -constraint methodology. The remainder of the elements in 
equation (8) refer to the same concepts as described before. 
In addition, it should be added that, for the SOO optimization on the CO2e emissions, the same model 
formulation is used as in the cost optimization. The difference being in the objective functions, where the 
emissions form the operation of equation (8) is used in place of the operational elements in equation (4) and 
(7). Additionally, the design element found in equation (4) is replaced by the emissions from transport of 
equation (8).  

   

 ��𝐹𝐹𝑀𝑀𝑖𝑖 ∙ 𝜏𝜏𝑡𝑡 ∙ 𝑥𝑥𝑡𝑡,𝑖𝑖
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2. Problem Formulation 

Generator Modeling 
As previously introduced, the model develop in the present study operates on the assumption that the list of 
machines available for power generation have already been pre-select and characterized. In the scope of the 
present study this translates into a list of pre-select generators, designed to offer a flexible selection-set while 
being based on the unit variety found to be in use in real conditions in the industry. The selection of units used 
in the present study along while their main techno-economic characteristics can be found in Table 1: 

Table 1 - Selection of units used in the present study 

Generator Model Capital cost 
[EUR] [35] 

Nominal 
capacity 
[kVA] 

Partial load fuel consumption [l/h] 

100% 75% 50% 

FG Wilson XD30P4 [36] 7 000 30 7,4 5,7 4,0 

FG Wilson XD60P2 [37] 8 000 60 17,9 13,7 9,4 

FG Wilson XD100P4 [38] 10 000 100 23,9 19,0 13,0 

FG Wilson PRO300-1 [39] 22 000 300 62,5 47,3 33,8 

FG Wilson PRO500-2 [40] 43 000 500 110,2 86,8 62,0 
 

It should be noted that the figures found in Table 1 are only illustrative, given that the aim of the study is to 
provide an assessment on the modeling tool and not a detailed analysis of the units in question. The main 
criteria used for the selection of the latter units was the portrayal of a realistic and diverse set of unit sizes found 
to be used in the industry. In addition, the units have also been selected for possessing built-in synchronization 
capabilities, which facilitates the assumptions described later on. 

As described in Table 1, the partial load behavior of the chosen machines is publicly available for 100%, 75% 
and 50% partial load operating points. However, given the typical operating conditions found in the TEEI, as 
discussed in Part I – Industry’s background, it is necessary to also model these units at lower load factors. To 
this end, the approximated figures provided in [41] were used to extrapolate the partial load behavior at a 25% 
load factor for the 5 chosen units. Conjugation the manufacture’s data points with the extrapolated ones in a 
linear interpolation one can find the different efficiency curves of each unit as a function of their partial load 
illustrated in Figure 8: 
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Figure 8 - Linear interpolation of the selected generator’s efficiency curves as a function of partial load 

As expected, the units partial load behavior follows the typical shape as depicted in Figure 5 [14], with maximum 
efficiencies ranging from 33,6% to 48,1%. With smaller machines having worst performances then bigger ones, 
with the exception of the 500kVA machine when compared to the 300kVA. 

Since the model is based on a MILP approach it is not possible to model the units’ efficiency curves as portrayed 
in Figure 8. Instead, it is required that the efficiency of a unit be a constant value in order to maintain a linear 
relation between a unit’s power output and its energy input. Alternatively, as done in [42], it is possible to 
implement a step-wise linearization (SWL) of the unit’s efficiency curve. However, unlike [42] and the majority 
of other examples of MILP formulations found in the literature, in the present study the units efficiency curve 
has been modelled in its full range. This has been done since in the TEEI context the full range of operation 
of these units is commonly used, requiring the presently developed model to accommodate for these conditions 
as well. There result of the SWL can be seen in Figure 9: 
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Figure 9 - SWL of the unit’s efficiency curves 

As illustrated in Figure 9, the SWL was done in 4 segments, with each segment beginning with the data points 
used to define the efficiency curve found in Figure 8, with the exceptions of the 100% load factor point which 
was discarded and the particular case of the first segment of the SWL. The use of 4 segments was found to be 
a good compromise between the quality of the units’ representation and the computational burden associated 
to the SWL. This segmentation resulted in a more realistic representation of the units’ behavior at higher load 
factors. This can be attributed both for the fact that this region is easier to model with fewer segments, due to 
its shape, but also because it is the region in which an optimized system should favor its operation. Therefore, 
the over penalization in the low load factor region of the SWL segmentation was deemed acceptable since it 
should contribute for the selection of high load factor operating conditions, while allowing for a 
computationally lighter model even though the full range of operation is represented.  
Additionally, there is the special case of the first segment of the SWL. Here the efficiency of each step has been 
artificially selected so that it is inversely proportional to a unit’s rated capacity. This was done with the aim of 
favoring smaller machine over bigger ones at lower loads, given that in real conditions these should be preferred.  

So far, the description of the units has been relative to their ordinary working conditions, that is, using regular 
diesel as fuel. However, as mentioned in Part II – Theoretical background, the present study as also included 
the use of HVO biodiesel, which as previously explained before is being used in the TEEI and has the added 
benefit that it does not require any meaningful alterations on regular diesel generator sets. Therefore, for the 
purposes of model simplicity, the biodiesel unit alternatives have been modelled as clones of the units described 
in Table 1. They were then simply included in the super-structure’s selection list with the fuel depended 
properties of the machines duly adapted. The fuel properties of both fuels used in the present study can be 
found in Table 4. 

All of the previously discussed parameters were included in the model with equation (6) and the additional fuel 
bounding constraints defined as follows: 
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Equation (9) defines simultaneously the upper and lower bound fuel input for each unit 𝒊𝒊 in the super-structure 
𝑰𝑰, at each time interval 𝒕𝒕 in the timeframe 𝑻𝑻 for each segment of the s of the set of 𝑺𝑺 segments. Where, as 
before, 𝒙𝒙𝒕𝒕,𝒊𝒊,𝑻𝑻 represents the fuel input of each segment of each unit at each time interval while  𝒙𝒙𝒊𝒊,𝑻𝑻 and 𝒙𝒙𝒊𝒊,𝑻𝑻 
represent the fuel input lower and upper bounds respectively. Additionally, the binary variable 𝝈𝝈𝒕𝒕,𝒊𝒊,𝑻𝑻 has been 
introduced to model the relationships between each unit’s segments of the SWL as well as the higher level 
model constraints as explained in the following sub-section. 

Step-Wise Linearization 
As described in the previous sub-section, the model developed in the present study uses step-wise linearization 
techniques to model the non-linear behaviors of the included units. This implies the creation of a third layer of 
binary variables, resulting in the inclusion of 𝜸𝜸𝒊𝒊 to model the unit choice in the design layer, 𝜹𝜹𝒕𝒕,𝒊𝒊 to model the 
units’ on and off states in the operation layer and, with the SWL, 𝝈𝝈𝒕𝒕,𝒊𝒊,𝑻𝑻 was included to model the non-linear 
behavior of the units. Left unconstrained, each segment of the SWL behaves as a separate machine with a single 
constant efficiency value and a respective operating range. Therefore, the inclusion of 𝝈𝝈𝒕𝒕,𝒊𝒊,𝑻𝑻 along with a set of 
additional constraints is required to ensure the proper joint behavior of the separate segments. These constraints 
were modelled as follows: 

Equation (10) ensures that only one segment per machine may be active at each time interval 𝒕𝒕 for all units 𝒊𝒊 in 
the super-structure 𝑰𝑰, with 𝝈𝝈𝒕𝒕,𝒊𝒊,𝑻𝑻  representing the same concept as describe before. Equation (11) models the 
hierarchy between the second and third layer of the binary variables, ensuring that a units’ segment may only 
be active if the unit itself is active, which is represented by the previously introduced 𝜹𝜹𝒕𝒕,𝒊𝒊 binary variable.  

The hierarchy between the binary variable layers is completed with an additional constraint depicted in equation 
(12). It ensures that the design layer has control over the operational one, which is applicable only in the design 
problem. It does so by ensuring that the operational binary variable 𝜹𝜹𝒕𝒕,𝒊𝒊 shall only be greater than zero (i.e. unit 
is online) if the design variable 𝜸𝜸𝒊𝒊 itself is greater than zero (i.e. the unit has been included in the system design), 
for any unit 𝒊𝒊 in the super-structure 𝑰𝑰 and for any time interval 𝒕𝒕 in the time horizon 𝑻𝑻. 

Additionally, the SWL also implies alterations in the previously defined objective functions and main constraints 
of the model. Resulting in the updated, and non-simplified version of the design and operational problems’ 
objective functions respectively as equation (13) and (14); 

 �𝜎𝜎𝑡𝑡,𝑖𝑖,𝑠𝑠
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≤ 1 , ∀ 𝑀𝑀 ∈ 𝐼𝐼, 𝑠𝑠 ∈ 𝑇𝑇 (10) 

   
 𝜎𝜎𝑡𝑡,𝑖𝑖,𝑠𝑠 ≤ 𝛿𝛿𝑡𝑡,𝑖𝑖,           ∀ 𝑠𝑠 ∈ 𝑇𝑇, 𝑀𝑀 ∈ 𝐼𝐼, 𝑠𝑠 ∈ 𝑆𝑆  (11) 
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As well as the updated version of the linear representation of the generators behavior, previously represented 
by equation (6), and the emissions related constraint and objective function, previously represent by equation 
(8), now converted into equations (15) and (16) respectively: 

 

All of which follow the same concepts as debrided in their simplified versions, whit the added complexity of 
the SWL binary layer, represented by the binary variable 𝝈𝝈𝒕𝒕,𝒊𝒊,𝑻𝑻 and the index s for each segment of each unit’s 
𝑺𝑺 segments. 

Linearization of non-linear terms 

In equation (15), the product of the decision variable 𝒙𝒙𝒕𝒕,𝒊𝒊,𝑻𝑻 with the binary variable 𝝈𝝈𝒕𝒕,𝒊𝒊,𝑻𝑻 results in a non-
linearity. Therefore, to maintain a MILP formulation, this term must be linearized. As performed in [43], this 
linearization can be achieved with the substitution of the non-linear product with an auxiliary variable, in this 
case denominated z. This variable will then assume the value of the continuous variable 𝒙𝒙𝒕𝒕,𝒊𝒊,𝑻𝑻, when the binary 
variable 𝒙𝒙𝒕𝒕,𝒊𝒊,𝑻𝑻 is equal to one, otherwise assuming the value zero. This behavior can be imposed on the auxiliary 
continuous variable z with the addition of the following constraints: 

Equations (17) and (18) are first relevant example of the conditional constraint definition available with CPLEX 
tool, where it is possible to logically constrain a decision variable of a problem based on the value of another 
decision variable [44]. This artifact from CPLEX was repeatedly used in the model formulation and so will the 
remaining representation of the model. However, it should be noted that there are alternative formulations of 
a mathematical nature with equivalent properties, although these were found to be less practical. 

With the substitution constraints defined it is now possible to define equation (15) once again in its linearized 
form, represented by equation (19): 
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 (16) 

   

 
𝑀𝑀𝑓𝑓, 𝜎𝜎𝑡𝑡,𝑖𝑖,𝑠𝑠 = 0 
 

𝑠𝑠ℎ𝑀𝑀𝑀𝑀,        𝑀𝑀𝑡𝑡,𝑖𝑖,𝑠𝑠 = 0,       ∀ 𝑠𝑠 ∈ 𝑇𝑇, 𝑀𝑀 ∈ 𝐼𝐼, 𝑠𝑠 ∈ 𝑆𝑆  
(17) 

   

 
𝑀𝑀𝑓𝑓, 𝜎𝜎𝑡𝑡,𝑖𝑖,𝑠𝑠 = 1 
 

𝑠𝑠ℎ𝑀𝑀𝑀𝑀,       𝑀𝑀𝑡𝑡,𝑖𝑖,𝑠𝑠 = 𝑥𝑥𝑡𝑡,𝑖𝑖,𝑠𝑠,    ∀ 𝑠𝑠 ∈ 𝑇𝑇, 𝑀𝑀 ∈ 𝐼𝐼, 𝑠𝑠 ∈ 𝑆𝑆  
(18) 

   

 𝑦𝑦𝑡𝑡,𝑖𝑖 = �𝑀𝑀𝑖𝑖,𝑠𝑠 ∙ 𝑀𝑀𝑡𝑡,𝑖𝑖,𝑠𝑠

𝑆𝑆

𝑠𝑠=1

+ �𝑠𝑠𝑖𝑖,𝑠𝑠 ∙ 𝜎𝜎𝑡𝑡,𝑖𝑖,𝑠𝑠

𝑆𝑆

𝑠𝑠=1

, ∀ 𝑠𝑠 ∈ 𝑇𝑇, 𝑀𝑀 ∈ 𝐼𝐼 (19) 
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Generator Synchronization 
In addition to the physical characterization of the generator units already previously established, the operation 
of several generator units in the same system simultaneously implies the need for additional constraints in order 
to properly model their collective behavior. In the present model this has been achieved with two additional 
sets of constraints, the first of which was denominated as Generator Synchronization Constraints. 

