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Ω௡ୗ ൌ Storage units located at node 𝑛 
Ω୛ ൌ Water desalination units 
Ω୘ ൌ Time periods 
Ψௗ௧
ୈ ൌ Feasibility set of demand 𝑑 in time period 𝑡 

Ψ௚௧
ୋ ൌ Feasibility set of generating unit 𝑔 in time period 𝑡 

 
 Parameters 

𝐵ℓ ൌ 𝐿𝑖𝑛𝑒 ℓ 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒 ሾ𝑆ሿ 
𝐶ୡେ ൌ 𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑠ℎ𝑢𝑡 𝑑𝑜𝑤𝑛 𝑐𝑜𝑠𝑡 𝑐ሾ$ሿ 

𝐶௖
େ
ൌ 𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑠ℎ𝑢𝑡 𝑑𝑜𝑤𝑛 𝑐𝑜𝑠𝑡 𝑐ሾ$ሿ 

𝐶௖
େ,ி ൌ 𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑜𝑛𝑙𝑖𝑛𝑒 𝑐𝑜𝑠𝑡 𝑐 ቈ

$
h
቉ 

𝐶௖
େ,୚ ൌ 𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 𝑐 ቈ

$
MWh

቉ 

𝐸ௗ
ୈ ൌ Minimum energy consumption of 𝑑 throughout the planning horizon ሾMWhሿ 

𝐸ୱ୲
ୗ ൌ Lower bound of the energy stored in storage unit 𝑠 in time period 𝑡 ሾMWhሿ 

𝐸௦௧
ୗ
ൌ Upper bound of the energy stored in storage unit 𝑠 in time period 𝑡 ሾMWhሿ 

𝑃௖େ ൌ Minimum power production of conventional power plant 𝑐 ሾMWሿ 

𝑃௖
େ
ൌ Maximum power production of conventional power plant 𝑐 ሾMWሿ 

𝑃ௗ௧
ୈ ൌ Lower bound of the power consumption of demand 𝑑 in time period 𝑡 ሾMWሿ 

𝑃ௗ௧
ୈ
ൌ Upper bound of the power consumption of demand 𝑑 in time period 𝑡 ሾMWሿ 

𝑃ℓ
୐
ൌ Capacity of network line ℓ ሾMWሿ 

𝑃௥௧
ୖ
ൌ Available production of unit 𝑟 in time period 𝑡 ሾMWሿ 

𝑃௦
ୗ,େ

ൌ Charging capacity of storage unit 𝑠 ሾMWሿ 

𝑃௦
ୗ,ୈ

ൌ Discharging capacity of storage unit 𝑠 ሾMWሿ 
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𝑅௖
େ,ୈ ൌ Down ramping limit of conventional power plant 𝑐 ൤

MW
h
൨ 

𝑅௖
େ,ୗୈ ൌ Shut down ramping limit of conventional power plant 𝑐 ൤

MW
h
൨ 

𝑅௖
େ,ୗ୙ ൌ Start up ramping limit of conventional power plant 𝑐 ൤

MW
h
൨ 

𝑅௖
େ,୙ ൌ Up ramping limit of conventional power plant 𝑐 ൤

MW
h
൨ 

𝑅ௗ
ୈ,ୈ ൌ Down ramping limit of demand 𝑑 ൤

MW
h
൨ 

𝑅ௗ
ୈ,୙ ൌ Up ramping limit of demand 𝑑 ൤

MW
h
൨ 

𝑋ℓ ൌ Reactance of network line ℓ ሾΩሿ 
Δ𝑡 ൌ Duration of time periods ሾhሿ 
𝜂௦
ୗ,େ ൌ Charging efficiency of storage unit s ሾ%ሿ 
𝜂௦
ୗ,ୈ ൌ Discharging efficiency of storage unit s ሾ%ሿ 

𝑃௡
୑
ൌ Maximum power that can be traded with the grid at node 𝑛 ሾMWሿ. 

𝑃௥௧
ୖ,୅ ൌ Maximum production of renewable unit 𝑟 in time period 𝑡 ሾMWሿ. 

𝑃
୚
ൌ Power capacity of generation assets ሺpositiveሻin the VPP ሾMWሿ. 

𝑃௏ ൌ Power capacity of consumption assets ሺnegativeሻin the VPP ሾMWሿ. 

𝑈ௗ௧
ୈ ൌ Utility of demand 𝑑 in time period 𝑡 ቈ

$
MWh

቉. 

𝜆௧ୈ୅ ൌ DA energy market price in time period 𝑡 ቂ $

୑୛୦
ቃ.  

𝜆௧ୖ୘ ൌ RT energy market price in time period 𝑡 ቈ
$

MWh
቉. 

𝑃෨௥௧
ୖ,୅ ൌ Average production of renewable unit 𝑟 in time period 𝑡 ሾMWሿ. 

𝑃෠௥௧
ୖ,୅ ൌ 𝑃roduction fluctuation of renewable unit 𝑟 in time period 𝑡 ሾMWሿ. 

𝛼 ൌ 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙 𝑓𝑜𝑟 𝐶𝑉𝑎𝑅 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 
𝛽 ൌ 𝑊𝑒𝑖𝑔ℎ𝑖𝑛𝑔 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑟𝑜𝑓𝑖𝑡 𝑎𝑛𝑑 𝐶𝑉𝑎𝑅 
Γ௥ோ ൌ 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑏𝑢𝑑𝑔𝑒𝑡 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑢𝑛𝑖𝑡 𝑟 
𝑊𝑑௪௧ఊ

ௐ஽௎ ൌ Water demand from the WDU ሾ𝑚ଷሿ 

𝑊𝑑௪
௣௘௔௞ ൌ daily peak water demand from the WDU ሾ𝑚ଷሿ 

𝑊𝑑௪௧
௣௥௢௙௜௟௘ ൌ normalized water demand from the WDU 

𝑃𝐸௪ௐ஽௎ ൌ Electric power consumption of the WDU ሾ𝑘𝑊/𝑚ଷሿ 
𝐾௝௢௨௟௘
௞௪௛  ൌ Conversion from Mega Joule to kW ሾ0.277778ሿ 

𝑃𝑇௪ௐ஽௎ ൌ Thermal energy consumption of the WDU ሾ𝑀𝐽/𝑚ଷሿ 
𝑊𝑔௪ 

ு஼ ൌ Hourly maximum water generation capacity of the WDU ሾ𝑚ଷ/ℎሿ 
𝑊𝑔௪ 

்஽஼ ൌ Total daily water generation capacity of the WDU ሾ𝑚ଷሿ 
𝑊𝑃𝐶௪஼௛௔ ൌ Water charging capacity of the tank of the WDU ሾ𝑚ଷሿ 
𝑊𝑃𝐶௪஽௜௦ ൌ Water discharging capacity of the tank of the WDU ሾ𝑚ଷሿ 
𝑀 ൌ a big value positive constant 
𝑊𝐶௪்௔௡௞ ൌ Total capacity of the tank of the WDU ሾ𝑚ଷሿ 
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𝑋௧
௟௜௠ ൌ a value to decide the reliability of participation into the markets  

𝑈௪௧
୛ୈ୙ ൌ Utility of demand 𝑜𝑓 𝑡ℎ𝑒 𝑊𝐷𝑈 in time period 𝑡 ቂ $

୑୛୦
ቃ. 

 
 Variables 

𝑒௦௧
ୗ ൌ Energy stored in storage unit 𝑠 in time period 𝑡 ሾMWhሿ 
𝑝௖௧

 େ ൌ Power generation of conventional power plant 𝑐 in time period 𝑡 ሾMWሿ 
𝑝ௗ௧
ୈ ൌ Power consumption of demand 𝑑 in time period 𝑡 ሾMWሿ 
𝑝௚௧
ୋ ൌ Power generation of generating unit 𝑔 in time period 𝑡 ሾMWሿ 
𝑝ℓ௧
୐ ൌ Power flow through line ℓ in time period 𝑡 ሾMWሿ 
𝑝௥௧ୖ ൌ Production of stochastic renewable generating unit 𝑟 in time period 𝑡 ሾMWሿ 
𝑝௦௧
ୗ,େ ൌ Charging power level of storage unit 𝑠 in time period 𝑡 ሾMWሿ 
𝑝௦௧
ୗ,ୈ ൌ Discharging power level of storage unit 𝑠 in time period 𝑡 ሾMWሿ 
𝑢௖௧
େ ൌ Binary variable equal to 1 if  𝑐 is generating electricity in period 𝑡 , 0 otherwise 
𝑢௦௧
ୗ ൌ Binary variable to prevent simultaneous charge & discharge of 𝑠 in period 𝑡 
𝑣௖௧
େ,ୗୈ ൌ Binary variable equal to 1 if  𝑐 is shut down in period 𝑡 , 0 otherwise 
𝑣௖௧
େ,ୗ୙ ൌ Binary variable equal to 1 if  𝑐 is started up in period 𝑡 , 0 otherwise 
𝛿௡௧ ൌ Voltage angle at bus 𝑛 in time period 𝑡 ሾradሿ 
𝑐௖௧
େ ൌ Auxiliary variable to linearize start up cost of unit 𝑐 in time 𝑡 ሾ$ሿ. 
𝑐௖௧
େ ൌ Auxiliary variable to linearize shut down cost of unit 𝑐 in time 𝑡 ሾ$ሿ. 
𝑝௧ୈ୅ ൌ Power scheduled to be bought from, sold to ሺif negative, positiveሻ 
the DA energy market in time period 𝑡 ሾMWሿ. 
𝑝௡௧୑ ൌPower scheduled to be bought from/sold to (if negative/positive) the Day-
ahead and real-time energy markets at node n in time period t [MW]. 
𝑝௧ୖ୘

ൌ Power scheduled to be bought from, sold to ሺif negative, positiveሻthe RT energy 
 market in time period 𝑡 ሾMWሿ. 
𝑝௦௧
ୗ ൌ Net power level of storage unit 𝑠 in time period 𝑡 ሾMWሿ. 
𝜇 ൌ Auxilary variable to linearize CVaR ሾ$ሿ 
ρ ൌ 𝑉𝑎𝑙𝑢𝑒 𝑎𝑡 𝑟𝑖𝑠𝑘 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 ሾ$ሿ 
ζ ൌ 𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑓𝑖𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑉𝑃𝑃 𝑜𝑣𝑒𝑟 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑛𝑖𝑛𝑔 𝑓𝑟𝑎𝑚𝑒ሾ$ሿ 
𝐶௖௧ఊ
େ,୚,୊ ൌ 𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑎𝑛𝑑 𝑓𝑖𝑥𝑒𝑑 𝑐𝑜𝑠𝑡𝑠ሾ$ሿ 

𝑝௖௧ఊ௜
େ ൌ 𝐴𝑢𝑥𝑖𝑙𝑎𝑟𝑦 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 𝑓𝑜𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑠𝑡 
𝑦௖௧ఊ௜ ൌ 𝐴𝑢𝑥𝑖𝑙𝑎𝑟𝑦 𝑏𝑖𝑛𝑎𝑟𝑦 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠 𝑓𝑜𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑠𝑡 
𝑊𝑔௪௧ఊ

்௔௡௞ൌ Water generated by the tank of the WDU ሾ𝑚ଷሿ 
𝑊𝑔௪௧ఊ

ௐ஽௎ ൌ Water generated by the WDU ሾ𝑚ଷሿ 
𝑃𝑑௪௧ఊ

ௐ஽௎ ൌ Total equivalent electric demand of the WDU ሾ𝑀𝑊ሿ 
𝑊௪௧ఊ

஽௜௦ ൌ Discharged water from the tank of the WDU ሾ𝑚ଷሿ 
𝑊௪௧ఊ

஼௛௔ ൌ Charged water to the tank of the WDU ሾ𝑚ଷሿ 
𝐵𝑇௪௧ఊ

஼௛௔ ൌ Charging indicator of the tank of the WDU 
𝐵𝑇௪௧ఊ

஽௜௦ ൌ Discharging indicator of the tank of the WDU 
𝑊௪௧ఊ

்௔௡௞ ൌ Water stored in the tank of the WDU ሾ𝑚ଷሿ 
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𝑝௧ఠఊ
௦௨௠ ൌ Power balance at each hour ሾ𝑀𝑊ሿ 
𝐵௧ఠఊ
௦௨௠ଵ ൌ Binary variable to detect the sign of the power balance 

𝐵௧ఠఊ
௦௨௠ଶ ൌ Binary variable to detect the sign of the power balance 

EP௣௥௢௙௜௧ ൌ Profit/loss made by the energy pool 
𝑉𝑃𝑃ா௉

௣௥௢௙௜௧ ൌ Profit/loss made by the VPP 
𝜆௬
ோ்,௔௖௧ ൌ The real time market price at hour y 
𝑝௧௢,ா௉ ൌ Power supplied from the VPP to the EP 
𝐶௖௧ఊ
େ ൌ 𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡ሾ$ሿ 

𝑝௪௧ఠఊ
୛ୈ୙ ൌ Power consumption of the WDU unit w in time period 𝑡 ሾMWሿ 
𝑝௖௧

 େ,୫ୟ୶ ൌ Intermediate variable for maximum power generation of conventional  
power plant 𝑐 in time period 𝑡 ሾMWሿ 
 
 
 

 
 
 
 



xxii 
 

ABSTRACT 

 
Full Name : [HUSSEIN ADEL ABDELAZIM ABDELLATIF] 
Thesis Title : Virtual Power Plant Operation Optimization 
Major Field : [Electrical Engineering] 
Date of Degree : [May 2022] 
 
A virtual power plant is considered as a microgrid that trades power with the electricity 

markets and that does not work in an islanded scheme. Virtual power plants have attracted 

attention over the past years and even decades and some virtual power plants have been 

practically implemented such as Next Kraftwerke, Germany. Virtual power plants may 

have a centralized, distributed or comprehensive control scheme. Based on the control 

scheme, the optimization/ operation of the virtual power plant is designed. In this research, 

a comprehensive literature survey on the major mixed integer linear programming models 

on the operation optimization of the virtual power plants will be done. After that, a 

comprehensive virtual power plant optimization model will be constructed comprising 

dispatchable and non-dispatchable generators with their comprehensive constraints based 

on the models studied in literature. Then, the first objective optimization problem will be 

designed to achieve operational cost minimization and profit maximization as well. 

Additionally, risk factor will be considered through the use of conditional value at risk 

representation. Next, reliability constraints for the system power balance security will be 

developed and tested for effectiveness. Using those reliability constraints along with the 

previous objectives, a multi-objective optimization problem will be formulated. It is 

proposed to include a water desalination unit (WDU) as a specific load type due to its 

importance especially in countries that rely heavily onto water desalination such as Saudi 

Arabia. Water desalination units have a huge infrastructure and they can serve as virtual 
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storage units. These reasons make it very essential to consider such type of load and to 

consider its way of interaction with the electrical network. The virtual power plant will 

participate in both the day-ahead and real-time markets. An improved auto regressive 

moving average model is proposed and a special-order set type two model is also tested for 

the representation of piecewise linear functions representation in linear programming since 

the conventional generator variable cost is approximated as a piecewise linear function. 