The aim of these constraints is to model the behavior of synchronized generators in real conditions. The 
synchronization of multiple generator sets implies a complex set of control mechanisms which ensure the 
correct alignment of several parameters of the machines [45]. However, the set of units displayed in Table 1 
was purposely chosen for having inbuilt synchronization capabilities. Therefore, the management of the latter 
parameters has been assumed to be negligible at the level the current model operates. The only visible outcome 
resultant from a generator synchronization is the proportional distribution of the load between the assigned 
units according to their rated capacities [18]. Which is precisely what the Generator Synchronization Constraints aim 
to impose, using the following formulation: 

 

Where 𝒚𝒚 refers to the unit’s output as modelled in equation (19) and 𝑵𝑵𝑭𝑭 refers to each unit’s nominal capacity. 
Hence, equation (20) ensure that if both units 𝒊𝒊 and 𝒋𝒋 are online, then the ratio between their output and their 
nominal capacity is the same, in other words, the load is shared proportionally to their rated capacities. 

StartUp penalty 
The second set of constraints responsible for the proper modeling of the simultaneous operation of multiple 
generator machines is the StartUp Penalty Constraints. The concept of using a start-up penalty in a MILP 
formulation has been introduced before, for example in [46]. However, in those cases the penalty serves to 
benefit operating conditions with fewer unit start-ups as these incur in higher maintenance costs and shorter 
unit lifetimes. If not as well as in the incursion of particular transient period unit characteristics which are also 
modelled in some cases, namely in [46]. These factors are then usually quantified and factored in the 
optimization model as additional economic costs. 

In the case of the present study however, the introduction of the StartUp Penalty Constraints serves two purposes. 
The first of which being the same has in the examples found in the literature. Where a penalty is introduced 
promote operating conditions with fewer start-ups to avoid excessive unit wear and thus better replicate real 
operating conditions. However, in the present study the cost associated with a unit’s start-up was not possible 
to be accurately quantified. Instead the penalty is introduced artificially by the model operator in such a way 
that the model proposes satisfactory system operating conditions. 

Although not ideal, the StartUp Penalty Constraints were nevertheless introduced in the model in the manner 
described before since they also contribute to the regulation of an issue that arises from the simultaneous 
operation of identical machines. The aim is to avoid the erratic switching between identical machines in the 
cases where such designs where deemed optimal at the design problem stage. This machine hooping occurs 
because, without a penalty, at times where one unit is sufficient to meet the demand, there is no mathematical 
difference between operating one machine continuously and hooping between identical machines. Hence, the 

 

𝑀𝑀𝑓𝑓, 𝛿𝛿𝑡𝑡,𝑖𝑖 = 1   &     𝛿𝛿𝑡𝑡,𝑗𝑗 = 1 
 
 𝑠𝑠ℎ𝑀𝑀𝑀𝑀,

𝑦𝑦𝑡𝑡,𝑖𝑖

𝑁𝑁𝑠𝑠𝑖𝑖
=
𝑦𝑦𝑡𝑡,𝑗𝑗

𝑁𝑁𝑠𝑠𝑗𝑗
, ∀ 𝑠𝑠 ∈ 𝑇𝑇, 𝑀𝑀 ∈ 𝐼𝐼, 𝑠𝑠 ∈ 𝐼𝐼 𝑓𝑓𝑡𝑡𝑒𝑒 𝑠𝑠 ≠ 𝑀𝑀 

(20) 
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inclusion of a start-up penalty, even if small in relative magnitude, will additionally contribute to avoid the 
machine hooping phenomena and thus better replicate real operating conditions. 

The StartUp Penalty Constraints are then included in the model in the form of the second element of the 
operational problem objective function, as depicted in equation (16) before, as well as with the following 
constraints: 

 

Equations (21) and (22) ensure that iff the unit 𝒊𝒊 has been switched on from period 𝒕𝒕 − 𝟏𝟏 to period 𝒕𝒕 then the 
startup variable ∆𝒕𝒕,𝒊𝒊 adopts the value 1 and the chosen penalty, 𝒄𝒄𝑻𝑻𝒕𝒕𝑻𝑻𝑻𝑻𝒕𝒕−𝒖𝒖𝒄𝒄, is applied.  

3. Economic and Environmental Criteria  

Rental cost  
Contrary to the examples found in the literature, the present study deals with temporary installations where the 
power production infrastructure is rented out for short duration periods. Therefore, it necessary to account for 
the fixed costs of the installation in a different manner. The present study proposes that in such cases the rental 
cost should be considered as the fixed cost of the installation. Dimensioned in monetary units per day (e.g. 
euros per days of rental), the rental cost parameter can be calculated in a similar manner as the net present 
value. The present study then proposes the following adaption of the equation (29) used in [42]: 

Equation (23) attempts to emulate a realistic rental cost per day of a unit by assuming the perspective of the 
rental company. In doing so, it is supposed that a unit’s capital cost, 𝑪𝑪𝑻𝑻𝒊𝒊, and its expected maintenance costs 
during the same period should be matched within a desired payback period, 𝑳𝑳𝒄𝒄𝒃𝒃. The calculation of the payback 
time takes into account the fact that these units are not likely to be rented every day of the year. Taking the 
latter fact into account, the present study introduces the usage factor, 𝑼𝑼𝒇𝒇, which can be considered as a context 
specific unit capacity factor. Hence, equation (23) derives the rental cost of a unit, 𝑹𝑹𝒊𝒊, by spreading the 
equivalent annual payment, 𝑨𝑨𝒄𝒄𝒊𝒊, through the expected days of rental in a year. The collection of these 
parameters and their assumed values can be found in Table 2, while the assumed rental cost of each unit can 
be found in Table 3: 

 𝑀𝑀𝑓𝑓        𝛿𝛿𝑡𝑡,𝑖𝑖 − 𝛿𝛿𝑡𝑡−1,𝑗𝑗 ≠ 1 
𝑠𝑠ℎ𝑀𝑀𝑀𝑀 ∆𝑡𝑡,𝑖𝑖= 0, ∀ 𝑠𝑠 ∈ 𝑇𝑇, 𝑀𝑀 ∈ 𝐼𝐼  

(21) 

   

 𝑀𝑀𝑓𝑓        𝛿𝛿𝑡𝑡,𝑖𝑖 − 𝛿𝛿𝑡𝑡−1,𝑗𝑗 = 1 
𝑠𝑠ℎ𝑀𝑀𝑀𝑀 ∆𝑡𝑡,𝑖𝑖= 1, ∀ 𝑠𝑠 ∈ 𝑇𝑇, 𝑀𝑀 ∈ 𝐼𝐼  

(22) 

 

𝑅𝑅𝑖𝑖 =
𝐴𝐴𝑝𝑝𝑖𝑖
𝑈𝑈𝑖𝑖

 

 
 𝑤𝑤ℎ𝑀𝑀𝑒𝑒𝑀𝑀:       

𝐴𝐴𝑝𝑝𝑖𝑖 = 𝐶𝐶𝑎𝑎𝑖𝑖 ∙
𝑒𝑒 ∙ (1 + 𝑒𝑒)𝐿𝐿𝑝𝑝𝑝𝑝

(1 + 𝑒𝑒)𝐿𝐿𝑝𝑝𝑝𝑝 − 1
+ 𝐶𝐶𝑎𝑎𝑖𝑖 ∙ 𝑀𝑀𝑖𝑖 

(23) 
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Table 2 - Parameters used in equation (23) 

Annual i rate 
(𝑒𝑒) 

Usage Factor ( 𝑼𝑼𝒇𝒇) 
[days/year]2 

Maintenance factor 
(𝑴𝑴𝒇𝒇)[%/year] 

Preferred Payback Time 
(𝑳𝑳𝒄𝒄𝒃𝒃)[years] 

10,5% 50 10% 5 
 

Table 3 - Units' assumed rental cost 

Generator Model Capital cost 
[EUR] [35] 

Rental Cost 
[EUR/day] 

FG Wilson XD30P4 7 000 58,16 

FG Wilson XD60P2 8 000 66,47 

FG Wilson XD100P4 10 000 83,08 

FG Wilson PRO300-1 22 000 182,79 

FG Wilson PRO500-2 43 000 357,26 
 

It should be mentioned that the costs and factors depicted in Table 2 and Table 3 consider only the unit specific 
costs and assumes a net zero profit scenario for the mentioned preferred payback period, as the terms implies. 
Both profit margins and additional costs associated to this commercial activity have not been accounted for. 
Hence, the figures here present are likely to be noticeably underestimated comparatively to the average values 
found in real conditions. Therefore, due to the latter and to the collection of assumptions previously discussed, 
the figures here presented should only be considered for their relative comparison value within the present 
study. 

  

                                                      
2 The usage factor has been calculated based on the assumption that on average the units are rented for 25% of the days 
during the high festival season (e.g. from May to September) while only for 5% of the days during the remainder of the 
days of the year. Resulting in an assumed ~50 days a year of rental per unit on average. 
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Fuel cost and emissions 
As previously mentioned, the present study only considers two fuel variants for the units under evaluation. 
These are the red diesel variant and HVO biodiesel, of which the most relevant properties can be found in 
Table 4: 

Table 4 - Fuel Properties.  

Fuel type Fuel Cost [EUR cent/l]3 CO2e emissions [kg/l] 
[47] LHV [kJ/l] [47] 

Red Diesel4 69,31 [48] 2,688 35 956 

HVO Biodiesel 109,32 [49]5 0,035 34 320 
 

Given the wide geographical and temporal variation of the fuel costs, of both diesel and biodiesel, in the present 
study these parameters have been fixed in accordance to the case study here evaluated. To this end all time 
sensitive values have been referenced to the same data (i.e. 30th of May 2019), given its general proximity to the 
case study event. Additionally, figures from the UK Government official sources (i.e. [47]) have been used for 
both emission and physical fuel properties, since this is the location of the event in question. 

It should be noted that the value used for the CO2 equivalent emissions for the HVO variant only accounts 
for the emissions from the onsite fuel consumption. In [47], the fuel CO2 emissions are considered to be neutral 
due to the fuel’s plant origin. Hence the CO2e emissions are mostly explained by the methane emissions 
associated with the burning of the fuel. In line with [47], neither the transport nor the production emissions 
associated with the biodiesel have been considered. 

Emission calculation 
Traditionally, the environmental impact of an energy system is evaluated with a Life Cycle Assessment (LCA) 
analysis. Incorporating the environmental impact of the different system components from cradle to gate or even, 
when possible from cradle to grave. In this way analyzing the full impact of the system and not only its operational 
impact [19]. 

However, considering the variety of the systems used in the present study as well as the scope of the project, it 
was considered that an LCA analysis of the system was not justified. Instead, the present study attempts to 
quantify the environmental impact of a temporary energy system relative to a particular installation. 
Furthermore, the Festival Vision 2025 industry pledge, which the present study has identified has the main 
guideline for TEEI’s environmental goals, focuses on the reduction of GHG emissions, in the form of CO2e 
emissions. 

Therefore, in the present study, the system’s environmental performance is evaluated based on its CO2e 
emissions. These were accounted for both from onsite emissions, assuming a constant correlation between fuel 
consumption and CO2e emissions, but also from unit transport related emissions, as explained in the following 
sub-section. 

                                                      
3 Both values have been converted from the original currency to euros under the respective exchange rates as of the 30th 
of May 2019. 
4 Red diesel is the denomination used in the UK to refer to diesel fuel under a distinct and reduced fuel tax as opposed to 
diesel fuel used in road vehicles [60]. 
5 In the absence of a UK relevant source for the cost of biodiesel, figures for FAME biodiesel from the USA’s market 
have been used instead. FAME being an equivalent term for HVO biodiesel [61]. 
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Transport emissions 
In addition to the operational emissions (i.e. fuel emissions), the present study has also taken into account the 
emissions associated to the transportation of the units to and from the site, which was assumed to be by truck.  

This was done for two reasons, the first of which is related to the context of the study. Given that these systems 
are constantly being moved, it was considered that the emissions associated to this should be quantified and 
analyzed. 

The second reason to include transport emissions in the study relates to the modelling properties which this 
decision facilitates. Transport emissions, in the manner in which they were modelled, serve as a ‘fixed cost’ 
parameter for the environmental elements of the model. This property becomes particularly valuable when 
considering the limit case of the SOO on CO2e emissions, which without a ‘fixed cost’ parameter, would not be 
possible to evaluate under the current model formulation.  