Lastly, a virtual power plant cluster is proposed, designed, simulated, and tested as a newly 

introduced concept in this research that is analogues to the microgrid cluster concept. The 

final design proposed in this research will have extremely high reliability such that it shall 

not fail to balance the power at any hour of the day. 
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 ملخص الرسالة 

  
  فعبد اللطي  معبد العظيحسين عادل  الاسم الكامل:

  
     الطاقة الافتراضية اتتحسين تشغيل محط : عنوان الرسالة

  
  هندسة كهربائية  التخصص:

  
 2022 مايو العلمية:تاريخ الدرجة 

 
. النظام المنعزلتعتبر محطة الطاقة الافتراضية بمثابة شبكة صغيرة تتداول الطاقة مع أسواق الكهرباء ولا تعمل في  

السنوات مدار  على  الانتباه  الافتراضية  الطاقة  محطات  الطاقة   ،الماضية  والعقود  جذبت  محطات  بعض  تنفيذ  وتم 

ألمانيا. قد يكون لمحطات الطاقة الافتراضية مخطط تحكم مركزي    ،Next Kraftwerke  محطة  الافتراضية عملياً مثل

  البحث،تم تصميم تحسين / تشغيل محطة الطاقة الافتراضية. في هذا  ي  التحكم،أو موزع أو شامل. بناءً على مخطط  

للأد  شامل  مسح  إجراء  الرئيسية  سيتم  الخطية  البرمجة  نماذج  حول  الطاقة ل  المستخدمةبيات  محطات  تشغيل  تحسين 

تحسين محطات الطاقة الافتراضية يشتمل على مولدات قابلة مصمم ل  شامل  سيتم إنشاء نموذج  ذلك،الافتراضية. بعد  

  لهذه المولدات والأجزاء  ود الخطيةالقي  الأخذ بعين الاعتبار  مع  للتشغيل والإيقافغير قابلة  مولدات  و  للتشغيل والإيقاف

تقليل التكلفة التشغيلية ل  تحسين   أول نموذج لنظام  سيتم تصميم  ذلك،بناءً على النماذج التي تمت دراستها في الأدبيات. بعد  

سيتم النظر في عامل الخطر من خلال استخدام القيمة المشروطة في تمثيل   ذلك،الأرباح أيضًا. بالإضافة إلى    وزيادة

. إثبات فاعليتها توازن طاقة النظام واختبارها من أجل  في  مان  تحسين الأل  خطيةسيتم تطوير قيود    ذلك،المخاطر. بعد  

قيود   الأهداف    الأمانباستخدام  مع  جنب  إلى  جنباً  تحسين    السابقة،هذه  مشكلة  صياغة  يقُترح  .  الأهدافمتعددة  سيتم 

تضمين وحدة تحلية مياه كنوع حمل محدد نظرًا لأهميتها خاصة في البلدان التي تعتمد بشكل كبير على تحلية المياه مثل 

المملكة العربية السعودية. تمتلك وحدات تحلية المياه بنية تحتية ضخمة ويمكن أن تكون بمثابة وحدات تخزين افتراضية. 

والنظر في طريقة تفاعله مع الشبكة   الأحمالعل من الضروري للغاية النظر في مثل هذا النوع من  هذه الأسباب تج

 نظام . تم اقتراحالموازنة الحالية سوقو التالياليوم : سوق شارك محطات الطاقة الافتراضية في كل منتس الكهربائية.

ARIMA  ،اختبار نموذج    سيتمكما    محسّنSOS2  المعادلات الخطية متعددة الأجزاء الخطية تمثيل  والذي يستخدم ل

 أخيرًا،دالة خطية متعددة الأجزاء.    يتم تمثيلها على هيئة  التكلفة المتغيرة للمولد التقليدي  حيث أن  .البرمجة الخطية  في
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  مقدم في هذا البحث  يد جد وتصميمه ومحاكاته واختباره كمفهوم    "مجموعة محطات طاقة افتراضية"  مفهوم   تم اقتراح

سيكون للتصميم النهائي المقترح في هذا البحث موثوقية عالية للغاية بحيث    لمفهوم مجموعة الشبكات الصغيرة.  مشابهًا

 لا يفشل في موازنة الطاقة في أي ساعة من اليوم.
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1 CHAPTER 1 

INTRODUCTION 

1.1 Background 

In traditional networks, the load was assumed to be given and the supply had to be 

continuously adjusted. The units with the least production cost would cover the minimum 

load during the year and that can be easily illustrated on a load duration curve (LDC). In 

certain places, these units with the least energy production cost are usually the nuclear or 

coal fired units. The more expensive energy production units usually cover the peaks and 

renewable energy resources were not used as main sources that often. However, with the 

need for the reduction of CO2 emission and for newer policies that help the world become 

greener, the urge of having more renewable energy resources and higher renewable energy 

resources penetration has risen. This requirement of variability of resources comes with 

network transformation, and different network topologies such as microgrids and virtual 

power plants (VPP). In Denmark and Germany for example, the renewable energy sources 

on some days would exceed the total demand and/or would exceed 50% of the total energy 

generation. If we take Germany as an example of a country whose energy demand has a 

peak around 80 GW, due to CO2 reduction policies, it will phase out about 7GW of coal 

fired plants by 2022 in addition to 11 GW of nuclear power plants as well, [1]. We can 

notice the dramatic change in the resources types and structures. It is worth noting that not 
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only the generation resources are variable such as renewable energy sources (RES) but also 

the demand types such as electric vehicles (EV) and the network topologies are different, 

like distributed energy resources (DER) or distributed generation (DG). By 2030 and 

compared to 1990, the European Union (EU) is planning to reduce the greenhouse gases 

by 40% and to increase the renewable energy resources generation by up to 27%, [1]. Also, 

to avoid the climate change risks, 178 countries have signed Paris agreement which states 

that the global increase in temperature shall be reduced below 2 °C, [2]. 

 

The renewable energy sources (RES) are non-dispatchable unlike nuclear and coal powered 

sources. Therefore, the RES shall be treated differently to avoid wasting/curtailing their 

output. Such sources have both intermittent output as well as an output that cannot be 

dispatched whenever needed. There are challenges that come with the intermittency of 

those RES such as power quality, and voltage level control, but those challenges can be 

tackled with the use of the right technologies as stated in [3]. Due to the fact that those RES 

are non-dispatchable, the electricity market has to adjust its structure or strategy.  In order 

to make the renewable energy sources competitive in the electricity market and to 

encourage the installation of renewable energy sources, policies like feed-in tariff have 

been made. But that has an effect on the profit of utilities. In [2][4], the authors stated that 

10% penetration of photovoltaic (PV) resources has led to up to 15% drop in the profit of 

utilities in the US. The effect on the wholesale EU market is observable as well since the 

marginal cost of wind and solar is theoretically zero which causes a wholesale electricity 

price reduction, [5]. One of the methods that can be used to overcome the issue of 

dispatchability is to consider the load and the generation variable/flexible where both have 
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to be adjusted to meet each other. This helps in adjusting the demand based on the 

wholesale prices through what is called demand side management (DSM) or demand 

response (DR). Variable power plant is one idea that handles this concept of variable 

demand and variable supply.  

 

RES penetration however can cause big loss to generators whose generation plants have 

high energy production cost as RES cause wholesale market price drop as illustrated in 

Figure 1-1. Though there are multiple issues that have been mentioned regarding the 

penetration of RES, the advancement in the communication technologies is making it easier 

now for the distribution and transmission operator to control the load in a way that can 

mitigate some of these issues. However, how to optimally dispatch these RES in a flexible 

manner with the flexible demand stays complicated with the current policies and market 

models. This is where VPP plays a role in transforming smart grids and RES into a more 

advanced model of interaction between the wholesale and retail markets. And that is done 

through the use of modern communication, control, and optimization technologies. 

 

Figure 1-1   High penetration of DER into the Spot market [6]. 
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There are a few VPPs that have been developed already by different entities and one of the 

most popular ones is Next Kraftwerke in Germany. Usually, those VPPs follow a 

centralized control scheme. Next Kraftwerke has more than 13,000 consumers and 

suppliers as participants in its VPP and their capacity exceeds 10,000 MW. Figure 1-2 

shows that almost one third of the generation in Germany in 2016 was from renewable 

energy sources which shows why a VPP would be essential for areas like that. This of 

course does not apply to Germany only but a couple of other places too, for example: 

California, New York, Hawaii, Texas, Denmark, South Australia, Norway and Iceland. 

Figure 1-3 shows the same the energy generation in Germany in 2022. The results 

compared to Figure 1-2 show that there is great renewable energy sources penetration. As 

stated earlier, the RES participation into the wholesale market would lower the market 

price and that can be seen clearly in Figure 1-4. 

 

Figure 1-2   Breakdown of renewables in German electricity generation mix in 2016. Source: Next Kraftwerke, 
based on German Renewable Energies Agency 2016 
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Figure 1-3   Breakdown of renewables in German electricity generation mix in 2021,[199]. 

 
 
 

 
Figure 1-4   Development of electricity future prices in Germany since 2012. (Source: Next Kraftwerke, based on 

data from the European Energy Exchange (EEX) 2016.) 

 

As per [7], The inclusion of RES will lead to drop in the electricity prices based on which 

the sources with high energy production cost will be unprofitable. The authors estimated 

that through 2020, around 230 GW of the fossil resources capacity will be unprofitable in 

Europe.   
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1.2 Motivation 

A VPP is the concept of managing multiple distributed energy resources (mainly 

renewable) in order to be represented as big power generator and thus help in the network 

power generation and to participate in the wholesale electricity market. The main 

difference between a microgrid (MG) and a VPP is that a MG can work in an islanded 

mode and it does not participate in the wholesale electricity market. The VPP participates 

in the wholesale electricity market and cannot be disconnected from the grid, [20]. From 

this, it can be concluded that the main purposes of having a VPP are:  

1. Energy trading in the wholesale market 

2. Generation and demand balancing 

3. Network services 

4. Optimization of the VPP consumption and generation.  

VPP can be an aggregation of DER and that helps in: 

1. Giving the DER the ability to enter the wholesale electricity market. 

2. Having both the generation and load in one location. 

3. Diversification of generation sources and locations. 

4. Adding new ways of paying the renewable energy sources owners. 

Though the most common applied VPP in practice is the centralized one, other schemes 

have various benefits but higher level of complexity. The three main control schemes are: 

1. Centralized control method where the decision comes from the VPP operator. 

2. Distributed control method where the generators have the choice to maximize their 

own profit and that might affect the overall competitiveness of the VPP in the 
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market. However, it would reduce the calculation burden compared to the 

centralized control. There is also a VPP communication control level. 

3. Comprehensive control method. It is similar to the distributed control method but 

with multiple control points at the generators’ side. Which means that there are 

multiple distributed control points that pass their best output to the central VPP to 

submit the overall strategic decision to the market. 

Virtual Power plants have different control schemes among which some have advantages 

over others but also each has its own disadvantages. With that being said, there is a big 

area of research in the topic of VPP in terms of the technical aspect, commercial aspect, 

and optimization of objectives. 

 

1.3 Objectives 

The objectives of this research are: 

1. To develop a model for the VPP which will contain both dispatchable and non-

dispatchable generators. 

2. To formulate the problem as a multi-objective optimization problem. 

3. To assess and select an accurate and the most computationally efficient model for 

the conventional generator that will resemble the piecewise variable generation cost 

model. 

4. To include specific type demand, a water desalination unit, into the VPP as this 

demand specifically plays an essential role into countries like Saudi Arabia that rely 

heavily onto desalination as a source of sweet water. In addition, the water 
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desalination unit can be used as a virtual energy storage unit in the planning of the 

VPP. 

5. To develop a sequential ARIMA model for increased prediction accuracy for the 

real-time market data. 

6. To propose, introduce and construct a new concept for a reliable VPP that is highly 

immune to power imbalance. 

7. To construct a new concept of a VPP cluster. This VPP cluster will include an 

energy pool (EP) as part of its structure.  

 

In order to achieve the above objectives, the following milestones/tasks shall be 

accomplished:  

1. To make a thorough literature review on the major linear programming models of 

the VPP. 

2. To make the most comprehensive model in terms of constraints based on the models 

studied in literature. 

3. To formulate a single objective optimization problem to achieve operational cost 

minimization. 

4. To make a single objective optimization problem in order to maximize the net 

profit. 

5. The VPP model shall/will participate in the balancing and day-ahead markets. 

6. Add the risk factor into the optimization problem. 
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1.4 Dissertation Organization 

This dissertation starts with the introductory chapter which is the first one. The second 

chapter covers the literature work that has been done on the topic of virtual power plants, 

and its related areas. After that, the problem is formulated in the third chapter where 

multiple models are presented among which one is selected for the simulations. The fourth 

chapter explains the methodology used in this research while the fifth chapter has case 

studies and simulations of the selected virtual power plant. These simulations will be 

assessed and analyzed before introducing the idea of involving an energy pool with the 

VPP in the sixth chapter. The technique of using an energy pool with a virtual power plant 

will be introduced and a base case study will be simulated in the sixth chapter. After that, 

A virtual power plant cluster will be designed, its input data will be provided, and it will 

be simulated and analyzed in the seventh chapter. Lastly, the conclusion and possible future 

work will be provided over the last chapter. 
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2 CHAPTER 2 

LITERATURE REVIEW 

In this chapter, the definition and topologies of VPP will be presented and a review on 

the research done so far on VPPs will be made. Also, the applications of the different 

types of VPPs will be reviewed. 

2.1 Virtual Power Plant 

A VPP is a software platform that is based on the technologies of communication which 

integrate multiple distributed generation sources, and manages them along with energy 

storage systems and variable loads with the aid of Energy Management Systems (EMS), 

[8], [9]. To overcome the issues that come with the traditional DER such as the voltage 

level control, a VPP can be adopted, [10]-[12]. A VPP usually integrates and coordinates 

different DER into one single point which helps in both adding new benefits to the DER 

consumers and operators as well as eliminating/ easing issues that come with the DER such 

as stability [13]. There are a lot of concepts that apply to the smart grids that can also apply 

to VPPs such as web to energy [14]. Web to energy is a project to standardize information 

and communication technologies (ICT) in terms of network security, data base control, and 

communication. Thus, all market participants can have fair access to the same amount of 

information. New technologies in communication and concepts like Internet of Things 

(IoT) have enabled the operation of VPPs to be more efficient [15]. The idea of combining 
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multiple generation sources of different types under one virtual power plant has been 

assessed in [16] and several benefits have been given by the authors. Their proposed Virtual 

utility offers both the ability to participate in the wholesale market and the ability to have 

lower electricity prices. Their virtual utility was however not considered as a VPP without 

having the software and the structure that connects those DER to the grid as one big virtual 

power generator. This then helps the Transmission System Operator (TSO) to deal with the 

multiple DER as they are aggregated into one single point. The authors in [17] have divided 

the VPP into two types, where the first one is the Technical VPP (TVPP) and the second 

is the Commercial VPP (CVPP). The CVPP is responsible for the interaction between the 

wholesale market and the DER where it does the bidding, and balancing jobs without 

having to own the DER. On the other hand, the TVPP is responsible for the technical 

parameters of the VPP, sharing the necessary technical details with the TSO, including the 

physical structure of the VPP. It also covers the regulations segment of the VPP and its 

interaction with the network.  

 

One of the necessary requirements for a well-designed VPP is using optimization 

techniques to handle the different objectives from the point of view of the TSO, VPP, DER 

owners, and the consumers. These optimization algorithms have been discussed and 

compared in [18]. With the increase of DER, and consumers turning into prosumers 

(consumers who have generators), the uncertainties have become more complicated to 

predict, and to have some statistics about the consumption, the authors in [19] proposed 

the use of Artificial Intelligence (AI) for the forecast purposes. In [20]-[21], different 

techniques of scheduling VPPs have been discussed. In [22], the authors have divided the 
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control methods of VPPs into three categories: centralized control where the VPP owner is 

the ultimate decision maker, and it sets the operating point for all participants, and they 

must follow. Thus, the optimization is done on the overall system with a large number of 

variables and uncertainties and this has two main issues. One of those issues is the 

computational burden and the other is the difficulty of inclusion of new participants. The 

second control method is the distributed control method where the central controller is 

responsible for the security and operation of the system while each DER has its own 

controller for subsystem optimization and this helps in allowing for system scalability. The 

third control method is the fully distributed control method which is very similar to the 

distributed control method but with less reliance on the central controller. In the third 

control method, the central controller becomes responsible for information exchange only. 

This method appears to be the best practice only in case the DER have the ability to respond 

to the market and system changes intellectually. Nevertheless, with the current network 

structure, it is very hard for the DER to make such intellectual and accurate optimization 

decisions in a well-coordinated manner.  

 

In CVPP, the economic optimization issue is very complex and cannot easily be solved by 

deterministic approaches which urges the researchers to focus on the stochastic 

approximations. In [23], the different stochastic approximation methods for CVPP are 

discussed and compared. TVPP is responsible for the security of the participants of the 

VPP and the security of their information, and thus, the communication methods must be 

as secure as possible under the governance of the TVPP, [24]. A VPP solves the issue of 

intermittency of the RES by integrating multiple types of generators under one virtual 
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platform [25]. It also balances both the supply and the demand locally, and in the market 

which makes it promising for network operators, [26]-[27]. Other benefits that participants 

can make use of when being part of a VPP, as per [28]-[30], are profit maximization, which 

comes from the energy trading benefit. Also, the ability to participate in the balancing and 

network services.  

 

A VPP can be thought of as an expanded and improved idea of a smart energy hub. A smart 

energy hub is considered as a zone where multiple generators and consumers are gathered 

in one hub with the use of network and communication technologies and they have their 

own control system, [31]. A smart energy hub also makes use of DSM where it helps both 

increasing the profit of the electricity providers and reducing the bills of the consumers, 

[32]. Expanding the idea of smart energy hub leads to the concept of VPPs. The VPP must 

work on maximizing the profit of all participants with the ability to help in network 

balancing services and having the least negative environmental impact, [18]. 

 

TVPP and CVPP cover all the technical and commercial aspects of the VPP and that 

includes the different feed in tariffs which are also a part of the EMS. These tariffs must 

be updated regularly and informed to consumers, [33]. Different ways of calculating these 

tariffs are provided in [34]. The authors in [35] propose information and communication 

technology for the communication between the VPP components. This highlights how 

essential the EMS to the VPP especially in terms of sizing optimization, [36]. 
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2.2 Virtual Power Plant Components 

As discussed earlier, a VPP contains both dispatchable and non-dispatchable generation 

units where the dispatchable units may include Combined Heat and Power (CHP), Plug-in 

Hybrid Electric Vehicle (PHEV), and Energy Storage Systems (ESS), [37]. The non-

dispatchable units can be PV, Wind Turbines (WT), and Hydropower (HP). In addition to 

also including flexible loads under the category of demand response. Some references such 

as [38] and [39] study VPPs that are made of only one type of generators, which is WT in 

this case, and they study its participation in the intraday and day ahead markets. However, 

a more comprehensive study should cover different types of generators and loads. In [40], 

the authors consider only PV virtual power plant, and they proposed a distributed control 

method which also lacks the inclusion of multiple resources. In addition to the previous 

VPP components, the Information and Communication Technologies (ICT) are considered 

essential components of the VPP as well, [21]. EMS is one of the main components of the 

ICT, [41]. The EMS is utilized by the VPP to control and coordinate all the internal and 

external activities as well as the communication part, [37].  

 

The authors in [42], study only non-dispatchable generators as part of the VPP while 

dispatchable sources are not considered. It is expected that by aggregating the separate 

DER into one VPP that can participate into the wholesale market that the total profit would 

increase according to [43],[44]. Considering the dispatchable generators adds a very 

important aspect to the VPP as they allow for the participation in the balancing market as 

well though this could come with the cost of extra CO2 emission, [45],[46]. In [47], the 

authors include CHP as part of the dispatchable generates while [48] considers using ESS 
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with WT to make up for the uncertainty of the WT output. Thus, considering the ESS can 

mitigate the uncertainty of the non-dispatchable generators as per [49],[50]. In addition, 

the ESS by itself can be considered as a VPP and participate in the wholesale market, [51]. 

EVs can be integrated as a VPP if their size is sufficient enough and they can be a part of 

a VPP as well, [52]-[54]. A VPP may not only contain generators but also flexible loads 

under the category of demand response. These loads help in balancing the system as they 

can be optimized with the output of the intermittent resources, [55]-[57]. In [38] to [57], 

some authors consider one generator type such as wind or PV while others consider only 

one category of generators, dispatchable or non-dispatchable, some consider ESS, and 

some consider flexible loads. Nonetheless, none of them have considered combining all of 

these components in one system for a more comprehensive model of interaction between 

the different sources and load types. 

2.3 Prediction Algorithms in VPP 

In power systems, a number of mathematical methods/algorithms are used in forecasting. 

These methods can apply to VPPs as well since the components of a VPP are power 

systems components. In [58]- [60], energy management model method is implemented 

which aims for prediction accuracy improvement by the adjustment of the time scale. The 

authors in [61]-[63] proposed a model for a renewable energy market which has a 

stochastic nature. The proposed model is based on fuzzy logic and it is utilized often with 

WT models. Monte Carlo Simulation (MCS) is a good simulation method for solar 

radiation prediction, and it has been applied in [64]-[66] and they showed improvement in 

the prediction accuracy. A stochastic hybrid intelligent algorithm is employed in [67]-[69] 
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to predict the level of energy in the storage units which showed promising results in terms 

of balancing the energy and lowering the electricity prices. Another method is the empirical 

model and Artificial Neural Network (ANN) decomposition. This method was used in [70] 

and it has been proven to give better results compared to traditional methods in the 

diagnosis of faults in WT. ANN is a popular method which is implemented for optimization 

as well as prediction, and it helps in improving the computing efficiency in addition to the 

accuracy in prediction as per [71]-[73].  

 

2.4 Uncertain Parameters 

Uncertain parameters can be addressed through a different number of techniques. Some of 

these techniques are addressed here. One of the most popular techniques is Monte Carlo 

Simulation (MCS). It is used generally when there is a number of uncertain parameters. In 

[117], MCS was used to address the uncertainties in the renewable energy units output as 

well as the prices of the market. The same model was used in [118]-[120]. The normal 

distribution method (NDM) as used in [121] and [122] can also address those uncertain 

parameters which in return can help maximizing the profit. In [123] and [124] the Weibull 

distribution method was used to address the same three main uncertain parameters. One of 

the most popular models as well is the Auto Regressive Moving Average (ARMA) as used 

in [125]. ARMA was used in this paper in order address the uncertainty in the power 

production of a wind turbine. In [126], Point Estimate Method (PEM) was used. This 

method was used in [127] and [128] to model the uncertainty in a wind turbine power 

generation and the market prices. An extension to the PEM which is the two PEM was used 
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in [126] and [127] as well. When the volatility of the data does not have a specific 

distribution, the robust optimization method could be used as studied in [129]. In [130], 

the scenario tree method was adopted. It works by making a number of scenarios for a 

stochastic problem such as the problem with uncertain parameters. Each method of 

prediction of uncertain parameters has its advantages and drawbacks. ARIMA and MCS 

are however two of the most common methods used for prediction due to their 

effectiveness and strong mathematical theories and basis.  

 

2.5 Optimization Algorithms in VPP 

Optimization is the heart of the software part of any VPP as the objective functions for a 

VPP can vary and can be too many. Therefore, it is important to discuss the recent research 

onto the optimization of VPPs. In [34], [74], [75], the authors applied a method based on 

Ant Colony (AC) optimization method in order to prove that denser networks are not 

necessarily worse or less efficient. The authors have proven that the efficiency of the 

network rather improves the denser the network becomes; up to a certain point. A Mixed 

Integer Linear Method is used in [33], [35], [76] to forecast the wind speed and solar 

radiation. This method is rather a prediction method than an optimization one, but the 

authors considered the accuracy of the data as optimization to the output results. Genetic 

Algorithm (GA) is another heuristic search algorithm which has been applied in [77]-[79] 

to get the optimal sizing of multiple DER for an increase of the reliability of the system. In 

[80]-[83], Firefly (FF) optimization technique was employed to optimize the power lines 

loading for both the transmission and distribution systems for the most effective and 
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flexible loading condition. When it comes to DER placement and sizing, Artificial Bee 

Colony (ABC) is a good optimization method to use, [84]-[86]. Mixed Integer Linear 

Programming (MILP) has been utilized in [87]-[88] and obtained that the use of VPPs in 

networks help in increasing the reliability of the energy and in enhancing the economic 

feasibility of the system. Quantum Particle Swarm Optimization (QPSO) is an 

updated/improved model of the Particle Swarm Optimization (PSO) method,[89]-[91]. 

Optimal energy management of microgrids has been considered using PSO in [92]-[94] in 

a probabilistic framework. There are analytical methods such as the two thirds method, 

[105], or even better the upgraded form of it, [106]. The two thirds method has a drawback 

when the loads are not uniformly distributed and this is why the upgraded form of it was 

introduced. Linear programming as used in, [107], uses linear constraints to increase 

distributed generation penetration. When considering the variations of the renewable 

energy resources output over time, nonlinear programming could be used, [105]. There are 

also other methods such as dynamic programming and the heuristic methods. In [108], 

genetic algorithm was used for deciding the location and size of the power generating units 

under the constraints of the network. A similar purpose was served in [109] but using the 

firefly algorithm. In general, the optimization can be divided into two categories as per 

[103]. The first category is the optimization of the structure of the VPP. The second 

category is the optimization of the operation of the VPP. The operational optimization 

involves the constraints on the generation, charge and discharge of the battery, power flow 

limits and other technical limitations, [104].  
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In summary, there is a number of optimization techniques such as the one-dimensional 

optimization techniques such as Gauss Seidel which work only for objective functions of 

one variable only. Therefore, these are not suitable techniques for the purpose of this 

research. Multivariable objective model such as Newton’s method have to be 

differentiable, continuous and they rely on initial conditions which also makes such 

methods not suitable for problems such as VPP optimization. Guided random or heuristic 

methods are popular and they can be used in VPP optimization problems. However, these 

techniques do not guarantee that the obtained solution is optimum. The solution could be a 

local minimum/ maximum.  This makes linear programming models very appealing for 

VPP optimization problems especially that a VPP problem can be defined through linear 

set of constraints. A linear program that converges to an optimal solution, where the 

problem does not go infeasible or unbounded, guarantees an optimal solution. Therefore, 

mixed integer linear programming is selected as a balanced and powerful optimization 

technique among all the aforementioned techniques. 

 

2.6 Electricity Market and VPPs 

There are different markets for trading electricity. In fact, there are markets that are meant 

for supporting electrical services rather than electricity such as the frequency stability 

service. The main three markets are the day ahead market (DA), real time market (RT), 

and the ancillary service market (AS), [95], [110].  The DA market is the market where the 

bidding and offering are done for the next day.  The prices of the DA market follow a 

probability distribution and there are a number of methods that address this uncertainty as 
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discussed in the previous sections. Point estimation method is one of those methods that 

can address the uncertainty in the prices of the DA market, [111]. Renewable energy 

sources have issues participating in those electricity markets namely: their limited capacity 

and their unstable output, [112]. To overcome this issue, the concept of a VPP is 

introduced, [113].  

 

Participating in the DA market does not guarantee that the VPP will suffice its 

requirements. Therefore, there has to be a balancing market to make up for this. This is 

where the role of the RT market comes. The RT market is a market where the bids and 

offers are cleared on hourly basis. If a VPP for some reason is not able to satisfy the demand 

after the participation in the DA market, it can balance this by purchasing energy from the 

RT market, [114]. The last market of the three is the AS market. This is the market 

concerned about the security and stability of the electrical network. Therefore, services 

such as frequency balance, power balance and the compensation of reactive power are 

considered in the AS market. In addition, power quality concerns and voltage stability are 

part of this market too, [115]. The uncertainty of the prices causes a big burden on VPP 

owners when participating in the DA market. A big deviation from the forecasted prices or 

renewable energy sources output could lead to decrease in the expected profit or even big 

loss, [116].  

 

To make a VPP to participate in these markets, a number of challenges are faced. These 

challenges can be technical, commercial, environmental, or regulatory. Overcoming these 

challenges or some of them can help in making the VPP feasible and profitable, [11], [102]. 
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Market structure, forces, and prices are all commercial challenges. Some of the technical 

challenges are failures, maintenance and cyber security. Dispatchable units form an 

environmental challenge while forming regulatory entities is a regulatory challenge. 

Considering the DA or the RT market alone is not sufficient for VPP studies as any 

mismatch in the DA market can be covered in the RT market, and thus, a comprehensive 

model should consider both markets and should include different types of generators and 

loads.   

 

2.7 Network Management Methods 

The VPP is considered a network. Similarly, a microgrid (MG) is a network with some 

differences in terms of control/ management. Two more types are the load aggregator (LA) 

and the active distribution network (ADN). In this section, the control differences between 

those four types will be explained. First, in terms of objective, the VPP tries to maximize 

its profit, while a microgrid tries to stay stable while increasing the penetration of 

renewable energy sources, [131]-[138]. On the other hand, an ADN tries to have a stable 

power distribution and provide ancillary services when possible [139]-[146].  A load 

aggregator tries to make the maximum possible profit out of the load control [147]-[154]. 

In the four types, a controller shall be available. In a MG, and an ADN, the control scheme 

is centralized while it can be centralized or distributed in a LA. On the other hand, for a 

VPP, it can be centralized, distributed, or comprehensive. In terms of pricing, all the four 

systems are considered price takers which means that they offer/bid and wait for the 

clearing price of the market. Nevertheless, the VPP can be a price maker too.  
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2.8 Summary on VPP 

The first point that is important to understand is why should a VPP be made. Figure 2-1 

shows the objectives of a VPP. The term renewable distributed generation on the figure is 

referred to as (RDG). There are three main objectives, environmental, economic, and 

technical. Technically, the system shall be as reliable as possible. Also, voltage and power 

quality shall be maximized. This is in addition to preserving the technical constraints. 

Economically, the operational cost shall be minimized and the profit shall be maximized. 

Furthermore, the network losses shall be minimized which is part of the minimization of 

the operational cost and maximization of the profit. Environmentally, the whole world is 

going towards increasing the penetration of the renewable energy resources which also 

helps in reducing the emission of carbon dioxide.  

 

 

Figure 2-1 VPP objectives 
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In order to achieve these objectives, a number of challenges shall be overcome. These 

challenges are summarized in Figure 2-2. For example, with the introduction of the VPP, 

regulatory has to be made or the existing regulatory has to be adjusted to account for the 

introduction of this new system. The market prices are one of the most basic and biggest 

challenges to any participant in the electricity market. This is intensified where the market 

forces are considered. Dispatchable technologies can still be part of the VPP and they have 

an environmental impact that makes a new challenge for the VPP. Technically, there are 

some classical technical challenges such as outages, maintenance and failures. However, 

there are new challenges introduced with the introduction of smart grids and VPPs. A new 

challenge is the cyber security. This is because those systems rely heavily on the 

communication within the system and between different systems.  

 

Figure 2-2 VPP implementation challenges 
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The VPP is beneficial in multiple ways. It benefits its owner or participants in terms of 

profit. It also benefits the system operator and policy maker as well as the environment 

since it will helps reducing the emission of carbon dioxide. Whether the participant is a 

consumer or a supplier, both can benefit from being part of a VPP. This is summarized on 

Figure 2-3. To build the VPP, the architecture shown on Figure 2-4 is followed.  First, 

forecast for the demand and renewable energy sources output shall be made. Second, 

stochastic optimization is run in order to decide the strategy of bidding, and scheduling of 

the virtual power plant. Third, the VPP communicates with both the operator of the market 

and the participants of the VPP in order to ensure no break in the technical requirements. 

This is all done through a controller which can be one of three types as shown on Figure 

2-5.  

 

Figure 2-3 Benefits of the VPP 
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Figure 2-4 VPP architecture implementation 

 

The controllers are three types mainly. The first is the centralized type where a central EMS 

controls the VPP. The EMS is in charge of all the units of the VPP where scheduling is 

done and communicated to the operator of the electricity market. The unit commitment is 

also under the control of the EMS in addition to the optimization of the system objectives 

in order to participate into the electricity markets. The central EMS also then communicates 

with the participants to inform them about their final commitment. On the other hand, in a 

distributed control, each participant has its own EMS and decides for its own profit. Those 

distributed EMS inform their schedules to the central EMS which then communicates with 
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the market operator. Lastly, a combination of those two control methods is the 

comprehensive control method. 

 

Figure 2-5 VPP control methods 

 

To achieve the objectives of the VPP while facing the aforementioned challenges, 

optimization techniques are needed. Figure 2-6 shows the most popular but not all the 

optimization techniques that can be used for this purpose. Monte Carlo simulation can be 

used which is very useful for forecasting the uncertain parameters such as the output of the 

renewable energy sources. Robust optimization is also very important as it is a more 

conservative form of stochastic optimization which helps the VPP owner considering the 

worst-case scenario in the scheduling problem. There are many more techniques that can 

be used; some of which are mentioned on the figure below. 
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Figure 2-6 VPP optimization techniques 

 

Since the optimization techniques consider forecasting data and uncertain parameters, it is 

important to define the uncertain parameters involved with the VPP. Figure 2-7 categorizes 

those uncertain parameters into three groups. Generator outages, unplanned outages and 

failures are all technical uncertain parameters. The demand and production can also 
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fluctuate for example when using renewable energy sources. The market and fuel prices 

are uncertain and they affect the operational cost and the profit directly. It is worth noting 

that some of these uncertain variables are direct inputs to the VPP model while others are 

not directly used as inputs to the VPP model. They are rather considered as risk factors.  

 

 

Figure 2-7 VPP uncertain parameters 

 

Lastly, the VPP has two main parts. One is technical and one is commercial. Each ensures 

that no constraint will be broken and they also work towards the main objectives of the 

VPP. The technical part of the VPP which is referred to as TVPP monitors the technical 

parameters such as the voltage stability, system safety and a reliable connection between 

the DER and the grid. It is also responsible for maintenance and system monitoring as well 

as the balance of the system. Thus, any deviation from the schedule, for example in the DA 

market, shall be balanced in the RT market. Similarly, the commercial part of the VPP 

referred to as a CVPP has its own objectives. It is responsible for production and 

consumption forecast as well as the buying and selling services. The optimization, 
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calculation and scheduling that are used for trading in the market are all part of the tasks 

of the CVPP. This is shown on Figure 2-8. 