It should be noted however, that the method used to model transport related emissions is a simplified one. In 
the present study, transport emissions have been modelled as function only of a unit’s weight. However, ideally 
transported emissions should be modelled according to the travelled distance, percentage of potential payload 
used, empty running time and the weight of the cargo [50]. Further still, the relationship between the Carbon 
Emission Factor (gCO2/ton-km) and the truck’s cargo weight follows the curve shown in Figure 10: 

 
Figure 10 - Relationship between Carbon Emissions Factor and Truck Load in tons (full range) [51] 

The relationship depicted in Figure 10 implies that in order to model a unit’s transport emissions in a MILP 
formulation accounting for the previous correlation, a SWL would be required. This linearization would 
increase the computational complexity of the model substantially. Additionally, the analysis required to obtain 
the remaining parameters necessary to fully represent the emissions from transport falls out of the scope of the 
present study. 

Therefore, a series of assumptions have been made on that which was assumed to be a representative average 
scenario. In this scenario it is considered that the truck(s) only make one round trip, resulting in no empty run 
time, and that their percentage of payload potential used is fixed. The values used where based in the [50] 2019 
study on real world emissions of heavy-duty Euro VI diesel vehicles, from which the average values can be 
found in Table 5: 

  

0
100
200
300
400
500
600
700
800

0 5 10 15 20 25 30

gC
O

2/
to

n-
km

Payload [tonnes]

Relationship between Carbon Emissions Factor and Truck Load in tonnes



 
  

42 
 

 

Table 5 - Approximate values for the transport emissions calculation 

% of Payload Potential Total distance travelled 
[km] 

Averaged Carbon 
Emission Factor 
[gCO2/ton-km] 

62,5% 100 65 
 

With the assumption depicted in Table 5, it is now possible to make a direct correlation between a unit’s weight 
and its transport emission. The values obtained for each unit can be found in Table 6: 

Table 6 - Unit's simplified transport emissions 

Generator Model Weight [kg]  Transport Emissions 
 [kg CO2] 

FG Wilson XD30P4 1 131,5 7,3 

FG Wilson XD60P2 2 006 13 

FG Wilson XD100P4 2 774 17,9 

FG Wilson PRO300-1 3 880 25,1 

FG Wilson PRO500-2 6 873 44,4 
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Part IV – Case Study Analysis 
In this part one can find the application of the methodology previously described on a case study of an event in the 
UK. From which a thorough analysis was made on of both the results found and the model’s ability and reliability. 
To that end, the present part has been divided into five chapters. The first of which is dedicated to the description of 
the case study and the data made available. Followed by a description of the customized data treatment procedure 
developed in the present study to better accommodate to the TEEI’s characteristics. 
The second chapter of this part performs the standard application of the methodology describe in Part III – Model & 
Methodology, and elaborates on a detailed analysis of the results found. Beginning by validating the model’s 
formulation by recreating the original design conditions. Followed by an analysis of the results obtained by performing 
a cost-based optimization. Finalized by applying the remaining steps of the methodology and evaluating the impacts of 
the Festival Vision 2025 pledge on the respective case study.  
Chapters 3 and 4 adapt the developed methodology to explore more complex scenarios, in an effort to demonstrate 
the potential of the developed model. The first of which, in chapter 3, being designed to question the established 
practice of isolating the different sub-systems in an event’s energy infrastructure. While chapter 4 was formulated to 
evaluate the impacts of demand uncertainty and the tendency in the TEEI to select overly conservative system designs. 
The fifth and final chapter of this part is dedicated to the analysis of the performance of the model in itself. Focusing 
the evaluation of the model’s time performance observed while computing the results obtained in the latter scenario 
analyses. Detailing on the techniques used to manage the computational times as well as commenting on parameters 
that were found to exert the most influence on the model’s computational performance. 

1. Available data & Compression method 
Through an extensive contact with some of the most active members of the TEEI in terms of innovation of 
the industry’s energy systems, many insights on the state-of-the-art, goals and practices of the industry were 
obtained. One of which was the realization that since development of [4], in 2014, the industry had not 
advanced significantly in respect to energy consumption recording habits, which made it difficult to obtain data 
for a case study. However, it was also observed that around the time of the elaboration of the present study, 
several commercial power providers had begun to include power consumption devices in their installation. 
From two of these more active UK based power suppliers a partnership was made possible and access was 
granted to some of their first recordings on the energy consumption of events on a time basis.  

The data from these two sources was substantially different in both content and contribution to the present 
study. The first one had considerably more information regarding the power quality of the systems it recorded. 
With this, it has been possible to conclude that assumption of a constant power factor at 0,8, made in [4], 
should be reconsidered. The ratio between active and reactive power in these installations (e.g. all stages), 
fluctuate substantially for a considerable portion of the time, maintaining a stable value between 0,75 – 0,95 for 
only apportion of the recorded time. 
Although the second source of data did not provide information on the power quality of the system it recorded, 
it did however, provide a considerably more complete picture of a full event. In total, 7 systems were recorded 
and shared for the present study, representing a diverse set of sub-systems from the same event, ranging from 
stages, to trader islands and to other auxiliary sub-systems, thus covering the typical diversity of systems found 
in this type of events. Nevertheless, it must be added that these do not represent the entirety of the event’s sub-
systems. Regardless, given the better representation this set provided of a full event, the case study evaluate in 
this chapter will be based on this second source’s recorded data. 
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It should be clarified that, out of confidentiality concerns and in line with the scope of the project, specific 
information on the event and the classification of the demand data in accordance to the nature of the sub-
system will not be included in this description. For contextualization however, it can be said that the event from 
which the case study is based on was held in the UK at the same time this study was being developed, it is, as 
the study’s scope, a green flied event, and was attended by an approximate 50 000 visitors in its 4 day duration. 

The data made available by the second source, however, only included the current and voltage of each phase 
of the three-phased systems for each time-step. Given the insights taken from the first source’s data-sets, it was 
concluded that no reasonable assumption of the power factor value over time could be made with the available 
information. Considering then the objective of the present study, it was considered that performing the 
remainder of the analysis on a basis of apparent power demand (i.e. in kilo Volt Ampere [kVA] units) was the 
most appropriate alternative. 
Additionally, the three-phase system’s demand was summed into one single demand curve, for simplicity. 
However, for this simplification it had to be assumed that the power factor ratio between phases was constant 
at all times, which given the insights given by the first source’s recordings, it is known not to be a strong 
assumption. Nevertheless, given the fact the present study mainly aims to discuss the validity of the modelling 
methodology here proposed, these simplifications should not have a meaningful impact. 

Data compression Algorithm 
The original data granularity of the case study averaged at 10 seconds between each recording, resulting in 
datasets in the order of 35 000 nodes for the 4-day duration of the event. Considering that typically the 
modelling problems from which the present modelling solution has been derived from use data sets in the order 
of 100 nodes, a compression technique had to be implemented. The typical solution found in the literature 
involves the use of representative sections of time from the whole original timeframe (e.g. typical days of the 
year, monthly averages or rolling horizons) [23]. However, this is not applicable to the current problem, has the 
whole timeframe of the problem must be considered and is already relatively short. Hence a novel solution was 
generated to tackle this issue. 

As with any compression of data, information will be lost in the process, and hence it is a matter of choosing 
the approach which preserves the most important features the best. To that end, and with context of the present 
problem in mind, an optimization algorithm was formulated and implemented in the commercial software 
MATLAB R2019a. 
The main objectives of this process were to conserve the general shape of the original curve, to preserve the 
peak demand as well as some of the local peak demands and to maintain the total energy consumption. All of 
which so that the system would be sized in accordance to the actual demand and so that the main sizing 
parameters would be kept no matter the resolution of the compressed curve, ensuring a better interaction 
between the design and the operational problems. 

The basic structure on which the optimization of the data compression process operates upon is the subdivision 
of the original dataset illustrated in Figure 11: 
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In it one can observe that the original dataset was split into two subdivision layers, namely the small-step and the 
big-step division. The pacing of the small-step division is constant and a function of the original number of nodes 
and the chosen number of nodes for the compressed curve. While the passing of the big-step division is a 
function of a hand-picked factor, the big-step-factor, which determines the number of small-steps encompassed in 
each big-step. 
From the big-step division one obtains the permanent maximum points (i.e. those which will be kept despite of 
the compression process), corresponding to the maximum local power demand. Whereas, from the small-step 
division one obtains the new time-step which the compressed curve will follow, corresponding to the location 
of the local maximum demand points in each small-step. 

What the optimization algorithm now attempts to do is to follow the general shape of the original curve while 
respecting the remaining goals, the former defined as the objective function and the latter as constraints of the 
problem. The general shape of the curve being defined by the sequence of mean demand values found in each 
segment corresponding to the small-step division described before. This can then be defined with the following 
set of equations: 

 

Equation (8) being then the objective function, where 𝑵𝑵𝑻𝑻 represents the number of small-steps, 𝑪𝑪𝒎𝒎,𝒊𝒊 the average 
demand of the original curve for each small-step 𝒊𝒊 and 𝑪𝑪𝒊𝒊 the power demand points of the compressed curve.  

 min
∑ �𝐶𝐶𝑚𝑚,𝑖𝑖 − 𝐶𝐶𝑖𝑖�

2𝑁𝑁𝑠𝑠
𝑖𝑖=1

𝑁𝑁𝑠𝑠
, ∀ 𝑀𝑀 ∈ 𝑁𝑁𝑠𝑠 (24) 

   

Figure 11 - Illustration of the subdivision of the original dataset. 
In the background, represented in grey, is the original demand curve, the black line represents the averaged demand curve at 
each small-step (s1, s2, ..., sn), while the blue line represents the compressed curve resultant form the process described below. 
The blue dots define the local maximum points at each small-step, while the red dots define the local maximum point at each 
big-step (B1, B2, ..., Bn). 
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Subject to the following constraints: 

 𝑀𝑀𝑓𝑓 𝐶𝐶𝑠𝑠,𝑖𝑖 = 𝐶𝐶𝑠𝑠,𝑖𝑖 , 𝑠𝑠ℎ𝑀𝑀𝑀𝑀  𝐶𝐶𝑖𝑖 = 𝐶𝐶𝑠𝑠,𝑖𝑖, ∀ 𝑀𝑀 ∈ 𝑁𝑁𝑠𝑠 (25) 
 

 �𝐶𝐶𝑖𝑖 ∙ 𝜏𝜏𝑖𝑖

𝑁𝑁𝑠𝑠

𝑖𝑖=1

= �𝐶𝐶𝑗𝑗 ∙ 𝜏𝜏𝑗𝑗

𝑁𝑁𝑜𝑜

𝑗𝑗=1

, ∀ 𝑀𝑀 ∈ 𝑁𝑁𝑠𝑠 , 𝑠𝑠 ∈ 𝑁𝑁𝑜𝑜 (26) 

 

Equation (25) ensures that the permanent local maximum power demand points are kept, where 𝑪𝑪𝑻𝑻,𝒊𝒊 represents 
the maximum power demand at each small-step 𝒊𝒊, and 𝐶𝐶𝑠𝑠,𝑖𝑖 the collection of permanent maximum power points, 
corresponding to the local maximum demand points in each big-step. While equation (26) ensures the total energy 
consumption of the compressed curve is equal to that of the original. Where 𝝉𝝉𝒊𝒊 and 𝝉𝝉𝒋𝒋 represent the time 
interval in each small-step 𝒊𝒊 and between each original data point 𝒋𝒋 respectively. 𝑵𝑵𝒐𝒐 represents the number of 
intervals between each original data point and 𝑪𝑪𝒋𝒋the original power demand value at the beginning of each time 
interval between each original data point. 

The result of this algorithm can then be seen in Figure 12 and Figure 13, respectively corresponding to the 
typical low-resolution used for the design problem and the higher resolution used for the operational problem:  

 

 

 

Figure 12 - Low resolution example of data compression algorithm (e.g. ~30 nodes). 
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For both figures, on the background in grey, is the original demand curve, in black there is the averaged demand 
curve which the optimization procedure attempts to follow, and in blue the compressed demand curve resulting 
from the algorithm described above. 

Discussion on the data compression method 
As it was expect, the amount of information lost in the compression process is proportional to the number of 
nodes assigned to the final compressed nodes, as Figure 13 and Figure 12 illustrate. However, it should be 
observed that in both cases the total energy consumption was preserved with a minimal compromise in 
following the general shape of the curve (i.e. the averaged demand curve). In addition, in both cases the 
maximum peak demand was preserved along with some of the local maxima, thus ensuring the proposal of 
adequate system designs from the design problem to the operational problem. 

An additional analysis was made on the performance of the compression in order to evaluate how the power 
range distribution was maintained, that is; the time and accumulated energy spent at each power demand level. 
To that end Figure 14 and Figure 15 illustrate the later concepts for the same compression example seen in 
Figure 13. In the first, one can see the percentage of time spent below each power level, while in the second 
one can observe the total energy demand found above each power level, akin to the energy required to shave 
the peak demands at each power level with a pre-charged battery. 
From Figure 14 it appears the data compression is reasonably capable of keeping the power range distribution, 
however Figure 15 demonstrates that the existing differences do have a significant impact for more delicate 
applications. For example, if used to investigate peak shaving alternatives, this methodology would lead to 
significantly oversized energy storage systems. Nonetheless, it was found that for the scope of the present study 
the above-mentioned methodology was adequate and was thus used on the 7 datasets of the case study. 

Figure 13 - High resolution example of data compression algorithm (e.g. ~130 nodes). 
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Figure 15 - Accumulated energy demand over each power level for the same example in Figure 13 

Figure 14 -Accumulated time spent above each power level for the same example found in Figure 13 
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2.  Results from standard assumptions 

Simulating the original systems’ designs 
In order to make a first validation of the model’s formulation assumptions, described in Part III – Model & 
Methodology, a comparison between the models results and the real operational conditions was performed 
using the original systems’ designs. The units in redundancy mode, used in some of the original designs, were 
discarded in the operational stage of the model, only to be included in the rental cost calculations after the 
simulations. While the remaining units were considered to be operating in parallel mode and were thus modelled 
under the operational problem’s formulation, as described in the aforementioned chapter. Hence, for this 
particular initial analysis, the design stage of the model was omitted and the operational problem was adapted 
to include directly the pre-chosen designs of the original conditions. 
In addition to the demand curve data of each sub-system, the original fuel consumption of each system was 
also known. This additional parameter served as an additional reference which enable the comparison between 
the real operational conditions and the modelled ones. Therefore, the validation of the model, under this 
original conditions scenario, was performed in terms of relative difference between the original systems’ total 
fuel consumption and the modelled systems’ total fuel consumption. The figures obtain under these conditions 
can be found in Table 7: 

 Table 7 - Relative total fuel consumption difference between real and modelled conditions for the original installation scenario. 

 

 

 

 

 

 

 

 

 

At first, the figures found in Table 7 seem to be a clear indication of the failure of the proposed formulation to 
model real conditions. Both the order of magnitude and the inconsistency of the deviation of the modelled 
values versus the real conditions are alarming. However, after closer inspection, a collection factors have been 
found to be responsible for these deviations, and after accounting for these, one can still consider the current 
model adequate under some circumstances. 

Firstly, the power demand recordings of sub-systems B, C and D are incomplete, which justifies why these are 
the only systems with negative, or smaller, deviations. Given that there are data points missing, the modelling 
conditions did not consider the same time range as the real conditions, rendering the figures found for these 
sub-systems irrelevant in the current analysis. 

If the latter sub-systems are discarded, the remaining values appear to be significantly more consistent, 
nevertheless, their overestimation of total fuel consumption is still significant. However, it was found that a 
conjugation of two factors is likely to be the main driver of this deviation. 
Firstly, as described in Part III – Model & Methodology, the SWL modelling of the generator units is of very 

Sub-system Relative difference [%] 

A 115% 

B -43% 

C -16% 

D 20% 

E 120% 

F 52% 

G 131% 
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low resolution in the lower load factor region. Hence, in this region of operation, there are significant 
underestimations of the generators’ fuel efficiencies. Secondly, as in line with [5] and the findings of [4], it was 
found that the original systems’ designs were grossly oversized. This oversizing is made clear when analyzing 
the time spent at lower load factor regions, in particular, the time spend at load factors below 50% and below 
25% of the units’ nominal capacities, corresponding to the second and first segments of the SWL respectively. 
These values can be found illustrated in Figure 16:  

As one can observe in Figure 16, almost the entirety of the operational time was spent under 50% of the units’ 
nominal capacity on all sub-systems. Furthermore, a substantial portion of that time was spent at values below 
25% of the units’ rated capacities, averaging at 73% between all of the sub-systems with the least time spent in 
this range being still at 35,8%. This in turn implied that the generator units were operating for the most part 
within the low-resolution region of the SWL, which should account for a significant part of the gross fuel 
consumption overestimations. 
It should be added that, in systems with multiple units in their original installation designs, only one unit was 
ever activated in the simulations. Given the gross oversizing of the originally chosen units, the algorithm found 
it unnecessary to utilize more than one unit. Hence, it is likely that, under real operational conditions, the figures 
illustrated in Figure 16 even more severe for these particular sub-systems. 

Beyond the major factors just described, one should also have expected a measurable deviation between the 
real and the modelled conditions, since the units listed in Table 1 are not identical to the ones used in the real 
installations. Although the nominal capacities were respected, it is likely that there are still meaningful 
performance differences between the models, however these should result in less noticeable deviations than 
those found in Table 7. 

If all of the latter mentioned influences are factored in, it becomes impossible to conclude on the validity of 
the assumptions made in the current model formulation, at least under higher load factors conditions as the 
model was designed to preferably handle. On the other hand, however, once the mentioned factors are 
acknowledged and accounted for, it was established that the model can behave satisfactorily, justifying the 
remainder of the case study analysis. 
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Figure 16 - Time spent at lower load factor regions. 

Averaged value can be found represented by the grey column and enumerated at the bottom. Each sub-system’s values are 
represented by the blue dots. 
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Cost Optimization 
As mentioned in Part III – Model & Methodology, the Festival Vision 2025 industry pledge was found to be the 
most relevant manifestation of the TEEI’s sustainability goals, while it also defines measurable targets for its 
energy systems environmental performance. Hence, the modelled proposed in the present study was designed 
to cater to an analysis on the temporary energy systems under the perspective of the industry pledge. This in 
turn was achieved by the adaptation of the ɛ -constraint method [24] to provide figures on the different targets 
defined in the pledge. 

Therefore, in accordance to the mentioned method, it is necessary to first define the limit conditions under a 
Single-Objective Optimization approach. However, in the present context, the definition of the monetary cost-
based SOO limit case is of significant interest on its own. Consequently, the next element of the analysis of 
model’s performance focuses on the results obtained under a monetary cost-based SOO. 
As described in chapter 3 - Economic and Environmental Criteria, several assumptions were made in the 
current model’s formulation, in particular for the ‘fixed cost’ elements (i.e. the rental cost and the transport related 
emissions). Hence, it is the relative deviations from the reference scenario and between each sub-system that 
enable the most relevant analysis, as opposed to the absolute values found for each parameter. Where the 
reference scenario here used for this analysis was the original conditions described and modelled previously. 
However, given the model’s inaccuracy at such low capacity factor operating conditions, the values derived 
from the systems’ fuel consumption (i.e. operational parameters) are calculated based on the real total fuel 
consumption values measured at the event. The figures obtained under these conditions can be found in Figure 
17: 

From Figure 17 it is evident there is substantial potential for improvement of the analyzed energy systems, both 
in cost and emissions. In line with the findings of the previous analysis, it is quite clear that the original systems 
design was grossly oversized. However, from the present analysis, at least for this case study, it is possible to 
quantify the lost potential associated to the system’s oversizing. 
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Figure 17 - Relative performance of the cost optimization versus the modelled original conditions. 
On the left one can find the figures related to the cost savings achieved by the optimization procedure, while on the right one 
finds the emission savings achieved. 
Each blue dot represents the results for each recorded sub-system of the event, while the green bigger dot represents the values 
obtained when considering the event as a whole (i.e. a sum of all the optimized sub-systems versus the sum of the unoptimized 
sub-systems). Finally, depicted numerically at the bottom of each grey column, is the averaged value of the optimization 
procedure for all the sub-systems. 
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Focusing on the cost savings achieved by the cost-based optimization, both parameters and the overall costs 
savings are found to be greater than 50% on average, with the lowest savings achieve in a particular sub-system 
being of 29%, corresponding to its operational component. Although the results found are quite disperse, they 
are all clearly indicative of the potential for savings both in the systems’ rental cost and operational cost. 
Furthermore, under the current model formulation assumptions, it was found that the majority of the systems 
could improve their fuel consumption (e.g. proportional to the operation costs) by an order of 50% or greater, 
as opposed to the 30%-40% suggested in [5] and [3]. One should recall that the previous figures refer to the 
potential fuel consumption improvements achievable solely by means of better system designs and planning, 
recurring still only to the traditional TEEI’s diesel-generator-based approach. 

From an emissions savings standpoint, one can notice that the operational emission saving potential is almost 
identical to the overall emission savings potential. This results from the fact that the transport related emissions, 
for the current scenario, where found to be negligible. Regardless, the most remarkable figure found in Figure 
17 right hand side graph, is the emission savings potential level of over 50%. This figure indicates that, at least 
for the present case study, both targets of the Festival Vision 2025 industry pledge are achievable solely by the 
better system planning, instead of only the first 30% reduction target. 

These significant savings can be largely attributed to the better operating conditions to which the chosen 
machines were subjected to. Most of the optimized designs incorporated the smallest units available form Table 
1 (i.e. the 30kVA and the 60kVA units), which were not used in the original system designs. The more 
appropriate unit sizing and the use of units of different rated capacitates in the same system made the switching 
between the available units relevant to the algorithm, unlike in the original operational conditions. Hence, it 
was possible to optimize the units’ commitment according to their most efficient operational ranges. All of 
which culminated in a significant decrease in the time spent at low load factors, which in turn meant the 
substantial increase of the overall efficiencies of the systems. In Figure 18 one can find the times spent on 
average and by each unit below the 50% and 25% load factor marks for each sub-system as well as the 
corresponding values for the original operational conditions faced by the modelled original designs: 

 
Figure 18 - The optimized operational conditions of each sub-system expressed in the percentage of time spent below the 50% and 
25% load factor marks. 

Figure 18 indicates that there is a considerable gap between the operating conditions faced by the units in the 
original operational conditions and by the units in the optimized conditions, which is expressed by times spent 
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below each of the load factor marks. When considering 5 out of the 7 subsystems (i.e. not including subsystems 
D and G), one can see that it was possible to avoid almost entirely the times spent below the 25% mark, while 
the times spent below the 50% fell to close to 10% or under. Moreover, it should be noted the units in Figure 
18 are numbered in a descending order of rated capacity. Hence, upon closer inspection, one will notice that 
the times still spent at lower load factor fall mostly on the lower rated machines, which is a further indication 
of the achieved optimization of the operating condition. It should be noted that only sub-system A, E and F 
included a 3rd unit in their optimized designs and that no sub-system used a 500kVA unit in their optimized 
design, unlike many in the original designs.  

Focusing the analysis on the two outlier sub-systems (i.e. sub-systems D and G), it should be noted that even 
though there was still a significant proportion of time spent at low load factors on the optimized systems, this 
burden still fell mostly on the lower rated machine in both of the sub-systems. In both cases, the lowest rated 
unit was of 30kVA rated capacity, which is arguably close to the sensible lower size limit a generator used in 
the TEEI could have. 
Therefore, recalling that events like the one in the case study are off-grid events to which the power demand 
must be met at all times, the figures presented by sub-system D and G seem to indicate the theoretical limit to 
which systems based solely on generators can be optimized to. 

Regardless, given the much higher load factor operating range in which the optimized systems operate in for 
the majority of the time, it can be assumed that the modelled behavior of the units is much closer to reality 
than in the previous analysis. Furthermore, these results demonstrate that, under freely optimizable conditions, 
as intended by the original model formulation, the simulation of the units does tend to be mostly found in the 
higher resolution region of the SWL of the units’ behavior. Hence, the validity and consistency of the results 
found under the fully defined model formulation should be of considerable higher quality than that found when 
modeling the original conditions. 

Cost of the Festival Vision 2025 pledge  
As defined by the typical ɛ -constraint method, after the definition of the upper emissions boundary set by the 
emission levels of the optimized sub-systems based on monetary cost, one should define the lower boundary 
and then explore the compromise solutions. As explained before, the compromise solutions have been set in 
accordance to the TEEI’s goals expressed by the Festival Vision 2025 pledge.  

This section then performs both of the mentioned reaming steps under the context of the present case study. 
However, contrary to the typical MOO ɛ -constraint methodology, the industry’s pledge goals reference point relates 
to the current unoptimized emission levels, which, as shown before, are achievable with a simple cost 
optimization. Therefore, in the present study, the hypothesis that the same targets could be applied to optimized 
systems is made. Even though these are no longer the same emission targets expressed in the original pledge. 
This hypothesis serves to still use the current case study as validation of the present model as a tool to assess 
the TEEI’s energy systems from multiple perspectives with its proposed Multi-Objective Optimization 
formulation. 

Once again, since several assumptions had to be made in the current model formulation, the analysis made on 
the absolute values of the case study results is not consequential. Instead, an analysis on the relative added costs 
of each of the scenarios was performed, in this way circumventing the influence that some of the assumptions 
may have had on the study. The scenarios here explorer where that of 30% and 50% emission reduction 
scenarios, as well as a maximum emission reduction scenario (i.e. the lower boundary on emission levels, 
achieved via a SOO on the total system emissions). All of the scenarios, as explained before, use the 
corresponding sub-systems optimized for monetary cost as a reference point, the results of which can be seen 
in Figure 19: 
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Figure 19 - Relative added costs of each scenario relative to the monetary cost optimized scenario. 