 

 
Figure 2-8 Technical and commercial VPP 

 

 



30 
 

3 CHAPTER 3 

PROBLEM FORMULATION AND INPUT DATA 

3.1 Virtual Power Plant Components Overview 

A virtual power plant (VPP) is made up of a number of components. It includes stochastic 

renewable energy sources, energy storage units, conventional power plants, and demand. 

All of these components are interconnected through an electric network which is also 

considered in the operation of the VPP. For example, the lines power flow limits could 

affect the power transfer from the VPP to any demand existing on another node of the 

network.  

 

Each of these components can be further classified to sub-components. For instance, the 

stochastic renewable energy sources can be wind turbines, solar cells, electric vehicles, etc. 

The demand can be flexible, semi-flexible, or inflexible. Conventional power plants can be 

diesel generators, combined cycle gas turbines, and so on. The most popular form of 

storage units is the battery. Nevertheless, other storage units can be considered too. The 

electric network itself can be further categorized into conventional network or smart grid.  

 

The variables that are used in the research are divided into groups, namely: indexes, sets, 

parameters and variables. This notion is used as the majority of the coding of the equations 
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of the research will be done on General Algebraic Modeling System (GAMS). And GAMS 

requires the data to be divided into those categories. GAMS is a powerful software for 

linear programming problems. Based on the model, the problem could be a linear 

programming (LP) one and it could be mixed integer linear programming (MILP), 

nonlinear programming (NLP), or mixed integer nonlinear programming (MINLP). 

 

3.2 The Electricity Markets 

The electricity market has multiple trading floors including day ahead (DA) trading, and 

real time (RT) trading. In the DA market, as the name implies, the planning can be done 

one day ahead of the actual power delivery. It can also be done up to a few hours before. 

On the other hand, when it comes to the real-time market, just minutes before the actual 

power trading, it closes. The market has two main participants: suppliers/producers and 

consumers. This is aside from other regulatory participants. Based on the bid and ask prices 

which are ranked against each other as shown on Figure 3-1, the clearing price is decided. 

The clearing price is the price which the consumers need to pay to the producers for the 

quantity of power they will consume. The market considered in this research is New 

England Independent System Operator Market (ISO-NE). The ISO of New England, USA 

is responsible for all the planning, administration, contract management, and electricity 

markets of six states. Those six states are Massachusetts, Vermont, Connecticut, New 

Hampshire, Maine and Rhode Island. The state considered is Massachusetts. The data is 

collected for the city of Worcester, MA, USA which is considered the second most popular 

city in the state of MA after the city of Boston. 
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Figure 3-1   Ask/bid prices listing. 

 

3.3 Virtual Power Plant and Energy Management System 

Now as the idea of the VPP, its components, and the network is presented, it is important 

to elaborate on the operation of the VPP and then on the optimization of this operation. 

The VPP is governed by an energy management system (EMS). The EMS communicates 

with the network operator in a two-way communication channel in order to exchange both 

the technical and the commercial data. This data helps the VPP owner/controller to receive 

market data such as prices, and power transfer limits and helps the market operator balance 

the market between different parties. Figure 3-2, Figure 3-3, and Figure 3-4 elaborate more 

on the EMS operation with the VPP. 
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Figure 3-2   EMS operation with the VPP. 

 

 

Figure 3-3   EMS monitoring data demonstration. 
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Figure 3-4   Purpose of the EMS. 

 

3.4 Uncertainty and Decision Making 

Due to the uncertainty of a number of parameters, stochastic modelling needs to be 

considered. There are different types of modelling for uncertain parameters. Before 

discussing the modelling methods of uncertain data, it must be noted that in stochastic 

modelling a limited set of realizations is made for each uncertain parameter. This has some 

disadvantages because it requires the availability of the data related to those realizations 

and the probability distribution of each of those uncertain parameters. With an increase 

into the number of scenarios in order to get the best possible output, this will definitely be 

computationally expensive. These scenarios or realizations can be made using several 

techniques some of which are shown on Figure 3-5. 
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Figure 3-5   Uncertainty modelling techniques. 

 

In robust optimization, the worst-case scenario is considered. In other words, all the 

possible scenarios are considered for each uncertain parameter. Then, the worst-case 

scenario is considered when optimizing (maximizing or minimizing) the objective function 

of the problem. By tuning some parameters, the decision maker may not go with the worst-

case scenario but with less conservative results. This can best be explained by considering 

two types of robust optimization. The first type is the static robust optimization which 

considers the worst-case scenario as explained above and this is done by taking all 

decisions before making any scenario realization. The second is the two-stage robust 

optimization which in contrary to the first type allows some decisions to be made after 

some uncertainty realizations are made.  

 

3.5 VPP Components 

The VPP comprises multiple components which will be addressed in the sections below. 
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3.5.1 Demand 

A VPP has demand units i.e., it has both generation and consumption units. These 

consumption units may be fed by the grid and may be fed by the sources of the VPP itself. 

The selection between the supply source depends on the market price and the maximum 

profit that can be made. For the best achievement of this objective, the demand has to be 

flexible which means that it can be partially shifted. The shifting can be based on the need; 

for example, due to the lack of the supply from the renewable energy units. It can also be 

due to the price of the market. Whenever the market price is high, the demand can be locally 

fed and when the price is low, it can be fed by the grid. The equations below represent the 

demand. It is worth noting that capital letters generally refer to sets or maximum and 

minimum limits. The detailed meaning of each symbol is shown on the list of abbreviations 

section. 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧

ୈ ൑ 𝑃ௗ௧
ୈ

,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘ (3-1) 

 

𝑝ௗ௧
ୈ െ 𝑝ௗሺ௧ିଵሻ

ୈ ൑ 𝑅ௗ
ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘ (3-2) 

 

𝑝ௗሺ௧ିଵሻ
ୈ െ 𝑝ௗ௧

ୈ ൑ 𝑅ௗ
ୈ,ୈΔ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘ (3-3) 

 

෍ 𝑝ௗ௧
ୈ

௧∈ஐ౐

Δ𝑡 ൒ 𝐸ௗ
ୈ,∀𝑑 ∈ Ωୈ (3-4) 
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Equation (3-1) shows that the demand at a point of time t shall be bounded by the maximum 

and minimum demand limit requirements. Equation (3-2) puts a limit on the rate of increase 

of demand over a period of time t while equation (3-3) puts a limit on the rate of decrease 

of demand over a period of time t. Lastly, equation (3-4) states that the summation of the 

energy demand of all points of time t shall be above the minimum demand level. It is worth 

noting that equation (3-1) shows that the demand is flexible, and it can be between two 

limits based on the requirement and planning. However, it can also address inflexible 

demand by considering that the maximum and minimum power limits are equal at a point 

of time t. The above equations form a linear set of constraints that can be used as a part of 

a linear program.  

 

3.5.2 Conventional Generator 

Conventional generators can be modelled by the equations below. This applies to 

conventional generators whether nuclear, combined cycle gas turbine, or others. 

 

𝑢௖௧
େ , 𝑣௖௧

େ,ୗୈ, 𝑣௖௧
େ,ୗ୙ ∈ ሼ0,1ሽ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘ (3-5) 

 

𝑢௖௧
େ െ 𝑢௖ሺ௧ିଵሻ

େ ൌ 𝑣௖௧
େ,ୗ୙ െ 𝑣௖௧

େ,ୗୈ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘ (3-6) 

 

𝑣௖௧
େ,ୗ୙ ൅ 𝑣௖௧

େ,ୗୈ ൑ 1,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘ (3-7) 
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𝑃௖େ𝑢௖௧
େ ൑ 𝑝௖௧

େ ൑ 𝑃௖
େ
𝑢௖௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘ (3-8) 

 

𝑝௖௧
େ െ 𝑝௖ሺ௧ିଵሻ

େ ൑ ൫𝑅௖
େ,୙𝑢௖ሺ௧ିଵሻ

େ ൅ 𝑅௖
େ,ୗ୙𝑣௖௧

େ,ୗ୙൯Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘ (3-9) 

 

𝑝௖ሺ௧ିଵሻ
େ െ 𝑝௖௧

େ ൑ ൫𝑅௖
େ,ୈ𝑢௖௧

େ ൅ 𝑅௖
େ,ୗୈ𝑣௖௧

େ,ୗୈ൯Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘ (3-10) 

 

Equation (3-5) is a binary equation which lists the variables that can take a value of either 

zero or one. This will turn the problem to a mixed integer linear programming problem 

(MILP). Those three binary variables explain the status of the conventional generator: up 

and running, starting, or shutting down respectively. In addition, equations (3-6) and (3-7) 

bond a relation between those binary states. For example, the generator cannot be starting 

up and shutting down at the same time. Equation (3-8) points out the power generation 

limit of the generator with respect to its state. If the state is zero/off, then the power output 

shall be zero, and it shall be greater than zero otherwise. The last two equations, (3-9) and 

(3-10), restrict the ramping up and down of the generator respectively. Note that this 

ramping is tied with the status of the generator and with the ramping status. For instance, 

if the generator was up and running at time t-1, it cannot be starting up at time t. And thus, 

there is no starting up ramping but there can be ramping up while the generator is running. 
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3.5.3 Stochastic Renewable Energy Sources 

The renewable energy resources are naturally intermittent and thus, the equation that 

governs them is concerned with the power being available or not being available. Thus, the 

power generation is between zero and the maximum output limit. 

 

0 ൑ 𝑝௥௧ୖ ൑ 𝑃௥௧
ୖ

,∀𝑟 ∈ Ωୖ,∀𝑡 ∈ Ω୘ (3-11) 

 

It is important to note that for demand, the main objective function can be cost 

minimization as the consumer is paying for supplying its demand. For the power generating 

units, the objective function would be maximizing the profit. 

 

3.5.4 Energy Storage Units 

Energy storage units are important when using renewable energy sources in order to cover 

up for their intermittent nature. When there is a surplus in the supply of the renewable 

energy sources, it can be stored in the batteries and when the power output of those 

renewable energy sources is low, it can be covered up by the discharge of the batteries. The 

following equations address the working behavior of the storage units.  

 

𝑢௦௧
ୗ ∈ ሼ0,1ሽ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-12) 

 

0 ൑ 𝑝௦௧
ୗ,େ ൑ 𝑃௦௧

ୗ,େ
𝑢௦௧
ୗ ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-13) 



40 
 

 

0 ൑ 𝑝௦௧
ୗୈ ൑ 𝑃௦௧

ୗ,ୈ
൫1 െ 𝑢௦௧

ୗ ൯,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-14) 

 

𝑒௦௧
ୗ ൌ 𝑒௦ሺ௧ିଵሻ

ୗ ൅ 𝑝௦௧
ୗ,େΔ𝑡𝜂௦

ୗ,େ െ
𝑝௦௧
ୗ,ୈΔ𝑡

𝜂௦
ୗ,ୈ ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-15) 

 

𝐸௦௧
ୗ ൑ 𝑒௦௧

ୗ ൑ 𝐸௦௧
ୗ

,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-16) 

 

The first binary variable states that the battery is either charging or discharging as it cannot 

be at both states at the same time. Equations (3-13) and (3-14) put limits on the charging 

and discharging processes of the battery respectively. Equation (3-15) shows the energy 

state of the battery considering the energy consumed/supplied by the discharge/charge. 

Equation (3-16) shows the limits on the energy state of the battery. For example, the energy 

might not be allowed to go below a specific state of charge (SOC) to avoid the degradation 

the battery’s life.  

 

3.5.5 Electric Network and Smart Grids 

Each component of the VPP has been addressed separately, but when put together, they are 

part of an electric network. Thus, the network constraints must be considered such as the 

line flow limits. For simplicity, the power flow losses might be neglected. Therefore, the 

network model could be as below. 
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෍ 𝑝௚௧
ୋ

௚∈ஐ೙
ృ

െ ෍ 𝑝ℓ௧
୐

ሺℓ∣𝑠ሺℓሻ ൌ 𝑛 ሻ

൅ ෍ 𝑝ℓ௧
୐

ሺℓ∣𝑟ሺℓሻ ൌ 𝑛 ሻ

ൌ ෍ 𝑝ௗ௧
ୈ

ௗ∈ஐ೙
ీ

,∀𝑛

∈ Ω୒,∀𝑡 ∈ Ω୘ 

(3-17) 

 

𝑝ℓ௧
୐ ൌ

1
𝑋ℓ
൫𝛿௦ሺℓሻ௧ െ 𝛿௥ሺℓሻ௧൯,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘ (3-18) 

 

െ𝑃ℓ
୐
൑ 𝑝ℓ௧

୐ ൑ 𝑃ℓ
୐

,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘ (3-19) 

 

𝛿௡௧ ൌ 0,𝑛:ref.,∀𝑡 ∈ Ω୘ (3-20) 

 

𝑝௚௧
ୋ ∈ Ψ௚௧

ୋ ,∀𝑔 ∈ Ωୋ,∀𝑡 ∈ Ω୘ (3-21) 

 

𝑝ௗ௧
ୈ ∈ Ψௗ௧

ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘ (3-22) 

 

The nodal power balance is explained by equation (3-17)  where the power going into the 

node (generated or received from the power lines) shall be equal to the power sent out to 

the power lines plus the power consumed by the demand at the node. Equations (3-18) and 

(3-19) define the amount of power on the network lines with respect to the power limits of 

the lines. The reference angle is set to zero at the reference node as per equation (3-20).  

Equations (3-21) and (3-22) define the generation and demand respectively in order to 

ensure that the battery is within the generation set while discharging and within the demand 

set while charging. 
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In all the models explained above, the simulation can be done ahead of time in order to 

plan the operation of the VPP. This is because the models rely on some known data and 

some uncertain data which are planned ahead of time. But what if some of this uncertain 

data becomes known before the planning horizon ends? This is actually the case with smart 

grids. When a two-way communication happens where the VPP and the grid exchange 

information, due to the availability of good communication technologies within the smart 

grid, both parties can utilize that while planning. For example, if the planning horizon is 

three hours, without communication systems, the VPP controller must plan the 3-hours 

horizon at once. If there is a good communication system, the controller has to plan the 

first hour only and the second hour can be planned based on the information available from 

the first hour which is communicated between the different parties within the smart grid. 

And the same thing applies to the 3rd hour of the planning horizon. 

 

3.6 Optimal Scheduling  

The main purpose of scheduling a virtual power plant is to decide what amount of energy 

to buy/sell at which point of time to maximize the overall profit. This is not a 

straightforward task as the parameters involved in the scheduling are not all certain. Some 

of the parameters that are uncertain are the energy price and the available power from the 

renewable energy resources. There are three ways to address these uncertainties. The first 

way is the deterministic way where the uncertain variables are represented with a single 

point forecast (one scenario). This makes the computation time at its minimum, generally. 

However, this method lacks accuracy. This is because any deviation from the single point 

forecast could change the results dramatically.  
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Therefore, another modelling method is the stochastic modelling. In stochastic modelling, 

every uncertain variable is represented with a certain number of scenarios. This usually 

gives better results compared to the deterministic modelling as it covers a wider range of 

feasible regions. Nevertheless, the actual scenario could still be outside of the region 

covered by the stochastic model. This is where the role of the third modelling technique 

comes. Robust optimization technique focuses on the worst-case scenario among all 

possible scenarios. This is the most conservative way to address an uncertain problem. The 

VPP owner can relax the conditions of the robust optimization if needed as per the available 

technical and commercial information. Robust optimization also guarantees the solution is 

feasible as it is considering the worst-case scenario and this is another advantage compared 

to stochastic modelling. 

 

The modelling techniques apply to the energy traded in both the real-time (RT) and day 

ahead (DA) markets. Though most of the energy is traded in the DA market, the RT market 

must be considered in order to balance any mismatch from the DA market. The integration 

of the components of the VPP makes it challenging technically and commercially as there 

are many factors involved into the model. In addition, it must be noted that modelling a 

VPP using the aforementioned techniques could either consider risks and may not consider 

them. Considering risks can be addressed through the conditional value at risk (CVaR). 

The modelling will start by considering risk-ignorant model and later on, the risk factor 

could be considered.   
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Adaptive robust optimization is when stochastic optimization is merged with robust 

optimization. This is an evolved method from the two. Regardless to the method used, the 

decision making could be either be centralized using a central EMS and could be 

decentralized. In the centralized control method, the central EMS is the decision maker and 

it coordinates with both the system operator and with the local units in order to maximize 

the VPP profit. On the other hand, in the decentralized control scheme, the local units of 

the VPP have their own local EMS and they work to maximize their own profits separately. 