Before focusing on the results found for each scenario a note should be made on the maximum reduction 
scenario, that is, the SOO on the total emission levels of the system. It was found that in this scenario, relative 
to the cost optimized sub-systems, on average it was possible to reduce the overall emission levels by 97%, with 
a negligible deviation between each of the sub-systems. This was mostly achieved by the fact that in these 
systems only biodiesel was used, thus reducing the operational emissions almost entirely (i.e. 99% on all cases), 
given how these have been accounted for. 
While, on the other hand, the transport related emissions saw a slight increase on average, -2% relative emission 
savings due to slightly heavier system design choices in a few cases, which can however be neglected. 
Nevertheless, it should be noted that although transport emissions were found to be negligible on scenarios 
which included the use of fossil fuels, the same could not be said about this last scenario’s case. In this case, 
transport emissions were within the same order of magnitude as the operational ones, in some cases even 
higher. Thus suggesting that, although irrelevant in the present study, transport emissions may play a meaningful 
role when comparing RET and low-carbon-based alternative solutions in future studies. 
It should also be added that, for all the scenarios investigated, the operational conditions to which the units 
were subject to were similar to those found in Figure 18, thus suggesting that the figures found in each scenario 
are within the high quality modelling range of the model’s formulation. 

Moving on to the discussion of the results portrait in Figure 19, the first point to be discussed relates to the 
figures found relative to the added system rental costs in each scenario. Analyzing the results of this parameters 
one quickly notices that there were no added rental costs for the two first scenarios, and only a slight increase 
on average for the last. This results from the fact that, in terms of machines’ nominal capacities and numbers, 
save for a few sub-systems in the last scenario, there were no design changes from the cost optimized sub-
systems and the corresponding sub-systems for the other scenarios. This should not however be interpreted as 
a sign that the emission reduction scenarios won’t have an impact on the systems rental costs. Instead, this is a 
product of the lack of unit diversity included in the model, attributable in turn to the present study’s narrow 
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scope in this respect. Since there are only diesel and biodiesel generator alternatives, and these do not differ in 
rental cost in the current formulation, it was expected that the influence of the emission targets on the energy 
system’s rental cost component would not be captured. 

Where there were indeed visible changes between each of the scenarios was in the operational component of 
each of the sub-systems. Here one can find an almost proportional increase in operational costs relative to the 
corresponding emission targets. With the results found in each scenario being consistent, varying only about 
5% from the average value for almost every case. 
However, once again, this almost linear correlation should not be taken as representative of the real cost 
associated to the achievement of the respective targets. Instead, this is mostly due to the lack of diversity in the 
system design options in the current model’s scope. Since there is only the alternative between diesel and 
biodiesel, the current options the model has access to, in order to optimize the compliance with the emission 
targets, can be boiled down to the optimization of the best ratio between the two fuel types total fuel usage. 
Given that both the emission levels and the cost of each of the fuels are proportional to their usage, the optimal 
fuel usage ratio found by the model translates into the almost proportional operational costs found in Figure 
19. In addition, since the ratio between the operational costs and the rental cost, under the current formulation 
assumptions, is close to 1:1, given the two previous explanations, the relative added overall costs found are 
essentially half that of the operational costs, and thus also deceivingly appear to be proportional to the 
corresponding emission targets. 

Nevertheless, as explained in Part I – Industry’s background, the two technology alternatives included in the 
present study’s scope do represent the most common alternatives found currently in the TEEI. Therefore, 
although the results found for the present case study are highly influenced by the lack of technological diversity, 
the model did prove to be able to provide figures on the targets set by the Festival Vision 2025 pledge. So, if the 
case study sample base were to be expanded and the modelling of the units more realistically differentiated 
between the units of different fuel types, one could argue that the model would provide meaningful figures on 
the TEEI’s environmental goals for its energy systems. 

3. Considering the event as a single system 
As described in Part I – Industry’s background, the most common approach in the TEEI to build a power 
infrastructure is to set up a series of isolated sub-system, as found in the present case study. This is done for 
several different reasons, however, the prevailing one is assurance of the systems’ reliability via the prevention 
of the spread of power outages. 

Regardless of the reasoning, so far in the present study this practice has not yet been put into question. It should 
be mentioned that it was not within the scope of the present study to investigate the logistical, technical and 
economic impacts of switching to an integrated, one-system-based approach at events. Nevertheless, given the 
opportunity, it was found to be relevant to investigate what benefits the proposed model might find in the 
implementation of an integrated power infrastructure approach. Although, the negative impacts have not been 
accounted for, it was hypothesized that the portrayal of the benefits might justify the pursuit of future studies 
into the topic. To that end, this section has been dedicated to the analysis of the benefits of optimizing the 
power infrastructure of an event in an integrated approach, versus the original conditions as well as the 
previously described optimized isolated sub-systems. 
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In order to perform the mentioned analysis, all of the separate sub-system demands were summed up, while 
respecting the relative timing between each sub-systems’ demand curves and compensating for the sporadic 
miss-readings of the metering units. With the fictional demand curve defined, it was then possible to implement 
the methodology described in Part III – Model & Methodology. 
Following the same steps as the analyses performed in the previous sections, the first phase of the methodology 
lies in the definition and examination of the monetary cost based optimization of the system at hand. However, 
it the present case, the reference scenario is not only the original conditions, but also the summed performance 
of the cost optimized isolated sub-systems analyzed previously. It should be added, that, as before, the values 
relative to the operational parameters of the original conditions are derived from the actual total fuel 
consumption registered at the event, while the design and operational conditions specifics were obtained 
through modelling of these conditions as described in the section: Simulating the original systems’ designs. The 
relative performance figures found under the described conditions can be found in Figure 20: 

From Figure 20 it is clear that this approach yields significant benefits when compared to the original conditions, 
but also when compared with the optimized isolated sub-systems approach. As expected, there were substantial 
improvements on all parameters versus the original conditions, as it had been found in the previous analyses. 
However, it was more surprising the magnitude of the benefits found when comparing with the optimized 
isolated sub-systems, where all parameters saw meaningful improvements. 

Where the relative improvements were most noticeable, regardless of the reference, was in the parameters 
directly related to the system’s design (i.e. the rental cost and the emissions from transport). Both parameters 
saw a relative improvement in order of 80% relative to the original conditions, and still an improvement in the 
order of 60% relative to the optimized isolated systems. 
These improvements can be better contextualized when comparing the volume of the different installations’ 
designs. The cost optimized integrated system in total only included 4 units in its design, while the sum of the 
optimized isolated sub-systems used 36 units, and the original installation included a total of 16 units, including 
the units in redundancy mode. Nevertheless, the improvements relative to the original conditions were greater, 
since the optimized isolated sub-systems’ designs, although more numerous, made use of units with lower rated 
capacities which are both significantly cheaper and lighter. 
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Figure 20 - Relative performance of the cost optimized integrated systems versus the original conditions and the optimized isolated 
sub-systems approach, presented in terms of added savings both in costs and emissions. 
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It should be noted that, as before, even though the transport emissions saw the biggest improvement of all the 
parameters, the impact of these on the overall emission savings was marginal. As before, it was found that in 
installations with fossil fuels include in the mix, the impact of transport emissions is negligible. 

Focusing the analysis on the operational parameters, one will find that these also saw a meaning full 
improvement even relative to the optimized isolated sub-systems, although lesser than that found for the design 
related parameters. Regardless, an improvement of 17,5% is still quite substantial, especially when considering 
that the reference installations were also optimized under the same methodology. The magnitude of the 
operational improvements might have been unexpected, however, these added savings can once more be better 
contextualized when analyzing the operational conditions to which the units were subject to. Similar to the 
representations found before, Figure 21 illustrates the operation conditions found in the scenario optimization 
of the integrated system: 

Comparing the figures of Figure 21 to those found in Figure 18 one will notice that the integrated system 
approach yielded one on the best operational conditions amongst any of the individual sub-systems, even when 
analyzing it in relative terms. Unlike the previous analyses however, in this case the magnitude of the 
performance difference is better captured in absolute terms. Recalling that each sub-system was operated 
simultaneously, this implies that there are significantly more operational hours in total in the isolated approach 
then those found in the integrated one. Summing up the total among of hours spent by each unit at low load 
factor ranges, even after optimization, the isolated systems approach still yielded a total of over 157 hours below 
the 50% load factor mark and over 90 hours below the 25% mark. Whereas the integrated system only saw 
about 11 hours of operation below the 50% mark and none below the 25% mark. 
Even though the systems had been optimized, the isolated sub-systems approach restricts the full optimization 
potential. In some cases (e.g. sub-systems D and G) the isolation approach, even under optimized circumstances 
cannot avoid low load factor operating conditions, arguably incurring into the theoretical limit of what is feasible 
in isolated generator-based system designs. Whilst on the other hand, by considering the demand of an event 
as a whole, even the residual energy demands are brought up to manageable load ranges. Ultimately resulting 
in optimized systems which may never incur into operating ranges below the 25% load factor mark and barely 
fall below the 50% mark, as seen in the present case study. It is from this substantial difference in operational 
conditions that it is believed that the relative added savings found in Figure 20 originate from.  

2,9%

0,0%
0,0%

2,0%

4,0%

6,0%

8,0%

10,0%

12,0%

 Below 50%  Below 25%

Operational Conditons of the Integrated System 
Optimization

Averaged value

1st Unit

2nd Unit

3rd Unit

4th Unit

Figure 21 - The operational conditions of the integrated system optimization 
expressed in the percentage of time spent below the 50% and 25% load factor 
marks. 



 
  

58 
 

However, so far, the analysis of the added benefits of an integrated system approach have only focused on the 
results yielded by the monetary cost based optimization phase. Therefore, the question of whether the previous 
findings also apply to the remaining scenarios in the present study’s methodology has yet to be addressed. To 
this end, in Figure 22 illustrated the relative added savings of the integrated approach versus the optimized 
isolated sub-systems approach for each of the studied scenarios: 

 
Figure 22 - Relative added savings of the integrated systems approach relative to the optimized isolated sub-systems approach. 
With the figures for the 30% and the 50% emissions reduction scenarios and the maximum emission reduction scenario can be 
found from left to right respectively. 

In Figure 22 one can observe that indeed the integrated systems approach is able to yield savings relative to the 
optimized isolated sub-systems approach for each of the emission target scenarios. Furthermore, the savings 
achieved in each of the parameters of each scenario quite similar to those found in the monetary cost 
optimization scenario previously discussed. Thus, suggesting that the nature of these added savings for each 
scenario is the same as the one discussed in the cost based optimization scenario.  

4.  Impact of Demand Uncertainty  
As discussed in Part I – Industry’s background, to a great extent the technical reason preventing the 
implementation of better system designs is the high degree of demand uncertainty levels prevailing in the TEEI. 
Figure 18 demonstrates that the present case study is no exception, with the gross system oversizing being a 
direct result of the poor reporting of the system requirements.  

The previous analyses served to shed light into the environmental and economic impacts of this prevailing 
demand uncertainty. By examining the optimal solutions in respect to the measured demand of the events, the 
developed model was able to provide figures, at least for the present case study, of what the theoretical limit 
could be close to in terms of system design and performance improvements and their reflection on the 
mentioned parameters. 
However, the developed model operates under a realistically unachievable premise; that of knowing in full detail 
the demand of an event at the design stage, hence before it happened. Although the previous analyses were 
relevant for the purpose of investigating the full potential for improvement, it was also considered to be relevant 
to evaluate a more realistic modelling scenario. In this third and final application of the model in the present 
case study analysis the objective was to consider a realistic scenario to model and evaluate the impact of demand 
uncertainty. 
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In order to achieve this, it was required to first define which conditions were attempted to be modelled. On a 
generic context it may have been more adequate to incorporate the levels of demand uncertainty found 
presently in the designated context. However, as described in Part I – Industry’s background and has found by 
the authors of the present study, in the context of the TEEI, the levels of demand uncertainty are too great to 
be relevant to considered. At present, the common practice of system requirements reporting (i.e. without any 
basis on demand metering) renders the implementation of methods such as the one developed in the present 
study irrelevant. 
Therefore, it was necessary to hypothesis a compromise scenario. In this hypothetical, it is considered that the 
system is being design for the second edition of the event, with the added premises that; the demand of the 
first edition was metered; and that there have not been any significant changes to the event that might influence 
its foreseeable energy requirements. Hence, in the developed scenario, it is considered that the system designers 
have access to the actual event’s demand of the previous edition, and they expect the second edition to have 
essentially the same energy requirements. In this manner it is now possible to impose informed system design 
safety margins, thus accommodating for the prerequisite of absolute energy security of the TEEI but in a 
sensible and quantifiable manner. 

For the purposes of this exercise, it was assumed that a safety margin accounting for 50% higher power 
requirements would be representative of a realistic equivalent scenario in the TEEI context. Hence, in this last 
analysis, the impact of demand uncertainty was evaluated by considering, at the design stage, that at least the 
peak demand is 50% larger than the actual recorded value. 
Therefore, the following analysis evaluates the impact of generous safety margins at the design stage of the 
system design, simulating an informed design scenario yet arguably overzealous, symptomatic of the 
predominance of energy security over efficiency typical of the TEEI. 