Then, the central EMS communicates with both the local units and the system operator to 

pass the economic information while ensuring no violation of the technical parameters.  

 

3.6.1 Bidding Process 

The scheduling process of the VPP passes through a sequence of steps which differ based 

on the market. This means that there should be flow of work for the DA market and flow 

of work for the RT market. As a start, it is easier to draw a timeline and start explaining 

the process of both the Day-ahead and real-time markets on it. The timeline is shown on 

Figure 3-6. 

 

 

Figure 3-6   Day-ahead and real-time markets timeline 
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Let the timeline start at time t, on day D. The day ahead market bids one day ahead of time 

as the name suggests. Therefore, being on day D means we already know the schedule of 

the VPP for all the hours of day D for the DA market. However, we do not know the 

schedule of the virtual power plant in the real-time market for day D. So, at point t for 

example, the VPP operator wants to plan for the next DA market, day D+1. After all the 

information required is obtained from all components/participants of the virtual power 

plant, the EMS makes forecast for the next day market price. In addition, forecast is also 

made for the available power from the renewable energy resources. With this available 

information, the EMS of the VPP can now plan the bidding details for day D+1 in the DA 

market and shares this information with the market operator. Once the DA market closes, 

the VPP operator receives the final schedule and prices for day D+1. This is when the 

scheduling for the RT market starts. 

 

Since we are at time t and the RT market works on hourly basis, the planning has to be 

done hour by hour continuously. This applies to day D and day D+1. Since we are at time 

t, the RT scheduling will be done for the next hour, call it τ. The EMS at this point knows 

almost for sure the available production from the renewable energy resources for time τ. 

This is because we are only few minutes away from time τ. The EMS also knows the DA 

schedule for day D in addition to the prices for the same market and same day. Based on 

this information, the EMS submits its schedule to the system operator and receives 

confirmation on the amount of power and price for that hour of the RT market. This process 
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continues until the scheduling horizon ends. The next timelines show the summary of the 

aforementioned processes for the Day-ahead and real-time market scheduling. 

 

 

Figure 3-7 DA scheduling flowchart 
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Figure 3-8 RT scheduling flowchart 
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3.7 Deterministic Model of the VPP 

The first model discussed is the deterministic model where each parameter of the uncertain 

parameters is introduced as a single point. This model is governed by the equations 

presented in the sections below. 

 

3.7.1 DA Market Deterministic Scheduling 

The optimization problem is a MILP problem. The problem formulation shall account for 

all the components of the VPP and the network. Those components could be: conventional 

generator, renewable energy source, storage, and demand. The network has transmission 

lines, buses, and is connected to the electric network. The model should also account for 

the day-ahead and the real-time markets. Even though this section models the DA market, 

the RT market shall still be part of the forecast and planning in here. The objective function 

is the first equation which aims to maximize the profit from the Day-ahead and real-time 

markets. It also maximizes the utility of the demand. On the other hand, it minimizes the 

generator running cost, and the ramp up and ramp down costs.   

 

Equation (3-24) is the nodal power balance at the busses connected to the electric network 

while equation (3-25) is the nodal power balance at the buses that are not connected to the 

electric network. Equation (3-26) states that the power traded in the day-ahead and real-

time markets shall be equal to the power exchanged through the main grid. Equations 

(3-27) and (3-28) calculate the power flow over the lines and sets them within the technical 

limits respectively. After that, the voltage angle of the reference bus is set to zero while the 
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angles at the other busses are calculated accordingly. Then, the power traded in the DA 

market alone or in both the Day-ahead and real-time markets together cannot exceed the 

lower and higher limits of the capacity of the VPP. 

 

Next, the power exchange limits with the main grid are set. The minimum daily energy 

requirement of the demands of the VPP is also set and this addresses the first constraint on 

the first component of the VPP which is the demand. The demand is then set within the 

maximum and minimum limits and the demand ramp up and down limits are also outlined. 

After that, the equations governing the conventional generator are provided. Similar to the 

demand, there are limits on the generation, ramp up and ramp down of the generator. It is 

worth noting that the first binary variable is introduced in the power limits equation of the 

conventional generator and it represents the status of the generator as on or off. The next 

group of equations govern the startup and shut down cost of the conventional generator. 

There are auxiliary variables introduced in these equations and they help with the purpose 

of including the startup and shut down costs in the objective function. For example, if the 

startup cost is included in the objective function without the help of the auxiliary variable, 

it might give wrong results because the conventional generator might not run at all or might 

not be running at time t. Thus, an auxiliary variable helps ensuring that the startup and shut 

down costs will not be included in the objective function if the generator did not start up 

or shut down at time t. 

 

The last two elements are the storage units and the renewable energy units. The storage 

unit is represented by five equations stating the state of charge, maximum and minimum 
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states of charge, discharging limits, charging limits and the total power produced/ 

consumed by the storage unit. Lastly, the power produced by the renewable energy source 

is limited by upper and lower boundaries. It must be noted that the uncertain parameters 

are represented by a single point forecast in this model. This is apparent from the objective 

function which has a fixed forecasted price for the Day-ahead and real-time markets 

denoted by 𝜆௧ୈ୅ and 𝜆௧ୖ୘. The same thing applies to the last equation which governs the 

renewable energy units’ output and represents their output by a single point forecast.  
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಴
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𝑅
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S
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D
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(3-25) 

 

𝑝௧ୈ୅ ൅ 𝑝௧ୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧୑ ,∀𝑡 ∈ Ω୘, (3-26) 

 

𝑝ℓ௧
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ െ 𝛿௥ሺℓሻ𝑡൯,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘ (3-27) 
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െ𝑃തℓ
୐ ൑ 𝑝ℓ௧

୐ ൑ 𝑃തℓ
୐,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘ (3-28) 

 

𝛿௡௧ ൌ 0,𝑛: ref., ∀𝑡 ∈ Ω୘, (3-29) 

 

െ𝜋 ൑ 𝛿௡௧ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ∈ Ω୘ (3-30) 

 

𝑃୚ ൑ 𝑝௧ୈ୅ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘ (3-31) 

 

𝑃୚ ൑ 𝑝௧ୈ୅ ൅ 𝑝௧ୖ୘ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘, (3-32) 

 

െ𝑃ത௡୑ ൑ 𝑝௡௧୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ∈ Ω୘, (3-33) 

 

෍  
௧∈ஐ౐

𝑝ௗ௧
ୈ Δ𝑡 ൒ 𝐸ௗ

ୈ,∀𝑑 ∈ Ωୈ, (3-34) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘, (3-35) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧

ୈ െ 𝑝ௗሺ௧ିଵሻ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘ (3-36) 

 

𝑃௖େ𝑢௖௧
େ ൑ 𝑝௖௧

େ ൑ 𝑃ത௖େ𝑢௖௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘, (3-37) 

 

െ𝑅௖
େ,ୈΔ𝑡 ൑ 𝑝௖௧

େ െ 𝑝௖ሺ௧ିଵሻ
େ ൑ 𝑅௖

େ,୙Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘, (3-38) 
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𝐶̅௖େ൫𝑢௖௧
େ െ 𝑢௖ሺ௧ିଵሻ

େ ൯ ൑ 𝑐௖̅௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘ (3-39) 

 

0 ൑ 𝑐௖̅௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘ (3-40) 

 

𝐶௖େ൫𝑢௖ሺ௧ିଵሻ
େ െ 𝑢௖௧

େ ൯ ൑ 𝑐௖௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘, (3-41) 

 

0 ൑ 𝑐௖௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘, (3-42) 

 

𝑒௦௧
ୗ ൌ 𝑒௦ሺ௧ିଵሻ

ୗ ൅ 𝜂௦
ୗ,େ𝑝௦௧

ୗ,େΔ𝑡 െ
𝑝௦௧
ୗ,ୈ

𝜂௦
ୗ,ୈ Δ𝑡,∀𝑠 ∈ Ω

ୗ,∀𝑡 ∈ Ω୘ (3-43) 

 

𝐸௦ୗ ൑ 𝑒௦௧
ୗ ൑ 𝐸ത௦ୗ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-44) 

 

0 ൑ 𝑝௦௧
ୗ,ୈ ൑ 𝑃ത௦

ୗ,ୈ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-45) 

 

0 ൑ 𝑝௦௧
ୗ,େ ൑ 𝑃ത௦

ୗ,େ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-46) 

 

𝑝௦௧
ୗ ൌ 𝑝௦௧

ୗ,ୈ െ 𝑝௦௧
ୗ,େ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘ (3-47) 

 

0 ൑ 𝑝௥௧ୖ ൑ 𝑃௥௧
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ∈ Ω୘ (3-48) 
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Note that by solving this optimization problem, the scheduling in terms of quantity and 

price for both the Day-ahead and real-time markets will be done. Thus, the EMS of the 

VPP will be able to submit the bids and offers for the planning horizon for both the DA 

and the RT markets. However, the VPP operator will apply only for the DA market and the 

RT market will be optimized separately after the output results of the DA market are 

provided. Noting that Φୈ୅ represents the set that comprises all the variables to be 

optimized in the DA market. 

 

3.7.2 RT Market Deterministic Scheduling 

Once the DA scheduling is done as per the previous section, the RT market scheduling 

starts. It can be noticed that the equations are very much similar. The first main difference 

is that the RT market scheduling will start from time τ. Thus, the DA term will be removed 

from the objective function. Wherever the power delivered to the DA market is mentioned, 

it will have a sign ‘~’ above it to state that this has become and actual value and not an 

estimate anymore. Also, the equation governing the power exchange limit in the day-ahead 

market will be removed since the DA market scheduling is done. In equation (3-59), the 

demand is split into two time periods. The time period where the demand is known by now 

and the time period after point τ. Lastly, the renewable energy source output will be made 

into two equations and this is because the output of the renewable energy source at time τ 

which is right after the day-ahead market closes and right before/the real-time market 

scheduling starts is known.  
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𝑝෤௧ୈ୅ ൅ 𝑝௧ୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧୑ ,∀𝑡 ൒ τ, (3-52) 

 

𝑝ℓ௧
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ െ 𝛿௥ሺℓሻ𝑡൯,∀ℓ ∈ Ω୐,∀𝑡 ൒ τ (3-53) 

 

െ𝑃തℓ
୐ ൑ 𝑝ℓ௧

୐ ൑ 𝑃തℓ
୐,∀ℓ ∈ Ω୐,∀𝑡 ൒ τ (3-54) 

 

𝛿௡௧ ൌ 0,𝑛: ref., ∀𝑡 ൒ τ (3-55) 

 

െ𝜋 ൑ 𝛿௡௧ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ൒ τ (3-56) 

 

𝑃୚ ൑ 𝑝෤௧ୈ୅ ൅ 𝑝௧ୖ୘ ൑ 𝑃ത୚,∀𝑡 ൒ τ (3-57) 

 

െ𝑃ത௡୑ ൑ 𝑝௡௧୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ൒ τ, (3-58) 
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௧ୀଵ
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หஐ౐ห

௧ୀఛ

൒ 𝐸ௗ
ୈ,∀𝑑 ∈ Ωୈ, (3-59) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ൒ τ, (3-60) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧

ୈ െ 𝑝ௗሺ௧ିଵሻ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ൒ τ (3-61) 

 

𝑃௖େ𝑢௖௧
େ ൑ 𝑝௖௧

େ ൑ 𝑃ത௖େ𝑢௖௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ τ, (3-62) 

 

െ𝑅௖
େ,ୈΔ𝑡 ൑ 𝑝௖௧

େ െ 𝑝௖ሺ௧ିଵሻ
େ ൑ 𝑅௖

େ,୙Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ൒ τ, (3-63) 

 

𝐶̅௖େ൫𝑢௖௧
େ െ 𝑢௖ሺ௧ିଵሻ

େ ൯ ൑ 𝑐௖̅௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ τ (3-64) 

 

0 ൑ 𝑐௖̅௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ τ (3-65) 

 

𝐶௖େ൫𝑢௖ሺ௧ିଵሻ
େ െ 𝑢௖௧

େ ൯ ൑ 𝑐௖௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ τ, (3-66) 

 

0 ൑ 𝑐௖௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ τ, (3-67) 
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𝑒௦௧
ୗ ൌ 𝑒௦ሺ௧ିଵሻ

ୗ ൅ 𝜂௦
ୗ,େ𝑝௦௧

ୗ,େΔ𝑡 െ
𝑝௦௧
ୗ,ୈ

𝜂௦
ୗ,ୈ Δ𝑡,∀𝑠 ∈ Ω

ୗ,∀𝑡 ൒ τ (3-68) 

 

𝐸௦ୗ ൑ 𝑒௦௧
ୗ ൑ 𝐸ത௦ୗ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ τ (3-69) 

 

0 ൑ 𝑝௦௧
ୗ,ୈ ൑ 𝑃ത௦

ୗ,ୈ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ τ (3-70) 

 

0 ൑ 𝑝௦௧
ୗ,େ ൑ 𝑃ത௦

ୗ,େ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ τ (3-71) 

 

𝑝௦௧
ୗ ൌ 𝑝௦௧

ୗ,ୈ െ 𝑝௦௧
ୗ,େ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ τ (3-72) 

 

0 ൑ 𝑝௥௧ୖ ൑ 𝑃෨௥௧
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ൌ τ (3-73) 

 

0 ൑ 𝑝௥௧ୖ ൑ 𝑃௥௧
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ൐ τ (3-74) 

 

Thus, the information known at the beginning of the RT market are: the schedule of the 

DA market (price and quantity), the renewable energy output at time τ and the prices of the 

time periods of the RT market that have come before the point τ. Based on this, the planning 

for the RT market will be done step by step for every step of time (say every hour).  
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3.8 Stochastic Scheduling of the VPP 

For more accurate modelling, the parameters that are not deterministic, uncertain, are 

represented with multiple scenarios instead of one. This is the main idea of stochastic 

modelling. The first step to make these scenarios is to know how to build a scenario tree 

for them. A scenario tree starts by making the scheduling decisions for the DA market. 

There is no step before the scheduling of the DA market and thus, it is the first decision in 

the decision tree. Since the day-ahead market prices are uncertain, a set of possible 

scenarios for the DA market price will be studied. Since there is a correlation [95] between 

the Day-ahead and real-time market prices, once a decision will be taken in the DA market, 

it will lead to a scenario 𝜔. Where 𝜔 refers to the possible combinations of Day-ahead and 

real-time market prices that could happen on the next day. Once a scenario 𝜔 happens, the 

price of the day-ahead market will be known for sure and the real-time market price will 

be known for the hour that is right before the opening of the RT market and right after the 

closer of the DA market. The planning for the RT market starts after a scenario 𝜔 happens. 

At this step, there are multiple possible scenarios 𝛾. Where 𝛾 refers to all the possible 

scenarios of the prices of the RT market and the stochastic units’ production. The 𝛾 

scenarios are evaluated for each time step in the RT market until the RT market scheduling 

ends. A timeline for this process is shown on Figure 3-9 to visualize this process. A general 

example will be given as well in order to make the process clearer. 
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Figure 3-9 Stochastic Day-ahead and real-time markets timeline 

 

Table 3-1 shows the prices of the DA market. There are two possible scenarios for that: 

PDA1, PDA2. There are also two possible scenarios for the production of the renewable 

energy sources: pR1, pR2. For the difference between the RT and DA prices, there are two 

scenarios PRT1 and PRT2. Under each scenario of those two, there are 2 more scenarios. 

The numbers highlighted in bold are known. Since there are two possible scenarios for the 

DA prices and two for the RT prices, that leads to four scenarios referred to as 𝜔. Under 

each RT price, there are further 2 scenarios. Those two scenarios in combination with the 

two scenarios of the renewable energy production give four scenarios referred to as 𝛾. Thus, 

there will be a total of 16 scenarios as shown on Table 3-2. 