Simulation of demand uncertainty 
In practice, the implementation of the described scenario was achieved by using two different reference demand 
curves at the design and operational stages. The reference demand curve for the design stage was amplified 
before its compression, in order to impose the mentioned 50% safety margin. While the operational stage used 
the original demand curve in its simulation. Therefore, the systems designs were optimized for conditions that 
did not match the operational conditions. As intended, this simulates a system design scenario under demand 
uncertainty conditions, however, at manageable levels. 

The amplification of the original demand curve was not done via a simple direct increment of every recorded 
demand point in order to match the safety margin levels. Instead, it was found that it was more relevant to 
implement an amplification function which imposes the desired safety margins while maintaining the same 
valley and residual demand phase levels. From the previous analyses, and as one might expect, it was found that 
the highest stress levels imposed on the systems’ operational performance resulted from the prolonged residual 
demand phases and the ratio between the peak and valley demand levels. Given that the purpose of the present 
analysis is to evaluate the effects of overly conservative system designs, it was considered that the amplification 
procedure should not alleviate the previous parameters, as a simple incrimination would have resulted in. 
Rather, the amplification of the original curve, should meet the safety margin levels while either maintaining or 
exaggerating the most stressful features of the demand profile. The formulation found to achieve the described 
demand curve amplification can be found in equation (27): 
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Where 𝑷𝑷𝑻𝑻𝒕𝒕 representes the data points of the amplified curve at each t period of the system’s time horizon T 
while 𝑷𝑷𝒐𝒐𝒕𝒕 represented the originally recorded demand data points for the corresponding periods. 𝑷𝑷𝒎𝒎 and 𝑷𝑷𝒄𝒄 
represent the mean demand value and the peak demand respectively, while 𝜶𝜶 represents the desired 
amplification factor imposed on the peak demand (i.e. the 50% safety margin) and 𝛚𝛚 imposes that target under 
the formulation of equation (27). 
With the formulation just described it is possible to impose the desired amplification factor on the original peak 
demand and imposing a smooth amplification of the remaining above average demand points while 
maintaining, or increasing, the stressful characteristics described before. The result of which can be found 
exemplified in Figure 23: 

As Figure 23 demonstrates, the formula developed in equation (27) is indeed able to implement the safety 
margin factor of 50% at the peak demand while maintaining the residual demand levels and maintaining, or 
increasing, the ratios between the local peaks and valleys. All the while, performing the amplification smoothly 
and thus maintaining a similar shape relative to the original curve, therefore delivering a realistic demand curve 
to be used in the design phase of the methodology.  

  

 

�𝑃𝑃𝑎𝑎𝑡𝑡 = 𝑃𝑃𝑡𝑡𝑡𝑡 + �
𝑃𝑃𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑚𝑚

𝑃𝑃𝑚𝑚
∙ 𝑃𝑃𝑡𝑡𝑡𝑡 ∙ ω, ∀ t ∈ T  𝑃𝑃𝑡𝑡𝑡𝑡 ≥ 𝑃𝑃𝑚𝑚 

𝑃𝑃𝑎𝑎𝑡𝑡 = 𝑃𝑃𝑡𝑡𝑡𝑡 , ∀ t ∈ T  𝑃𝑃𝑡𝑡𝑡𝑡 < 𝑃𝑃𝑚𝑚 

 

 
 𝑤𝑤ℎ𝑀𝑀𝑒𝑒𝑀𝑀:       
ω =

𝛼𝛼

�𝑃𝑃𝑠𝑠 − 𝑃𝑃𝑚𝑚
𝑃𝑃𝑚𝑚

 

(27) 

   

Figure 23 - Example of demand curve amplification, with the original curve on the left and the amplified one on the right. 
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Analysis 
Following the scenario methodology described above and applying the demand curve amplification formula to 
each sub-system as well as the total event’s demand curve, it was possible then to implement the methodology 
developed in the present study. Therefore, for each of the sub-systems, as well as the integrated system 
approach scenario, each of the analysis steps were repeated with the added imposition of the 50% safety margin 
at the design stage. In doing so it was possible to evaluate the added cost imposed by the conservative design 
approach for each of the scenarios relative to the previous optimizations. The results of this analysis can be 
found in Figure 24: 

 
Figure 24 - Relative added costs of demand uncertainty, under the implementation of a 50% safety margin, for each scenario 
including the integrated system approach. 

The most noticeable influence of the conservative designs, as one might expect, is on the rental component of 
the systems’ cost. The safety margin introduced in the design stage forced the proposed designs to include 
higher rated units, which translated directly into higher rental costs in every scenario. It should be noted that, 
at least in the present case study, the integrated design approach was noticeably affected, substantially surpassing 
both the averaged values and the sum of the optimized sub-systems rental cost values in all scenarios.  

On the other hand, contrary to intuition, Figure 24 seems to indicate that the effects on the operational 
performance were negligible. Focusing on the operational costs in each scenario, one finds that the average 
added costs were minimal, in some cases even negative (i.e. there were savings). Additionally, the figures found 
are not consistent, with at least one sub-system presenting measurable added costs in some scenarios. 
Discounting the outlier cases, it appears that the effects of the implemented safety margin are negligible. If the 
model formulation is believed to be capable of representing the present scenario, then it could be said that 
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these systems’ designs are more flexible than initially hypothesized. The implementation of the safety margin 
results in system designs which are still capable of handling the original power demands in an efficient manner. 
Implying that the consequences to this conservative design approach are mostly felt in the rental cost 
component of the systems and that, to the benefit of the TEEI, energy security can be maintained with little 
influence on fuel efficiency. 

As found in the previous analyses, the ratio between the rental and operation cost components is close to 1:1, 
under the present formulation’s assumptions. Therefore, the overall added costs found are essentially half that 
of the rental costs, with little added analytical value. 

Figure 24 relates to the added monetary costs of demand uncertainty, however, it also implicitly indicates the 
impacts found on the emission levels that the present scenario incurs into. Parallel to the cost components, the 
parameter that saw the biggest impact from the conservative design approach was the transport related 
emissions. While the effect on the operational emissions, like the operational cost component, saw marginal 
variations and at times also negative. Both of the latter variations being justifiable by the same reasons as their 
equivalent cost components. 

This analysis however, also made it clear that this scenario’s conditions have pushed the presently developed 
formulation to its limits. As mentioned in  

Part III – Model & Methodology, the full split between the design and operational problems implies the sacrifice 
of global optimality. The latter was made clear in the present scenario by the, though marginal, negative values 
found to the relative added operational costs. Thus, raising concerns on the validity of the results found in the 
present scenario. Additionally, the existence of outlier results for some of the scenarios for some of the sub-
systems also seems to indicate that the present formulation has difficulties handling the conditions imposed in 
the present scenario. All of which arose since the model was not originally designed to manage these conditions. 
Therefore, it is suggested that in order to perform a more detailed analysis of the described scenario there 
should be more profound adaptations to the model’s formulation. Nevertheless, it is believed that the general 
conclusions made before about the present scenario are well supported, despite of the model’s difficulties. 

5. Model Performance 
The last section of the present chapter is dedicated to carrying out an analysis of the performance of the 
proposed model’s formulation itself. To that end, an analysis on the time performance of the develop model’s 
application in the previous analyses was made. Furthermore, it was found that certain scenarios and conditions 
exerted noticeably higher computational stress under the current formulation. The reasons for these exceptional 
cases along with the found solutions to handle them can also be found in the present section. 
It should be noted all of the preformed simulations were run on an Intel® Core™ i7-7700 CPU (3,6GHz) with 
access to a 32 GB DDR4 RAM memory on a 64-bit operating system. With the latter equipment the 
performance figures found in Figure 25 were obtained, where the time spent on each problem phase and in 
total can be found differentiated by the used demand curve as well as by scenario: 
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From Figure 25 it is clear that there is a wide range of values found across the different scenarios and conditions. 
However, it should be noted that, the great majority of the total optimization times were close to or under 1 
minute. On the other hand, nonetheless, there are also some noticeable exceptions, with several of these being 
around or above 25 minutes of total computational time. The majority of these exceptional cases were from 
the simulation of the integrated system approach, which proved to be more computationally intensive than the 
remainder in each case. Furthermore, it was found that the use of the amplified demand curves tended to 
increase the computational burden, in particular in combination with the simulation of the integration system 
approach. However, in Figure 25 the latter correlation cannot be found since, in these exceptionally heavy 
computational cases, extraordinary measures were implemented in order to obtain a solution within reasonable 
computational times, often at the sacrifice of accuracy.  

In particular, there were four main techniques used to improve the computational performance of these 
exceptional cases. These would usually be implemented in isolation, however, some of the most complex cases 
required the use of two or more of these techniques in tandem. The first of which was performed at the demand 
curve compressing stage, where, for the persistently complex sub-systems (e.g. the integrated system’s summed 
demand curve) the demand curves were compressed to ~20 and ~100 points for the design and operational 

Differentiated on the left- and right-hand sides by the type of demand curve used, original and amplified respectively. 
Differentiated also by the scenarios, with color codes for the type of emission constraint used and with the darker and bigger 
markers indicating the results for the integrated system approach. Additionally, in the grey columns and enumerated by each 
of them is the average time spent for each corresponding column scenario. 
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problems respectively, as opposed to the standard ~30 and ~130 data points. It should be noted however, that 
the same compressed demand curves for each sub-system were used consistently across all scenarios. 
A second tactic used to alleviate the computational burden of some problems directly sacrificed the quality of 
the solution found in favor of calculation time. In this case, the relative gap used in MILP algorithms to define 
the termination condition of the solver was relaxed to 1%, or in extreme cases to 5%, as opposed to the pre-
set 0,01% gap used by CPLEX. The relaxation of this MILP solution gap can be found in other examples in 
the literature [42], and it is a common tool to trade solution quality over computational time. However, since 
there is no feed-back loop between the design and operational problems in the current study’s model, this 
relaxation has a greater impact on the solutions. It was found that the application of this relaxation had a direct 
effect on the results found, at times leading to unsatisfactory solutions. Nevertheless, its use was found to be 
required in some cases and served to provide useful solutions in some cases, although not ideal. It should be 
noted that, out of all the techniques here described, the latter one was the most straightforward and effective 
method to reduce computational time. 

As mentioned in Part III – Model & Methodology, the number of units included in the design problem’s super-
structure was limited to a certain number in order to keep the size of the problem manageable. The alteration 
of the size of the design problem was the main premise of the third technique used to condition the 
computational time. 
The methodology used to limit the number of units of each type available in the super-structure resorted to 
both a hard limit and a correlation to the nature of the demand curve. The latter made sure there would only 
be the necessary number of units of each type so that the peak demand could be met with only this unit type 
alone. In this way giving the algorithm access to enough units of each type so that it could potentially suggest 
a design with only units of that type. However, this resulted in super-structure too big to be computed, therefore 
it was required to constrict the latter criteria with an additional hard boundary. The combination of the two 
criteria meant that the number of units of each type were always equal to or smaller than a set limit, which for 
most cases was 3 units of each type. Nonetheless, the latter limit was found not to be sufficient in a restricted 
number of cases, for which the constraint was tightened to 2 units per unit type. 

The fourth and final technique used to alleviate computational complexity, in opposition to the prior method, 
attended to the operational problem’s burden. In this case, it was found that relaxation of the startup penalty 
contributed to faster computational times at the operational problem’s phase. As mentioned in Part III – Model 
& Methodology, one of the purposes of the Startup Constraint Penalty was to ensure satisfactory operational 
conditions. This in turn was controlled by limiting the number of unit start-ups to a reasonable amount, often 
under 10 times amongst all units. Figure 26 provides a good example of what was considered to be satisfactory 
control of the units’ operational behavior as a result of the implementation of the Startup Constraint Penalty: 
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Figure 26 illustrates a typical case which was considered to be satisfactory. In it, one can observe that the biggest 
unit was used for the majority of the load, as expect, while the smaller units served to cover the residual demands 
and compensate for the extreme peak demands. All the while, the number of unit start-ups was restricted to an 
acceptable number (e.g. 9), limiting the otherwise mathematically optimal, yet unrealistic, switch of units at any 
time they would be considered infinitesimally more efficient. 
However, it was found that, in some cases, the restriction of the number of start-ups to similar levels seen in 
Figure 26 resulted in unmanageable computational times. In these instances, the criterion was relaxed, allowing 
for more unrealistic operational conditions in favor of acceptable computational times. Hence, for these cases 
the obtained results relative to the operational performance are likely to be too conservative in respect to real 
operational conditions.  