 

Table 3-1  Uncertain variables example 

Time  Price DA  Price RT‐ Price DA  Renewable power production 

0  PDA1  PDA2  PRT1  PRT1  PRT2  PRT2  pR1  pR2 

1  PDA11  PDA21  PRT11  PRT14  PRT21  PRT24  pR11  pR21 

2  PDA12  PDA22  PRT12  PRT15  PRT22  PRT25  pR12  pR22 
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Time  Price DA  Price RT‐ Price DA  Renewable power production 

3  PDA13  PDA23  PRT13  PRT16  PRT23  PRT26  pR13  pR23 

Probability  pPDA1  pPDA2  pPRT1  pPRT2  pPRT3  pPRT4  ppR1  ppR2 

 

Table 3-2  Scenario tree example 

Scena
rio 

Price DA  Price RT‐ Price DA 
Renewable units power 

production  Probability 
1  2  3  0  1  2  3  1  2  3 

w1y1 
PDA
11 

PDA
12 

PDA
13 

PR
T1 

PRT
11 

PRT
12 

PRT
13 

pR11  pR12  pR13 
pPDA1*pPRT1

*ppR1 

w1y2 
PDA
11 

PDA
12 

PDA
13 

PR
T1 

PRT
11 

PRT
12 

PRT
13 

pR21  pR22  pR23 
Calculated as 

above 

w1y3 
PDA
11 

PDA
12 

PDA
13 

PR
T1 

PRT
14 

PRT
15 

PRT
16 

pR11  pR12  pR13 
Calculated as 

above 

w1y4 
PDA
11 

PDA
12 

PDA
13 

PR
T1 

PRT
14 

PRT
15 

PRT
16 

pR21  pR22  pR23 
Calculated as 

above 

w2y1 
PDA
11 

PDA
12 

PDA
13 

PR
T2 

PRT
21 

PRT
22 

PRT
23 

pR11  pR12  pR13 
Calculated as 

above 

w2y2 
PDA
11 

PDA
12 

PDA
13 

PR
T2 

PRT
21 

PRT
22 

PRT
23 

pR21  pR22  pR23 
Calculated as 

above 

w2y3 
PDA
11 

PDA
12 

PDA
13 

PR
T2 

PRT
24 

PRT
25 

PRT
26 

pR11  pR12  pR13 
Calculated as 

above 

w2y4 
PDA
11 

PDA
12 

PDA
13 

PR
T2 

PRT
24 

PRT
25 

PRT
26 

pR21  pR22  pR23 
Calculated as 

above 

w3y1 
PDA
21 

PDA
22 

PDA
23 

PR
T1 

PRT
11 

PRT
12 

PRT
13 

pR11  pR12  pR13 
Calculated as 

above 

w3y2 
PDA
21 

PDA
22 

PDA
23 

PR
T1 

PRT
11 

PRT
12 

PRT
13 

pR21  pR22  pR23 
Calculated as 

above 

w3y3 
PDA
21 

PDA
22 

PDA
23 

PR
T1 

PRT
14 

PRT
15 

PRT
16 

pR11  pR12  pR13 
Calculated as 

above 

w3y4 
PDA
21 

PDA
22 

PDA
23 

PR
T1 

PRT
14 

PRT
15 

PRT
16 

pR21  pR22  pR23 
Calculated as 

above 

w4y1 
PDA
21 

PDA
22 

PDA
23 

PR
T2 

PRT
21 

PRT
22 

PRT
23 

pR11  pR12  pR13 
Calculated as 

above 

w4y2 
PDA
21 

PDA
22 

PDA
23 

PR
T2 

PRT
21 

PRT
22 

PRT
23 

pR21  pR22  pR23 
Calculated as 

above 

w4y3 
PDA
21 

PDA
22 

PDA
23 

PR
T2 

PRT
24 

PRT
25 

PRT
26 

pR11  pR12  pR13 
Calculated as 

above 

w4y4 
PDA
21 

PDA
22 

PDA
23 

PR
T2 

PRT
24 

PRT
25 

PRT
26 

pR21  pR22  pR23 
Calculated as 

above 

 

The scenario table shows all the possible combinations/realizations under study. Once the 

DA scheduling is done, all the DA prices will be known, for day D+1, and the scenario 𝜔 

will be selected/clear. The next stage will be the RT planning with the possible realizations 
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𝛾. Table 3-3 shows the status after the closure of the DA market and before the RT market 

planning starts. It can be seen that all the day-ahead market prices are known and thus their 

probability is 1. The RT market prices have two scenarios as they are still unknown except 

for time zero which is known. The production of the renewable energy resources is known 

for time zero and time 1. At this point, realizations 𝛾 are to be made. This is much easier 

than the case before as there are only four scenarios. This is because there are two 

possibilities for the RT prices, PRT1, PRT2, and two possibilities for the renewable energy 

production, pR1, pR2. These possible realizations are summarized in Table 3-4. 

 

Table 3-3  Uncertain variables RT market, first hour 

Time  Price DA  Price RT‐ Price DA  Renewable units power production 

0  PDA1  PRT1  PRT2  pR1  pR2 

1  PDA11  PRT11  PRT21  pR11  pR21 

2  PDA12  PRT12  PRT22  pR12  pR22 

3  PDA13  PRT13  PRT23  pR13  pR23 

Probability  1  pPRT1  pPRT2  ppR1  ppR2 

 

Table 3-4  Possible realizations ‘y’, first hour 

Scenario 
Price RT‐ Price DA 

Renewable units 

power 

production 
Probability 

1  2  3  2  3 

y1  PRT11  PRT12  PRT13  pR12  pR13  pPRT1*ppR1 

y2  PRT11  PRT12  PRT13  pR21  pR23  Calculated as above 
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Scenario 
Price RT‐ Price DA 

Renewable units 

power 

production 
Probability 

1  2  3  2  3 

y3  PRT21  PRT22  PRT23  pR12  pR13  Calculated as above 

y4  PRT21  PRT22  PRT23  pR21  pR23  Calculated as above 

 

The last two steps are the planning for the second hour, out of a 3-hours planning horizon, 

and the third hour. The same methodology applied to the first hour can be applied to the 

second. Note that at this point, the renewable energy production for the second hour is 

known and the RT price for the first hour is known too. Therefore, the table will be as 

below. 

 Table 3-5  Uncertain variables RT market, second hour 

Time  Price DA  Price RT‐ Price DA  Renewable units power production 

0  PDA1  PRT1  PRT2  pR1  pR2 

1  PDA11  PRT11  PRT21  pR11  pR21 

2  PDA12  PRT12  PRT22  pR12  pR22 

3  PDA13  PRT13  PRT23  pR13  pR23 

Probability  1  pPRT1  pPRT2  ppR1  ppR2 

 

Table 3-6  Possible realizations ‘y’, second hour 

Scenario 
Price RT‐ Price DA  p Renewable 

Probability 
2  3  3 

y1  PRT12  PRT13  pR13  pPRT1*ppR1 
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Scenario 
Price RT‐ Price DA  p Renewable 

Probability 
2  3  3 

y2  PRT12  PRT13  pR23  Calculated as above 

y3  PRT22  PRT23  pR13  Calculated as above 

y4  PRT22  PRT23  pR23  Calculated as above 

 

The next two tables describe the last hour of the planning horizon for the RT market. 

 

Table 3-7  Uncertain variables RT market, third hour 

Time  Price DA  Price RT‐ Price DA  Renewable units power production 

0  PDA1  PRT1  PRT2  pR1 

1  PDA11  PRT11  PRT21  pR11 

2  PDA12  PRT12  PRT22  pR12 

3  PDA13  PRT13  PRT23  pR13 

Probability  1  pPRT1  pPRT2  1 

 

Table 3-8  Possible realizations ‘y’, third hour 

Scenario 
Price RT‐ Price DA 

Probability 
3 

y1  PRT13  pPRT1 

y2  PRT23  pPRT2 

 

By this, the idea of building the decision tree and scenario realizations is fully clarified. 

However, this is the first step towards making the stochastic optimization model for the 
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Day-ahead and real-time markets. The models explained will be incorporated with the 

technical models made for the RT and DA markets.  

 

3.8.1 DA Market Stochastic Scheduling 

The equations below are not different from the equations used to represent the deterministic 

model for the day-ahead market. The actual difference lies in the fact that the probability 

of each scenario is considered and of course, that multiple scenarios are considered. 

Therefore, the objective function will be expanded to cover all possible scenarios and each 

scenario will be multiplied by its probability. The second main difference is that the 

constraints will be in terms of 𝜔 and 𝛾. This is to allow for the feasibility region to expand 

and cover all the possible scenarios.  
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(3-75) 
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௖∈ஐ೙

ి

𝑝௖௧ఠఊ
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௥∈ஐ೙
౎

𝑝௥௧ఠఊୖ ൅ ෍  
௦∈ஐ೙
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𝑝௦௧ఠఊ
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୐

൅ ෍  
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ీ

𝑝ௗ௧ఠఊ
ୈ ,∀𝑛 ∈ Ω୑,∀𝑡

∈ Ω୘,∀𝜔,∀𝛾, 

(3-76) 
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௖∈ஐ೙

ి

𝑝௖௧ఠఊ
େ ൅ ෍  

௥∈ஐ೙
౎
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௦∈ஐ೙

౏

𝑝௦௧ఠఊ
ୗ െ ෍  

ℓ∣௦ሺℓሻୀ௡

𝑝ℓ௧ఠఊ
୐

൅ ෍  
ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఠఊ
୐ & ൌ ෍  

ௗ∈ஐ೙
ీ

𝑝ௗ௧ఠఊ
ୈ ,∀𝑛 ∈ Ω୒ ∖ 𝑛

∈ Ω୑,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, 

(3-77) 

 

𝑝௧ఠୈ୅ ൅ 𝑝௧ఠୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧ఠఊ୑ ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-78) 

 

𝑝ℓ௧ఠఊ
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ఠఊ െ 𝛿௥ሺℓሻ௧ఠఊ൯,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-79) 

 

െ𝑃തℓ
୐ ൑ 𝑝ℓ௧ఠఊ

୐ ൑ 𝑃തℓ
୐ ∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 (3-80) 

 

𝛿௡௧ఠఊ ൌ 0,𝑛: ref., ∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-81) 

 

െ𝜋 ൑ 𝛿௡௧ఠఊ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-82) 
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𝑃୚ ൑ 𝑝௧ఠୈ୅ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘ (3-83) 

 

𝑃୚ ൑ 𝑝௧ఠୈ୅ ൅ 𝑝௧ఠୖ୘ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘,∀𝜔 (3-84) 

 

െ𝑃ത௡୑ ൑ 𝑝௡௧ఠఊ୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-85) 

 

෍ 𝑝ௗ௧ఠఊ
ୈ Δ𝑡

௧∈ஐ౐

൒ 𝐸ௗ
ୈ,∀𝑑 ∈ Ωୈ,∀𝜔,∀𝛾, (3-86) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧ఠఊ

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-87) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧ఠఊ

ୈ െ 𝑝ௗሺ௧ିଵሻఠఊ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-88) 

 

𝑃௖େ𝑢௖௧ఠఊ
େ ൑ 𝑝௖௧ఠఊ

େ ൑ 𝑃ത௖େ𝑢௖௧ఠఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-89) 

 

െ𝑅௖
େ,ୈΔ𝑡 ൑ 𝑝௖௧ఠఊ

େ െ 𝑝௖ሺ௧ିଵሻఠఊ
େ ൑ 𝑅௖

େ,୙Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-90) 

 

𝐶̅௖େ൫𝑢௖௧ఠఊ
େ െ 𝑢௖ሺ௧ିଵሻఠఊ

େ ൯ ൑ 𝑐௖̅௧ఠఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-91) 

 

0 ൑ 𝑐௖̅௧ఠఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-92) 

 

𝐶௖େ൫𝑢௖ሺ௧ିଵሻఠఊ
େ െ 𝑢௖௧ఠఊ

େ ൯ ൑ 𝑐௖௧ఠఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-93) 
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0 ൑ 𝑐௖௧ఠఊ
େ ∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-94) 

 

𝑒௦௧ఠఊ
ୗ ൌ 𝑒௦ሺ௧ିଵሻఠఊ

ୗ ൅ 𝜂௦
ୗ,େ𝑝௦௧ఠఊ

ୗ,େ Δ𝑡 െ
𝑝௦௧ఠఊ
ୗୈ

𝜂௦
ୗ,ୈ Δ𝑡,∀𝑠 ∈ Ωୗ,∀𝑡

∈ Ω୘,∀𝜔,∀𝛾, 

(3-95) 

 

𝐸௦௧
ୗ ൑ 𝑒௦௧ఠఊ

ୗ ൑ 𝐸ത௦௧
ୗ ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-96) 

 

0 ൑ 𝑝௦௧ఠఊ
ୗ,େ ൑ 𝑃ത௦

ୗ,େ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-97) 

 

0 ൑ 𝑝௦௧ఠఊ
ୗ,ୈ ൑ 𝑃ത௦

ୗ,ୈ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-98) 

 

𝑝௦௧ఠఊ
ୗ ൌ 𝑝௦௧ఠఊ

ୗ,ୈ െ 𝑝௦௧ఠఊ
ୗ,େ ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 (3-99) 

 

0 ൑ 𝑝௥௧ఠఊୖ ൑ 𝑃௥௧ఠఊ
ୖ,୅ ,∀𝑟 ∈ Ωୖ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 (3-100) 

 

𝑝௧ఠୈ୅ ൑ 𝑝௧ఠᇲ
ୈ୅ ,   if 𝜆௧ఠୈ୅ ൑ 𝜆௧ఠᇲ

ୈ୅ ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝜔ᇱ (3-101) 

 

𝑝௧ఠୈ୅ ൌ 𝑝௧ఠᇲ
ୈ୅ ,   if 𝜆௧ఠୈ୅ ൌ 𝜆௧ఠᇲ

ୈ୅ ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝜔ᇱ (3-102) 
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Another difference compared to the deterministic model is the addition of the last two 

equations. The addition of the last two equations also implies the need for adding the 

subscript 𝜔 to the DA market power. Equation (3-101) is required for a non-decreasing 

behavior. This means that the offer/bid submitted to the market operator will be a 

combination of power and price and it will be in a non-decreasing form as required by the 

market operator. To make the idea clearer, consider the two cases of bidding and offering. 

When bidding, the power has a negative sign (purchasing) and it has a price pair, call it 

price1. Thus, the pair would be (-power1, price1). Consider another bid with higher price, 

price3. Since price3 is higher than price1, then -power3 shall be greater than -power1. This 

in fact means that the higher the price, the less is the purchased power which makes sense. 

This is happening due to the negative sign in the Boolean equation. When offering, the 

power has a positive sign (selling) and it has a price pair, call it price2. Consider another 

offer with higher price, price4. Since price4 is higher than price2, then power4 shall be 

greater than power2. This means that the higher the price, the more power is offered for 

selling to maximize the profit. On the other hand, equation (3-102) implies that if there are 

two scenarios with the same expected price, they should have the same power pair.   

 

3.8.2 RT Market Stochastic Scheduling 

The same concept applied to the DA deterministic and stochastic markets is applied to the 

RT deterministic and stochastic markets. This means that the equations will be the same 

with two main differences. The first one is that the objective function will be scenario 

dependent. The second difference is that the constraints will be in terms of the 𝛾 scenarios.  
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(3-105) 

 

𝑝෤௧ୈ୅ ൅ 𝑝௧ୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧ఊ୑ ,∀𝑡 ൒ 𝜏,∀𝛾, (3-106) 

 

𝑝ℓ௧ఊ
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ఊ െ 𝛿௥ሺℓሻ௧ఊ൯,∀ℓ ∈ Ω୐,∀𝑡 ൒ 𝜏,∀𝛾, (3-107) 

 

െ𝑃തℓ
୐ ൑ 𝑝ℓ௧ఊ

୐ ൑ 𝑃തℓ
୐ ∀ℓ ∈ Ω୐,∀𝑡 ൒ 𝜏,∀𝛾 (3-108) 
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𝛿௡௧ఊ ൌ 0,𝑛: ref., ∀𝑡 ൒ 𝜏,∀𝛾, (3-109) 

 

െ𝜋 ൑ 𝛿௡௧ఊ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ൒ 𝜏,∀𝛾, (3-110) 

 

𝑃୚ ൑ 𝑝෤௧ୈ୅ ൅ 𝑝௧ୖ୘ ൑ 𝑃ത୚,∀𝑡 ൒ 𝜏 (3-111) 

 

െ𝑃ത௡୑ ൑ 𝑝௡௧ఊ୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ൒ 𝜏,∀𝛾, (3-112) 

 

෍𝑝෤ௗ௧
ୈ Δ𝑡

ఛିଵ

௧ୀଵ

൅෍𝑝ௗ௧ఊ
ୈ Δ𝑡

หஐ౐ห

௧ୀఛ

൒ 𝐸ௗ
ୈ,∀𝑑 ∈ Ωୈ,∀𝛾, (3-113) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧ఊ

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ൒ 𝜏,∀𝛾, (3-114) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧ఊ

ୈ െ 𝑝ௗሺ௧ିଵሻఊ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ൒ 𝜏,∀𝛾, (3-115) 

 

𝑃௖େ𝑢௖௧ఊ
େ ൑ 𝑝௖௧ఊ

େ ൑ 𝑃ത௖େ𝑢௖௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-116) 

 

െ𝑅௖
େ,ୈΔ𝑡 ൑ 𝑝௖௧ఊ

େ െ 𝑝௖ሺ௧ିଵሻఊ
େ ൑ 𝑅௖

େ,୙Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-117) 

 

𝐶̅௖େ൫𝑢௖௧ఊ
େ െ 𝑢௖ሺ௧ିଵሻఊ

େ ൯ ൑ 𝑐௖̅௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-118) 

 

0 ൑ 𝑐௖̅௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-119) 
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𝐶௖େ൫𝑢௖ሺ௧ିଵሻఊ
େ െ 𝑢௖௧ఊ

େ ൯ ൑ 𝑐௖௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-120) 

 

0 ൑ 𝑐௖௧ఊ
େ ∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-121) 

 

𝑒௦௧ఊ
ୗ ൌ 𝑒௦ሺ௧ିଵሻఊ

ୗ ൅ 𝜂௦
ୗ,େ𝑝௦௧ఊ

ୗ,େΔ𝑡 െ
𝑝௦௧ఊ
ୗୈ

𝜂௦
ୗ,ୈ Δ𝑡,∀𝑠 ∈ Ω

ୗ,∀𝑡 ൒ 𝜏,∀𝛾, (3-122) 

 

𝐸௦௧
ୗ ൑ 𝑒௦௧ఊ

ୗ ൑ 𝐸ത௦௧
ୗ ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (3-123) 

 

0 ൑ 𝑝௦௧ఊ
ୗ,େ ൑ 𝑃ത௦

ୗ,େ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (3-124) 

 

0 ൑ 𝑝௦௧ఊ
ୗ,ୈ ൑ 𝑃ത௦

ୗ,ୈ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (3-125) 

 

𝑝௦௧ఊ
ୗ ൌ 𝑝௦௧ఊ

ୗ,ୈ െ 𝑝௦௧ఊ
ୗ,େ ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾 (3-126) 

 

0 ൑ 𝑝௥௧ఊୖ ൑ 𝑃෨௥௧ఊ
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ൌ 𝜏,∀𝛾 (3-127) 

 

0 ൑ 𝑝௥௧ఊୖ ൑ 𝑃௥௧ఊ
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ൐ 𝜏,∀𝛾 (3-128) 
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𝑝௧𝛾ୖ୘ ൑ 𝑝௧𝛾ᇲ
ୖ୘,    if 𝜆௧𝛾ୖ୘ ൑ 𝜆௧𝛾ᇲ

ୖ୘,∀𝑡 ∈ Ω୘,∀𝛾,∀𝛾ᇱ (3-129) 

 

𝑝௧𝛾ୖ୘ ൌ 𝑝௧𝛾ᇲ
ୖ୘,    if 𝜆௧𝛾ୖ୘ ൌ 𝜆௧𝛾ᇲ

ୖ୘,∀𝑡 ∈ Ω୘,∀𝛾,∀𝛾ᇱ (3-130) 

 

The last two equations are added for a non-decreasing power-price pair submittal and for 

ensuring that the same price level will have the same power quantity, respectively. It can 

be seen that if there are 16 scenarios for example, each equation will be replaced by 16 

equations. This heavily affects the computational time. Robust optimization plays a crucial 

role in reducing this computational time.  

 

3.9 Scheduling Considering Risk 

The robust optimization adds the risk factor into the calculation. In both the deterministic 

and stochastic techniques that were discussed earlier, the risk was not included into the 

models. In the robust optimization models, risk will be included in different ways 

depending on the model. Four models will be discussed in this section. The first one is the 

stochastic model which represents the uncertain parameters through scenarios. The second 

one is the static robust optimization which represents the uncertain parameters through 

confidence bounds. Combining the previous two models results in the third one which is 

the hybrid stochastic robust model. In this case, both scenarios and confidence bounds will 

be used. The last model is the adaptive robust optimization model. It is called adaptive 

because it has the ability to adapt, take corrective actions, after a realization is reached.  
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3.9.1 Stochastic Programming Considering Risk 

Risk is incorporated in this model through the conditional value a risk (CVaR) metric. The 

model is very similar to the aforementioned ones. It is represented by the equations below.  

 

𝑚𝑎𝑥
஍ీఽ,ೄ

  ෍  
ఠ∈ஈీఽ

𝜋ఠ𝜁ఠ ൅ 𝛽 ൥𝜌 െ
1

1 െ 𝛼
෍  

ఠ∈ஈీఽ

𝜋ఠ𝜇ఠ൩ (3-131) 

 

𝜁ఠ ൌ ෍  
௧∈ஐ౐

൥𝜆௧ఠ
ୈ୅𝑝௧

ୈ୅Δ𝑡 ൅ 𝜆௧ఠ
ୖ୘𝑝௧ఠ

ୖ୘Δ𝑡

൅ ෍  
ௗ∈ஐీ

𝑈ௗ௧
ୈ 𝑝ௗ௧ఠ

ୈ Δ𝑡  െ ෍  
௖∈ஐి

൫𝐶௖
େ,୊𝑢௖௧

େ ൅ 𝐶௖
େ,୚𝑝௖௧ఠ

େ Δ𝑡൯൩ ,∀𝜔 

∈ Πୈ୅,  

(3-132) 

 

െ𝜁ఠ ൅ 𝜌 െ 𝜇ఠ ൑ 0,∀𝜔 ∈ Πୈ୅,   (3-133) 

 

0 ൑ 𝜇ఠ,∀𝜔 ∈ Πୈ୅ (3-134) 

 

෍  
௖∈ஐ೙

ి

𝑝௖௧ఠ
େ ൅ ෍  

௥∈ஐ೙
౎

𝑝௥௧ఠ
ୖ ൅ ෍  

௦∈ஐ೙
ీ

൫𝑝௦௧ఠ
ୗୈ െ 𝑝௦௧ఠ

ୗ,େ ൯ െ ෍  
ℓ∣ௌሺℓሻୀ௡

𝑝ℓ௧ఠ
୐

൅ ෍  
ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఠ
୐  ൌ 𝑝௡௧ఠ

୑ ൅ ෍  
ௗ∈ஐ೙

ీ

𝑝ௗ௧ఠ
ୈ ,∀𝑛 ∈ Ω୑,∀𝑡

∈ Ω୘,∀𝜔 ∈ Πୈ୅ 

(3-135) 
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෍  
௖∈ஐ೙

ి

𝑝௖௧ఠ
େ ൅ ෍  

௥∈ஐ೙
౎

𝑝௥௧ఠ
ୖ ൅ ෍  

௦∈ஐ೙
౏

൫𝑝௦௧ఠ
ୗ,ୈ െ 𝑝௦௧ఠ

ୗ,େ ൯ െ ෍  
ℓ∣௦ሺℓሻୀ௡

𝑝ℓ௧ఠ
୐

൅ ෍  
ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఠ 
୐  ൌ ෍  

ௗ∈ஐ೙
ీ

𝑝ௗ௧ఠ
ୈ ,∀𝑛 ∈ Ω୒ ∖ 𝑛 ∈ Ω୑,∀𝑡

∈ Ω୘,∀𝜔 ∈ Πୈ୅ 

(3-136) 

 

𝑝௧ୈ୅ ൅ 𝑝௧ఠୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧ఠ୑ ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-137) 

 

𝑝ℓ௧ఠ
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ఠ െ 𝛿௥ሺℓሻ௧ఠ൯,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-138) 

 

െ𝑃തℓ
୐ ൑ 𝑝ℓ௧ఠ

୐ ൑ 𝑃തℓ
୐,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-139) 

 

𝛿௡௧ఠ ൌ 0,𝑛: ref. ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-140) 

 

െ𝜋 ൑ 𝛿௡௧ఠ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-141) 

 

𝑃୚ ൑ 𝑝௧ୈ୅ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘ (3-142) 

 

𝑃୚ ൑ 𝑝௧ୈ୅ ൅ 𝑝௧ఠୖ୘ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘,∀𝜔 (3-143) 

 

െ𝑃ത௡୑ ൑ 𝑝௡௧ఠ୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ∈ Ωୈ,∀𝜔 ∈ Πୈ୅ (3-144) 
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෍  
௧∈ஐ౐

𝑝ௗ௧ఠ
ୈ Δ𝑡 ൒ 𝐸ௗ

ୈ,∀𝑑 ∈ Ωୈ,∀𝜔 ∈ Πୈ୅ (3-145) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧ఠ

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-146) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧ఠ

ୈ െ 𝑝ௗሺ௧ିଵሻఠ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅ 
(3-147) 

 

𝑃௖େ𝑢௖௧
େ ൑ 𝑝௖௧ఠ

େ ൑ 𝑃ത௖େ𝑢௖௧
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-148) 

 

െ𝑅௖
େ,ୈΔ𝑡 ൑ 𝑝௖௧ఠ

େ െ 𝑝௖ሺ௧ିଵሻఠ
େ ൑ 𝑅௖

େ,୙Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-149) 

 

𝑒௦௧ఠ
ୗ ൌ 𝑒௦ሺ௧ିଵሻఠ

ୗ ൅ 𝜂௦
ୗ,େ𝑝௦௧ఠ

ୗ,େ Δ𝑡 െ
𝑝௦௧ఠ
ୗ,ୈ

𝜂௦
ୗ,ୈ Δ𝑡,∀𝑠 ∈ Ω

ୗ,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅ 

(3-150) 

 

𝐸௦௧
ୗ ൑ 𝑒௦௧ఠ

ୗ ൑ 𝐸௦௧
ୗ

 ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-151) 

 

0 ൑  𝑝௦௧ఠ
ୗ,େ ൑ 𝑃௦

ୗ,େ
 ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-152) 

 

0 ൑ 𝑝௦௧ఠ
ୗ,ୈ ൑ 𝑃௦

ୗ,ୈ
 ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-153) 
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0 ൑ 𝑝௥௧ఠୖ ൑ 𝑃௥௧ఠ
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅ (3-154) 

 

It is clear that the equations are almost identical to the stochastic model without risk 

consideration. The key difference actually lies within the objective function which has two 

terms in which the first term is related to maximizing the profit as in the previous models. 

The second is in terms of the CVaR. Note that the weighing factor 𝛽 controls the effect of 

the CVaR. If it is equal to zero, the model will be the same as the risk-free model discussed 

earlier. If it is greater than zero, risk will be incorporated in the model which would in 

return reduce the expected profit. Equations (3-133) and (3-134) are added in order to 

incorporate the CVaR as a set of linear equations into the model. Further details on the 

derivation of this process of CVaR addition can be found in [96].  

 

3.9.2 Robust Optimization 

In this section, robust optimization is briefly introduced and a table of comparison is shown 

below in order to make it easier understanding the reason behind moving from one model 

to another. 

 

Table 3-9  Comparison between the optimization models 

Model Advantages Disadvantages 

Deterministic 
Easier, and requires less 

computation time 
Does not cover all possibilities 
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Model Advantages Disadvantages 

Stochastic with 

no Risk 

Better results compared to the 

deterministic model 

Requires a big number of scenarios, 

more computational time, and 

knowledge about the probability 

distribution of the uncertain 

parameters. It also does not 

consider risk. Limited feasible 

operation and requires a big 

number of scenarios. 

Stochastic with 

Risk 

Better results compared to the 

deterministic model. It also 

considers the risk factor. 

Requires a big number of scenarios, 

more computational time, and 

knowledge about the probability 

distribution of the uncertain 

parameters. Limited feasible 

operation and requires a big 

number of scenarios. 

Static Robust 

Easier to generate confidence 

bounds compared to scenarios. 

Less computational time 

compared to the stochastic 

model. More reliable 

compared to the stochastic 

Can be/ is very pessimistic/ 

conservative.  
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Model Advantages Disadvantages 

model as it considers the 

worst-case scenario. 

Hybrid Robust 

A balance between the 

stochastic with risk and the 

static robust methods. It 

considers scenarios for the 

objective function and 

confidence bounds for the 

constraints 

Does not consider the ability of 

taking corrective actions. Very 

conservative 

Adaptive 

Robust 

Optimization 

It gives the VPP the ability to 

take corrective actions 

assuming the worst-case 

scenario realization has 

happened 

Mathematically complex and 

requires solving three levels 

optimization problem. Very 

conservative 

 

Based on the information in the table above, it is important to note that confidence bounds 

will be considered instead of or along with scenarios in robust models. As discussed earlier, 

and due to the correlation between the Day-ahead and real-time prices, the RT price can be 

written in terms of the DA price with the aid of an extra term called the residual. This is 

based on the analysis in [95] which has found out that the RT and DA market prices are 

highly correlated. On the other hand, it was found that the residual prices and the DA 
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market prices are not highly correlated and thus, each of them can now be used as an 

independent random variable.  

 

𝜆௧ୖ୘ ൌ 𝜆௧ୈ୅ ൅ 𝑟௧ୖ୘,∀𝑡 ∈ Ω୘ (3-155) 

 

Based on the equation above, the confidence bounds can be defined as: 

 

𝜆௧ୈ୅ ∈ ൣ𝜆̃௧ୈ୅ െ 𝜆̂௧ୈ୅, 𝜆̃௧ୈ୅ ൅ 𝜆̂௧ୈ୅൧,  ∀𝑡 ∈ Ω୘ (3-156) 

 

𝑟௧ୖ୘ ∈ ሾ𝑟̃௧ୖ୘ െ 𝑟̂௧ୖ୘, 𝑟̃௧ୖ୘ ൅ 𝑟̂௧ୖ୘ሿ,  ∀𝑡 ∈ Ω୘ (3-157) 

 

𝑃௥௧
ୖ,୅ ∈ ൣ𝑃̃௥௧

ୖ,୅ െ 𝑃̂௥௧
ୖ,୅, 𝑃̃௥௧

ୖ,୅ ൅ 𝑃̂௥௧
ୖ,୅൧,  ∀𝑡 ∈ Ω୘,∀𝑟 ∈ Ωୖ (3-158) 

 

The terms with the ~ sign refer to the nominal or average value of the parameter while the 

terms with the ^ sign refer to the deviation from the nominal value. The deviation terms 

are all positive. We can now define two sets where the first one is the set of prices J஽஺. 

Since for each time period there are two prices, the DA and the RT, the cardinality of this 

set would be 2|Ω୘|. The other set contains the other uncertain parameter 𝑃௥௧
ୖ,୅ which will be 

called 𝐽௥௧ୖ . For each time period, for each renewable energy resource, this set will contain 

only one element and thus have a cardinality of one. Therefore, the confidence bounds 

parameters Γ஽஺ and Γ௥௧ோ  can be defined. They can take the values of [0 to 2|Ω୘|] and [0 to 

1] respectively. Where zero means ignoring risk and the right-hand side limit means taking 

the most conservative scenario.  
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3.10 Notes on The Models 

The following models were discussed in detail in the previous sections: deterministic 

model, stochastic model with no risk, and stochastic model with risk. Also, the robust 

models presented are: static, hybrid stochastic, and adaptive. Each model has its advantages 

and disadvantages. It can be noted however that some models are more detailed than the 

others. Some require deep interaction with the mathematical background of linear 

programming and some do not. Some models require the use of linear programming 

techniques are duality, linearization of nonlinear equations, and the conversion of multiple 

stage LP into a single LP.  

 

The deterministic model is the simplest. The stochastic model is balanced in terms of 

complexity, accuracy, and computational time. However, the consideration of risk is 

important and thus, the stochastic model with risk is a better choice in this case. The robust 

optimization models though being more conservative, they can be computationally costly 

and mathematically involved. Also, extreme conservativeness is not necessarily the best 

option in assessing the market and the profitability. As a balance between complexity, 

conservativeness and accuracy, the stochastic model with risk will be considered. Also, 

robust optimization works when confidence bounds are available. When they are not, it 

becomes infeasible to use robust optimization. For stochastic programming, scenarios can 

be generated based on historical data. Historical data is usually available. Nevertheless, the 

RT model for this technique was not presented in the literature. Therefore, before 

advancing to the next sections, all the constraints will be combined from all the mentioned 

techniques to make a more comprehensive form of the stochastic model with risk for the 
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DA market. Additionally, the model for the RT market will be developed from the DA 

market model. As per [198], stochastic programming was found a much better choice in 

terms of tradeoff between cost and risk compared to robust programming even when setting 

the robust programming risk parameters to the less conservative values. In addition to the 

fact that robust optimization is more mathematically complex and more conservative. This 

makes stochastic programming with risk a balance between complexity, conservativeness, 

and accuracy. When the distribution function of the unknown parameters is unknown, 

robust optimization can be selected as an alternative to stochastic programming. Lastly, 

stochastic programming works directly on the objectives such as maximizing the profit or 

minimizing the cost while robust optimization works on maximizing the minimum profit 

or minimizing the maximum cost which makes robust optimization very conservative 

naturally even when the parameters of conservativeness are lowered. 