One should be reminded that the order in which the latter computational time management techniques were 
presented is not correlated to the order in which they were considered in their implementation, instead it was 
decided on a case-by-case approach. 
Regardless, to conclude on the analysis of the method’s performance, it should be restated that for the majority 
of the cases the computational times were well within exactable limits (i.e. 1 minute or less) without resorting 
to any of the latter described techniques. In addition, as described in the previous analyses, for most cases it 
was considered that the model was able to provide figures from which valid conclusions could be made on the 
nature of the TEEI’s energy systems. Therefore, one can conclude that the performance of the present model 
is satisfactory. Nevertheless, the existence of the described difficulties and exceptional cases demonstrate that 
there are limitations to the present formulation which should be address in future studies. 
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Part V – Future work & Concluding remarks 
In this fifth and final part of the report, one will find notes and suggestions on for future work efforts as well as the 
concluding remarks. To this end, the part has been split into three chapters, where chapters 1&2 are dedicated to 
future work suggestions. The first of which has a more standard approach to future work guidelines as it focuses on the 
suggestions related to the continuation of a similar research direction as that of the present study. Delivering on the 
limitations and weaknesses found on the present work and suggestions on how to improve them. 
The second chapter, however, has more added value. Given the severe lack of scientific research on the TEEI’s 
energy systems, it was considered that the present study should also deliver notes on the alternative topics found to be 
more promising as a result of the combined research and collaboration hours spent for the present study. The results 
of which can be found in the mentioned chapter. 
Thirdly and finally, chapter 3 presents the final conclusions on the overall study, providing a summary of the most 
relevant outcomes of the project. 

1. Model Limitations and Notes for Future Improvement 
From Part IV – Case Study Analysis, it could be concluded that the present model formulation is already capable 
of facilitating a meaningful analysis on the performance of the TEEI’s energy systems. Furthermore, it allows 
for the evaluation of the industry’s goals and the exploration of different scenarios and setups. However, the 
case study analysis also highlighted some of the limitations of the present formulation. 
Therefore, in this section one can find a collection of the areas which were found to be most crucial for the 
future improvement of the present model’s formulation in respect to its contextualization with the TEEI’s 
goals and characteristics. 

Improve operational modeling 
As explained previously, the context of the TEEI, unlike others found in the literature, requires that several 
generator units be modelled in the same installation, as this is often the case in these systems. Hence, given the 
operational advantages that it offers, this practice cannot be overlooked. However, this incurs in the additional 
challenge of modelling the interaction between the different units in a realistic manner. Furthermore, the 
TEEI’s context also requires the representation of the full operational range of the units. Since these are off-
grid energy systems, often supplied solely be generator sets, one must design a model that accounts for the 
eventual operation of these units at low load factor conditions. 

It was the combination of these two factors that was found especially challenging, with the presently developed 
model formulation representing an initial attempt at modelling them. However, as discussed in Part IV – Case 
Study Analysis, although the present formulation is satisfactory, it does have some limitations. 
The most noticeable of which being related to the modelling of the full operational range of the units and the 
chosen approach of a low-resolution step-wise linearization of the units’ efficiency curves. It resulted in the 
impossibility of modelling the real and unoptimized conditions (i.e. simulation the original installation designs) 
and it made a detailed analysis on the operational level irrelevant when slighter deviations were expected (i.e. in 
the Impact of Demand Uncertainty scenario). This approach is a direct result of the MILP formulation, and it 
was found that increasing the number of segments used would incur into a too great additional computational 
burden. 
Therefore, it might be considered that a linear formulation is too limiting for the modelling of the TEEI’s 
context. Thus, it might be relevant to explore the implications of using non-linear formulations, which should 
allow for a greater modeling detail, whilst however, being also considerably more computationally demanding. 
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Additionally, as mentioned, the modelling of the unit’s synchronized operation was also challenging. In this 
respect the present study proposed that the control parameters related to the synchronization of the units be 
overlook and justified by the use of units with in-build synchronization capabilities. This resulted in only 
needing to model the load sharing behavior of synchronized units, which for modelling purposes was found to 
be quite efficient and satisfactory. 
However, the latter only applied for the modelling of the synchronized units once the decision to engage them 
had been made. The modelling of this decision process was where the modelling challenge was found. As it 
was not possible to investigate the control systems implement the in real commercial units, this control process 
was simulated with a simple constriction on the number of start-ups per installation. The results of the Startup 
Constraint Penalty were found to be satisfactory in some cases, such as in Figure 26. However, as detailed before, 
there were cases were this artificial constraint was unable to provide satisfactory results within a reasonable 
computational time. 
Therefore, it is suggested that in future studies more realistic constraints be imposed on the operational strategy 
of the synchronized generators. If possible, the actual control strategies imposed in the commercial units should 
be investigated and modelled accordingly.  

Additionally, and in alternative to investigation of the real control strategies, it might also be relevant to propose 
alternative ones based on the study of the demand curve patterns found in the TEEI. As discussed in Part I – 
Industry’s background, there are now several entities metering the energy consumption at real events and 
therefore, there should soon be a considerable amount of available data. Hence, it should soon be feasible to 
conduct a study similar to that of [2], but with access to considerably more case studies. This in turn would 
allow for the implementation of modern big-data techniques, possibly resulting in several different new 
interesting conclusions and possibilities, including the mentioned proposal of TEEI context specific control 
strategies for generator units and beyond.  

Feed-back between design and operational problems 
As made evident by the Impact of Demand Uncertainty scenario, the full separation between the design and 
operational problems implies the sacrifice of overall optimality. On the other hand, however, as explained in 
Part III – Model & Methodology, the separation of these two stages of the optimization process allows for the 
consideration of more complex problems. Indeed, at the present level of modeling detail, it is required that the 
problems be separated in order to conduct the procedures within a feasible time. In addition, it was found that 
the level of detail in the current model formulation should see further improvement and not the opposite, 
especially at the operational phase. 

Therefore, it is suggested that in future studies the design and operational split should be kept, however, there 
should be a feed-back of information between the optimization of the two phases. Achieving what is found, 
for example, in [42] or in [52], where the used MILP formulation also separates the two problems, but different 
approaches have been devised to reintegrate them in a computationally efficient manner, and thus maintaining 
the overall optimality of a MILP formulation. 

Assumptions made 
The present formulation as made an initial attempt at accommodating the TEEI’s context into the 
methodologies developed in the literature for polygeneration systems, in doing so devising a customized 
methodology for the analysis of the relevant energy systems. However, given the pioneering nature of the 
present study combined with its limited scope, many of the assumptions made in for the present formulation 
could not be validated. This in turn meant that an analysis of the absolute values found through the 
implementation of the methodology could not be made. 
In particular, the assumptions and simplifications made on the parameters directly related to the system’s design 
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(i.e. rental cost and transportation emissions) require an investigation into the real conditions found in the 
TEEI in order to be accurately defined. After which, an adjustment can be made on the parameters used, and 
the present formulation can be used to quantify absolute figures of the TEEI’s energy system’s performance, 
such as the estimation of the theoretically optimal average electricity cost in events, for example. 

2. Sustainability impact 
As is introduced before, the current state found in the TEEI is that of an outdate traditional approach to energy 
systems, with significant potential for improvements, conjugated with visible efforts to promote change, 
focusing on the increase of energy efficiency and the prevalence sustainable solutions. While on the other hand, 
most of the current efforts are uncoordinated and those that are find their initiatives limited by the severe lack 
of information and methodologies to substantiate their objectives. However, the lack of data paradigm is 
currently changing and thus, the present study has developed an initial attempt at bridging the gap between the 
lack of dedicated quantitative methodologies for the TEEI’s context and the newly emerging sources of 
information. Hence, the greats potential impact the present study implicates is the deliverance of a novel level 
of quantitative rigor that shall aid the industry to better utilize its resources, and thus improve its environmental 
and economic performance while improving the image of the industry in the latter respects. 

Indeed, the present study has found that, at least for the case study analyzed, the optimization potential for the 
current diesel-generator approach had been underestimated (i.e. over 50% potential fuel savings instead of 30-
40%) and has also found that there might be more merit than previously emphasized in integrated system’s 
approach over the current isolated approach. Thus, already demonstrating the potential economic and emission 
savings that can be achieved with the methodology developed in the present study. However, it is of the opinion 
of the authors, that if expanded to the future research topics described in the next chapter, and potentially 
others, the presently developed methodology can significantly contribute to the modernization of the TEEI’s 
energy systems. 

Nevertheless, it should be added that there might be unforeseen limitations to the application of the current 
methodology on an industry wide scale. The TEEI is characterized by the heterogeneousness between events 
which significantly effects its energy requirements, hence it might prove to be fruitless to attempt to model its 
entirety under the same methodology and assumptions. In this way mitigating the potential sustainability and 
economic impact that the present study might have to offer. Regardless, the developed tool should prove to be 
a valuable element in future policy, and system’s design and testing applications in the TEEI. 

3. Future Research topics 
Through the contact with industry and the research conducted for the present study, several alleyways for future 
studies have been found. Hence, value can also be extracted from the present study in the definition of future 
study topics that have been found to be most promising for the TEEI. 

In-depth analysis of the potential of energy storage alternatives 
Often, so call hybrid systems in the TEEI solely involve the inclusion of battery systems alongside the 
traditional diesel generators, while at times these will also include solar PV panels. These solutions are already 
provided by many commercial power suppliers, however, like most of the topics in the TEEI, these have never 
been investigated in a scientific context. 

Therefore, its true costs and benefits have never been accounted for in an industry wide perspective. Here the 
presently developed model, with a few additions, can be used to provide the latter figures and demonstrate the 
true potential of this technology. Energy storage in the TEEI is expected by the authors of the present study 
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to have a considerable positive impact, both environmentally and economically. It can be used to mitigate peak 
demands and thus allow for further downsizing, at the same time as contributing to ‘valley filling’ and residual 
demand coverage. All of which, in combination, could result in considerable fuel savings and better operational 
conditions even when compared to the described optimized systems. 
Furthermore, the inclusion of energy storage in the model would make the inclusion of solar PV, and other 
stochastic RET’s relevant, ultimately enabling the modelling and investigation of operational CO2 free 
solutions. Therefore, an in-depth scientific research into the topic is considered to be of significant value. 

Additionally, the value of a scientific investigation into this topic is further highlighted, as it would enable the 
investigation into alternative energy storage technologies (e.g. beyond lithium-ion and lead-acid batteries). 
Allowing for the investigation of the potential of alternative technologies, their combination and the resulting 
benefits. For example, as described in [53], the use of hybrid energy storage systems (e.g. batteries in 
combination with super capacitors) could improve the operation of the battery packs, but also of the generators 
themselves, achieved by improving power quality factors otherwise considered practically unavoidable. This in 
turn could measurably improve the battery’s service life and thus its Life Cycle performance, particularly in the 
specially demanding conditions found in the TEEI. Which is an issue that might arise form an environmental 
standpoint in the TEEI as batteries will inevitably become more prevalent, and thus fall under a higher degree 
of scrutiny.  

Smart-grids in the TEEI 
As discussed in Part I – Industry’s background, and detailed in [11], the concept of smart-grids has already 
received some attention in the TEEI. However, has described in [11] the concept’s application is still in its 
infancy. Many of its benefits have been stated but not quantified, leaving its true potential undisclosed. 
In the present study, the integrated systems approach, explored in the section: Considering the event as a single 
system, has already served to quantify some of the potential of a smart-grid approach. Although simplistic, in 
this scenario the developed methodology has demonstrated there is a significant additional optimization 
potential over the optimized isolated system, even when limited to the use of generator units. However, it is 
believed that the true benefits that smart-grids can provide in the context of the TEEI are yet to be meaningfully 
quantified. 

A necessary addition to the integrated systems approach explored in the present study is the expansion of the 
present formulation to include energy storage and renewable energy technologies. The operational benefits 
witnessed in the present study are expected to be of even greater magnitude once a more diverse set of 
technologies can be included in the design, and once energy storage is considered. 

However, the benefits of a smart-grid approach are not only related to the improved management of generators, 
RETs and energy storage units, but also in the added redundancy that this approach offers. As mentioned 
throughout the present study, the prevailing priority in the design and operation of energy systems in the TEEI 
is the security assurance of the of energy supply. Here too, it is believed that a smart-grid approach should 
provide the required redundancies in a more efficient manner [11]. 
Once more, it is believed that the presently developed methodology could be used and expanded to evaluate 
the superior redundancy options that a smart-girds approach allows for. Through the development of the 
present study, several state-of-the-art modelling techniques, similar to those here developed, have been found 
which would be able to simulate, optimize and quantify the full scope of the benefits associated with this 
practice. In this way highlighting and contextualizing the expected benefits described in [11], but also likely 
identifying additional benefits yet to be considered. 

The field of literature in which the present model formulation is based on (i.e. modelling and optimization of 
small-scale polygeneration systems) has recently seen applications of several advanced modelling techniques 



 
  

70 
 

which could be directly applied in the TEEI context to model, optimize and quantify the redundancy measures 
required in this industry. In present study the Impact of Demand Uncertainty scenario studied depicts an initial 
attempted at how to accommodate for the redundancy measures expected in the given context. However, at 
least three additional techniques have been found in the literature which would increase the depth of the analysis 
on the effects redundancy in the studied systems and increase the efficiency of their designs. 
The first of which is the modelling of energy systems while considering different priority levels for the energy 
demand, as exemplified in [42]. This modelling technique allows for the consideration of partial failures in the 
coverage of the energy demand, according to the priority level of the loads. In turn, this technique allows to 
model a control system which manages both the supply and the demand of energy. A system like this can use 
the added flexibility to increase energy security where it is truly indispensable while allowing for further system 
downsizing [11]. 
The second example involves the inclusion of reliability and availability of the used units into the optimization 
process, so that redundancy is rooted into the design of the proposed optimal systems, as implemented in [54]. 
In this way accounting for the possibility of unit failure in the optimization of a system’s design, thus accounting 
for an extra lair of redundancy in a sensible and quantified manner. 
Thirdly, and finally, several examples have been found for strategies on how to account for demand uncertainty 
in the system’s design phase. In [55] one can find an elegant approach to model the optimized system’s designs 
under demand uncertainty conditions. With an approach similar to the latter, and preferably after a thorough 
analysis of the characteristics of the demand profiles found in the TEEI, it should be possible to optimize the 
design of redundant systems in a better founded manner than that developed in the Impact of Demand Uncertainty 
scenario. 
It is advised, however, that the mentioned techniques be evaluated under the consideration of a smart-grids 
approach, or at least an integrated system approach, has these are expect to incur in the most additional benefits 
from the application of the mentioned techniques.  

Waste to energy & alternative biofuels 
As described in Part I – Industry’s background, along with energy, the issue of waste at events is amongst the 
top three sustainability priorities of the TEEI. Since events behave comparably with small to medium size 
towns, they produce many waste vectors, some of which have potential for repurposing and conversion into 
fuel sources. In particular, organic waste, via the process of anaerobic digestion, has the potential to be 
converted into bio-gas which could be used as fuel for power production. Alternatively, the produced bio-gas 
could also be a substitute to the natural gas currently used for cooking and water boiling purposes. In this way, 
effectively converting what was otherwise an issue into part of the solution, in a waste to energy approach. 
However, the nature of the mentioned process implies that the conversion from waste to useful products (e.g. 
bio-gas and fertilizer) would not happen within the timeframe of the event. Since most events sites cannot have 
permanent infrastructures installed in them, this implies that a wider inter-event was to energy chain would need 
to be investigated. Nevertheless, the comprehensive and circular nature of this solution is considered to be 
quite in line with the current TEEI’s sustainability goals and was thus found to be a relevant topic of 
investigation in future research efforts. 

Additionally, the use of biofuels in the TEEI, as introduced in Part I – Industry’s background, is one of the 
most recurrent solutions to reduce the GHG emissions related to energy production in events. However, the 
high environmental standards imposed in the industry [16] may limit the availability of the usual biofuel choices 
(e.g. HVO and WVO), effectively constraining the sustainability efforts of the live events industry. Therefore, 
it becomes relevant to propose of alternative processes and sources for utilizing new biofuels that meet the 
sustainability standards of the industry, such as the waste to energy bio-gas production. 

Nevertheless, the waste to energy approach, although noticeably aligned with the goals of TEEI, does incur into 
considerable technical and logistical challenges. Alternatively, it was found that there are currently commercially 
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available fully integrated gasification-driven generator units which seem to not yet have been investigated under 
the TEEI’s context. The process of gasification can transform new forms of biomass into usable fuels for 
power generation, including fuel for internal combustion engines and it has already proven to be commercially 
viable for small-scale power generation [56]. Additionally, the process of gasification should be of particular 
interest to the TEEI as it allows for the use of waste products as feedstock [57], such as plant-based ‘shells’ 
(e.g. almonds and hazel nuts shells), ‘pruning’ (e.g. from eucalyptus, oak or others) and ‘straws’ (e.g. such as rice 
and barley) [56], in some cases also being possible to use agro-industrial waste and municipal waste [57]. 

Small-scale gasification power production is almost always done with internal combustion engines as their 
power producing units, which are most often combined with downdraft gasification reactors [58] [56]. The 
latter configuration has already been successfully commercialized [56] and it is its maturity [58] that makes it 
the most relevant candidate for the TEEI. Namely, the company All Power Labs, specializes in the development 
and commercialization of small-scale gasification fueled generator units. Their latest development is the PP30 
unit, with a maximum 25 kW electric power and 50 kW thermal power outputs, in one unit with a footprint of 
1,78 x 1,42 meters [59]. The unit has several feedstock options which can be considered waste products (e.g. 
walnut and coconut shells and wood chips), and an autonomy of 2,4 hours at maximum load, with the possibility 
of automated refueling, and micro-grid integration capabilities [59]. All of which serves to demonstrate that 
there are waste-derived bio-fuel alternatives to the current bio-fuel selection used in the TEEI which have not 
yet been explored. Hence, it was considered that an evaluation of the potential of bio-gas production, 
gasification-driven units and other possible alternative bio-fuel sources is of considerable in interest to the 
TEEI and should thus be investigated in future research efforts. 
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4. Conclusion 
The developed methodology was indeed able to model the current TEEI’s energy systems and quantify its 
sustainability goals, in particular under the Festival Vision 2025 pledge framework. It is considered that, if 
expanded to more case studies, it should be possible to conduct an analysis on the TEEI’s energy system’s 
performance and improvement potential with a degree of detailed unprecedented in the field. The relevance of 
which is significantly increased given the rise in energy metering at events which was witnessed during the 
execution of the present study, resulting in the foreseeable rise in energy demand data in the TEEI. 

Given the novelty of the context of the present study, many adaptations had to be made to accommodate to 
the new conditions and objectives. On the one hand, new challenges were found in the model formulation 
phase, mostly derived from the inclusion of multiple and synchronized generator units. While on the other 
hand, new parameters had to be suggested to better represent the temporary nature of the systems under 
analysis. From a monetary perspective, the use of an estimated unit rental cost was suggested to represent the 
device’s fixed costs (e.g. capital costs). However, the precise determination of the latter required a validation 
investigation into the assumptions that it required, which was not in the scope of the study. Therefore, limiting 
the analyses of the present study to relative performance terms, as the absolute values were often invalidated. 
From an environmental standpoint, in line with the pledge’s targets, only CO2e emissions were considered. 
However, given the mobile nature of these systems, it was considered that transportation related emissions 
should be accounted for in the modelling of the energy system’s overall emissions. Hence, in addition to the 
operational CO2e emissions, transport CO2e emissions were also accounted for, albeit with some necessary 
simplifications. Regardless, it was found that in systems where fossil fuels were used, the impact of transport 
derived emissions was negligible. While, on the other hand, it was found that in fossil fuel free installations, 
transport emissions were on par with the operational ones, at times higher. Thus suggesting that, when 
comparing fossil fuel free solutions, transport emissions should be factored in. 

Thanks to a couple of partnerships with commercial power providers in the UK, data on the real energy 
consumption in events was made available from recordings performed parallel to the execution of the current 
study. One of the data sources gave insights into the power quality characteristics found at events, ultimately 
weakening some of the assumptions previously made in [4]. Whilst the other source provided an incomplete, 
yet representative view into a full event’s demand. The latter was used as a case study application of the 
developed methodology. 

Methodologies of a similar nature to the one here developed are usually implemented with the use of datasets 
in the order of 100 nodes instead of the over 30 000 nodes found in the original format, therefore a form of 
data treatment was required. However, none of the techniques used in the relevant literature were found to be 
applicable in the TEEI’s context. Hence, a novel and customized approach was proposed, which was found to 
be satisfactory for the purposes of the current study. It should be added nonetheless, that its application should 
be considered case-by-case in future studies in the TEEI, especially in cases where energy storage systems are 
considered. 

The analyzed case study was also subject to the common gross system oversizing typically found in the TEEI, 
as usual, attributable to an un-substantiated reporting of the system’s energy requirements, as previously 
concluded by [4] and mentioned in [5] and [3]. It should be reiterated that the model was designed to handle 
optimized systems, implying that the modeling resolution at sub-optimal operating conditions was sacrificed in 
favor of computational efficiency. Hence, given the magnitude of systems’ oversizing, the proposed model 
formulation could not accurately model the original system conditions. Therefore, parameters directly related 
to fuel consumption were linked to the total fuel consumptions recorded at the event, instead of the using the 
figures found by the system’s simulation. Regardless, it was still possible to conduct a meaningful analysis of 
the case study. 
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Under these circumstances it was found that a cost optimization was sufficient to achieve the pledge’s goals. 
By simply optimizing the system’s design and operation, it was found that, under an isolated systems approach 
(i.e. the traditional approach in the TEEI), it was possible to reduce the average system’s cost by 54% on the 
units’ rental cost and 57% on fuel costs. Which translated into 57% operational CO2e emission savings achieved 
simply by optimizing the diesel generator-based system’s design, instead of the 30% - 40% suggested in [3]. 
Since the Festival Vision 2025 goals proved to be achievable by simple means of optimization of the diesel-
generator-based systems’ designs, the implementation of the methodology to evaluate the targets of the pledge 
was conducted with the cost-optimized systems as a reference point, instead of the original conditions. Under 
these conditions, it was found that the use of bio-fuels if available and sourced properly is sufficient to reach 
the pledge’s goals even with an optimized system as a reference point. With the majority of the added costs to 
comply with the additional emission constraints falling on the operational costs, as more bio-diesel was used 
and the latter is more expensive than regular diesel. 

Beyond the standard application of the methodology, two relevant additional scenarios were concocted to 
further demonstrate the potential of the developed methodology. The first of which was designed to put in 
check the TEEI’s practice of isolating the events sub-systems in favor of energy security. To this end, the 
demand from all the event’s sub-systems was considered as one and optimized as such. However, it was not 
within the scope of the present study to investigate the additional technical, logistical and financial burdens that 
such an integration would imply. Nevertheless, it was considered that the investigation of the positive impacts 
could justify future research efforts. Under these conditions, it was found that, even when comparing with the 
investigated optimized isolated sub-systems, significant cost and emission savings were achieved. A substantial 
reduction of the total number of units required for the event was made possible, which translated into a 55,9% 
reduction in rental costs. From an operational standpoint, further fuel savings were also possible, achieving 
17,5% operational cost and emission reductions. The latter was made possible by the further improvement of 
the generator operational conditions, evidenced in the operational hours spent at low load factors. Here it was 
possible to reduce, respectively, the 157h and 90h spent below 50% and 25% load factors in the isolated 
optimized sub-systems to only 11h below the 50% mark and none below the 25% mark in the integrated 
systems approach. Therefore, in the authors’ opinions, justifying further investigation into the topic. 

The second scenario explored attempted to tackle the issue of demand uncertainty in the TEEI by formulating 
a more realistic design problem set up than that of the prosed standard approach. A hypothetical was conducted 
imagining an events second edition scenario were the demand of the first edition had been recorded and was 
expected to be essentially the same. In this way, a generous yet sensible 50% system sizing safety margin could 
be realistically hypothesized and its effects on the system’s performance evaluated. The results showed that this 
scenario did stress the limit of proposed model’s formulation. Nevertheless, it was possible to assert that an 
informed safety margin as such has little effect on the system’s performance, mainly adding to its rental cost. 
Therefore, it can be concluded that the fuel savings potential found from the standard model approach set a 
realistic optimal performance goal. Further still, this scenario also leads to the conclusion that it is possible to 
design conservative systems without significantly sacrificing efficiency, which implies that it is possible to 
achieve meaningful energy efficiency gains while respecting the TEEI’s energy security requirements. 

An additional finding taken from all of the studied scenarios was that, as expected, there is a significant unit 
downsizing potential, but also that the inclusion of a smaller unit (e.g. 30 or 60kVA) seemed to be cost effective 
in almost every isolated-system case. These smaller units allowed for the downsizing of the main generator 
unit(s), by assisting in the sporadic peak demands. However, their cost effectiveness is believed to be mostly 
justified by the fuel savings achieved in the inevitable residual demand periods. Both in the assembly and 
dismantling phases of the events, there are power demands that must be met. However, these demands are 
often considerably lower and if met by the units sized for the main event phase, significant inefficiencies will 
be unavoidable. 
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The present study, as elaborated in the previous section, also delivers a series of recommendations for future 
model improvements as well as the future study pathways found to be most promising in the TEEI’s context. 
This section is also of significant relevance given that the TEEI’s energy systems have yet to be meaningfully 
investigated and that, as the present study demonstrates, there is significant potential for improvements. Beyond 
a direct continuation of the present study’s research direction, the present study has also identified significant 
potential in the study of smart-energy storage technologies, the investigation of smart-grids in the TEEI and 
the research of waste to energy possibilities along with the study of alternative bio-fuel sources. 
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