 

3.11 Historical Data Modelling 

Regardless to the model of choice, three main historical data inputs are required. The first 

is the renewable energy source input which will be considered as a wind turbine for 

example. The second is the historical prices of the day ahead market and the third one is 

the real time market prices. Those three inputs have one thing in common. They all require 

historical data modelling for the purpose of forecasting the studied time frame which is the 

next 24 hours in this study. There are several modelling techniques for historical data and 

one of the most popular methods is the autoregressive moving average (ARMA) model. 

The term ARMA is composed of the autoregressive segment (AR) and the moving average 

segment (MA). There are other forms of the ARIMA model. One of which is the ARIMA 
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model which has an integration term (I). Another one is the SARIMA where the (S) term 

stands for seasonal. One more variation is the SARIMAX model where the term (X) stands 

for an exogenous variable i.e., the model uses more than one independent variable of 

historical data. The selection of the order of each segment of the SARIMAX is based on 

the historical data type and properties. 

 

3.11.1 ARIMA Model 

The ARIMA model is going to be built in a step-by-step process starting with the AR part. 

An AR model is represented as: 

X௧ ൌ 𝑐 ൅෍𝜙௜ X௧ି௜

௣

௜ୀଵ

൅ 𝜀௧ (3-159) 

 

Which can be expanded as: 

 

X௧ െ 𝜙ଵX௧ିଵ െ ⋯െ 𝜙௣X௧ି௣ ൌ 𝑐 ൅ 𝜀௧ (3-160) 

 

By using a lag operator B௣ which represents a difference of order p it becomes: 

 

൫1 െ 𝜙ଵB െ 𝜙ଶBଶ െ ⋯െ 𝜙௣B௣൯X௧ ൌ 𝑐 ൅ 𝜀௧ (3-161) 

 

Which is equivalent to: 
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𝜙ሺ𝐵ሻX௧ ൌ 𝑐 ൅ 𝜀௧ (3-162) 

 

Where 𝜙ሺ𝐵ሻ is defined as: 

 

𝜙ሺ𝐵ሻ ൌ ൫1 െ 𝜙ଵB െ 𝜙ଶBଶ െ ⋯െ 𝜙௣B௣൯ (3-163) 

 

This means that a variable X in terms of time t can be represented in terms of some p points 

of the historical data of X in addition to a constant c and an error term 𝜀௧. The error term 

here is generally represented by a gaussian distribution with zero mean and constant 

variance. If the error term is also represented by a lag function similar to 𝜙ሺ𝐵ሻ, it is called 

a MA representation which will produce the ARMA model. 

 

𝜙ሺ𝐵ሻX௧ ൌ 𝑐 ൅ 𝜃ሺ𝐵ሻ𝜀௧ (3-164) 

 

Integration is when the function X௧ is differenced. Integration is usually done in the order 

of 1 and sometime the order of 2. This can be represented by (1-B) term multiplied by X௧ 

which simply means X௧ െ X௧ିଵ. Therefore, ARIMA model will be represented as: 

 

𝜙ሺ𝐵ሻሺ1 െ 𝐵ሻX௧ ൌ 𝑐 ൅ 𝜃ሺ𝐵ሻ𝜀௧ (3-165) 

 

Seasonality means doing the difference at specific points where repetition happens 

seasonally. For example, if some data repeats with a similar fashion every 24 hours, it will 
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have a seasonality of 24 which can be treated as differencing in the order of 24. Thus, 

SARIMA could look like this: 

 

𝜙ሺ𝐵ሻሺ1 െ 𝐵ሻሺ1 െ 𝐵ሻ௦ X௧ ൌ 𝑐 ൅ 𝜃ሺ𝐵ሻ𝜀௧ (3-166) 

 

Where s is the differencing order. It can be 24 for daily, or 168 for weekly seasonality. The 

last part is the X part which can be added to SARIMA to produce the SARIMAX model 

as: 

 

𝜙ሺ𝐵ሻሺ1 െ 𝐵ሻሺ1 െ 𝐵ሻ௦ X௧ ൌ 𝑐 ൅ 𝛽 Y௧ ൅ 𝜃ሺ𝐵ሻ𝜀௧ (3-167) 

 

Where Y is the other variable considered. For example, X and Y can be wind speed and 

wind power when forecasting the wind power of a wind generator. SARIMAX stands for 

Seasonal Auto Regressive Integrated Moving Average with exogenous factors. 

 

3.11.2 ACF and PACF 

An ARIMA model has three unknowns to be selected before doing the model fitting. Those 

three parameters are p, d, and q. Where p is the AR order, q is the MA order and d is the 

integration order. ARIMA (p, d, q) is how this model is represented. The selection process 

of those parameters is not a straight forward process as it requires experience in addition 

to the mathematical tools. First, by looking at the timeseries of the data, trend, volatility, 

seasonality and other characteristics can be noted. If there is volatility and/or a trend, it is 
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better to use a transformation technique before proceeding in order to eliminate this trend. 

Transformation techniques can be the natural logarithmic function, the cubic root, or 

others. The logarithmic function is one of the most popular for positive data. For negative 

data, modifications of the logarithmic functions exist such as adding a small constant to 

the time series which is not statistically favorable.  

 

After this step, the autocorrelation function (ACF) and the partial autocorrelation function 

(PACF) can be plotted for further analysis. The ACF is generally concerned with the order 

of q while the PACF is related to the order of p. If for example the ACF has a cut off after 

q lags and the PACF dies exponentially or sinusoidally, then it is a MA model with order 

q. If the opposite behavior happens between the ACF and the PACF, it is an AR model 

with order p. The analysis become more difficult if the ACF and/or the PACF does not die 

out or cut off. This can be a sign for the need of differencing which usually has an order of 

1 or 2. If differencing is done and the ACF and PACF are still fluctuating without a specific 

pattern that leads to deciding the order of p and q, the model might be ARIMA/ARMA. 

This is where experience and other statistical tools are needed. If the data is for example 

hourly and there is a spike every 24 lags, this can a sign of a seasonality which needs to be 

addressed in the model to turn it into SARMA/SARIMA. One of the most popular tools 

for deciding the order of p and q after that are the extended ACF (EACF), Akaike's 

Information Criteria (AIC), and Bayesian Information Criteria (BIC). The working 

principle is the same for those techniques. A table is made where the header row has the 

order of q and the header column has the order of p ranked from one to any desired degree, 

say 5. For each cell ordered as (p, q), a statistical value, say the BIC, is noted. Based on 
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these values, the order of p and q can be figured out. For example, for the case of BIC, the 

cell at which the BIC is minimum is selected as the order of (p, q). Table 3-10 shows an 

example where p and q are selected to be equal to three. Further details on ACF and PACF 

can be found in [155] and [156] while EACF is explained with numerical examples in 

[157]. 

Table 3-10  BIC example 

 q =1 q=2 q=3 q=4 q=5 

p=1 862.9 863.4 866.1 869.2 874.5 

p=2 863.8 864.3 871.5 865.2 865.9 

p=3 866.7 868.4 847.6 868.9 873.2 

p=4 872.2 861.2 866.5 872.8 872.1 

p=5 854.7 863.3 868.2 877.2 864.7 

 

There are other techniques to model such historical data such as neural networks and 

transfer function. Transfer function has shown good capabilities while neural networks are 

less powerful compared to ARIMA and transfer function when it comes to historical data 

modelling and fitting such as the wind power and market prices [158]. The market prices 

do not have one specific model to represent them as the model can vary based on the market 

behavior [159]. Generally, a univariate model is used where only one historical variable is 

used but in cases where the data is difficult to model, such as the wind power, multivariate 

models can be useful [160]. For wind power modelling specifically, nonlinear fitting can 

be utilized [161]. If there are multiple wind turbines in the studied grid, the model could 

be slightly modified to account for modelling multiple wind turbines in multiple locations 

[162]. Finally, when modelling uncertain data, multiple scenarios are generated, and this 
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number of scenarios might be big which adds a burden onto the calculation time and for 

this, scenario reduction models can be utilized [163]. 

 

3.11.3 Scenario Generation 

After developing a model for the historical data, say ARIMA, scenarios can be generated. 

Scenarios are usually generated in large numbers which adds computational burden, and 

this can be handled through the use of scenario reduction techniques. The general idea of 

reducing the number of scenarios is to remove the scenarios with the lowest probability 

and group the scenarios that are close to each other [164]. The process of scenario 

generation and reduction can be summarized in a number of steps as follows: 

1. The historical data has to be prepared and the regression model, say ARIMA has to 

be estimated. 

2. If N scenarios are to be made, start with scenario w=1. 

3. If the time steps are T, start with time t=1. 

4. Based on the error of the ARIMA model, which is a normally distributed error with 

zero mean and a standard deviation 𝜎, generate a random number R. 

5. Evaluate/simulate the ARIMA model with the obtained error and other parameters. 

6. If N is reached, move to the next step, otherwise, set w=w+1 and go to step 4. 

7. Assign each scenario a probability. This has to be updated every time a new 

scenario is added. If N scenarios are there, and they have equal probability, each 

will have probability 1/N. 
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8. Use a scenario reduction technique in order to reduce the number of scenarios if 

required.  

9. If T is reached, move to the next step, otherwise, set t=t+1 and go to step 2. 

10. End 

Figure 3-10 shows the flowchart of the steps above. 
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Figure 3-10 Scenario generation and reduction flowchart 
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3.12 Wind Turbine Mathematical Model 

To get the power output of a wind turbine using the mathematical calculations, the wind 

speed has to be obtained and forecasted as explained in the previous sections. This wind 

speed can then be converted to wind power. The relationship curve between the wind speed 

and wind power looks like Figure 3-11. It can be seen that the figure has two flat areas and 

one nonlinear segment. The modelling of the relationship between the wind speed and wind 

power differs due to the representation of this nonlinear region. Different references in the 

literature use different ways to represent this region [165] to [167].  

 

 

Figure 3-11 Wind power and speed relationship 

 

There are three main parameters that need to be defined on the curve. The first one is the 

cut-in speed. This is the wind speed before which the wind turbine does not produce any 

power and after which the wind turbine starts producing power. The rated speed after which 

the wind turbine produces power equals its rated power. The cut-out speed which is the 
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speed at which the turbine stops producing power for protection purposes. The nonlinear 

region is the region between the cut-in and rated speeds. This behavior is defined using a 

piecewise function as below: 

 

𝑃௪ ൌ ൞

0                             , 𝑣 ൏ 𝑣௖௜
𝐶1 ൅ 𝐶2 𝑣௕          , 𝑣௖௜ ൏  𝑣 ൏ 𝑣௥
𝑃௥௪                            , 𝑣௥ ൏  𝑣 ൏ 𝑣௖௢

           0                               , 𝑣௖௢ ൏ 𝑣            
ൢ (3-168) 

 

Where C1 and C2 are defined as: 

 

𝐶1 ൌ 𝑃௥௪
𝑣௖௜
௕

𝑣௖௜
௕ െ 𝑣௥௕

 (3-169) 

 

𝐶2 ൌ
𝑃௥௪

𝑣௥௕ െ 𝑣௖௜
௕  (3-170) 

 

Where 𝑃௥௪ is the rated wind power of the turbine, 𝑣௥ is the rated wind speed of the turbine, 

𝑣௖௜ and  𝑣௖௢ are the cut in and cut out speeds respectively. The term b is the shape factor of 

the Weibull distribution which is the probability distribution function that suits the wind 

speed data.  

 

3.13 Generator Variable Cost in LP 

In general, for simplicity, in literature, the conventional generator’s variable cost is taken 

as a fixed number. This is especially the case when the model is made through linear 
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programming. This is because the variable cost is not by itself a linear equation. It is a 

piecewise function. This piecewise function is by itself an approximation to a nonlinear 

function. In this work, the piecewise function will be converted to a linear model in order 

to be incorporated into the MILP. This will be done through the special-order set (SOS) 

constraint of type 2. To explain this, the following example will be explained: 

 

𝑍 ൌ ൝
𝑎1𝑥 ൅ 𝑏1                             , 𝑙1 ൏  𝑥 ൏ 𝑙2
𝑎2𝑥 ൅ 𝑏2                               , 𝑙2 ൏  𝑥 ൏ 𝑙3
𝑎3𝑥 ൅ 𝑏3                             , 𝑙3 ൏  𝑥 ൏ 𝑙4  

ൡ (3-171) 

 

The first constraint is 𝑙1 ൏  𝑥 ൏ 𝑙4. Then, the conversion model will start by introducing 

four non-negative variables x1 to x4.  

 

𝑥 ൌ 𝑙1𝑥1 ൅ 𝑙2𝑥2 ൅ 𝑙3𝑥3 ൅ 𝑙4𝑥4 (3-172) 

 

Where each new variable is multiplied by one of the limits of the piecewise function. This 

is subject to: 

 

1 ൌ 𝑥1 ൅ 𝑥2 ൅ 𝑥3 ൅ 𝑥4 (3-173) 

 

We can now define Z by substituting each limit into its respective equation and adding 

them up.  
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𝑍 ൌ ሺ𝑎1𝑙1 ൅ 𝑏1ሻ 𝑥1 ൅ ሺ𝑎1𝑙2 ൅ 𝑏1ሻ 𝑥2 ൅ ሺ𝑎3𝑙3 ൅ 𝑏3ሻ 𝑥3

൅ ሺ𝑎4𝑙4 ൅ 𝑏4ሻ 𝑥4 
(3-174) 

 

By this, the model is ready except for one issue. The system will go out of the feasible 

region for some values of xi. This is where the role of SOS type 2 handles this issue. There 

must be restriction on xi such that only two xi can be nonzero at a time and they must be 

two consecutive xi. For example, x1 and x4 cannot both be nonzero at the same time 

because they are not adjacent [168]. This requires the introduction of binary variables Yi 

such that: 

 

𝑥𝑖 ൑ 𝑦𝑖 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖 

෍𝑦𝑖  ൑ 2 

𝑦1 ൅ 𝑦3 ൑ 1 

𝑦1 ൅ 𝑦4 ൑ 1 

𝑦2 ൅ 𝑦4 ൑ 1 

(3-175) 

 

It can be noticed that the first and second rules ensure that only two values of xi will be 

nonzero at a time. The last three rules ensure that the nonzero xi will have to be adjacent. 

In literature, there is another way of linearizing the generator cost model as in [76], [171], 

and [181]. The model is explained through the equations below: 
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𝐶𝐺𝑐𝑡𝜔𝛾 ൌ 𝐶௖
େ,୊ ∗ 𝑢𝑐𝑡𝜔𝛾C ൅  ෍𝐶𝑥

𝑉 ∗
𝑁𝑥

𝑥ൌ1

𝑃𝑐𝑡𝜔𝛾𝑥   ,∀𝑐 ∈ ΩC,∀𝑡 ∈ ΩT,∀𝜔,∀𝛾, (3-176) 

 

𝑝௖௧ఠఊ
େ ൌ 𝑃௖େ ∗ 𝑢௖௧ఠఊ

େ ൅  ∑ 𝑃௖௧ఠఊ௫ே௫
௫ୀଵ   ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾,           (3-177) 

 

𝑃௖௧ఠఊ௫ ൑ 𝑝௫௏ െ  𝑝௫ିଵ
௏  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾,∀𝑥 ∈ ሾ2,𝑁𝑥 െ 1ሿ (3-178) 

 

𝑃௖௧ఠఊ௫ ൑ 𝑝௫௏ െ  𝑃௖େ  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾,∀𝑥 ൌ ሾ1ሿ (3-179) 

 

𝑃௖௧ఠఊ௫ ൑ 𝑃ത௖େ െ  𝑝௫ିଵ
௏   ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾,∀𝑥 ൌ ሾ𝑁𝑥ሿ (3-180) 

 

𝑃௖௧ఠఊ௫ ൒ 0  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾,∀𝑥 ∈ Ω୶ (3-181) 

 

Where 𝐶𝐺𝑐𝑡𝜔𝛾 is the conventional generator running cost. The piecewise representation of 

the generator running cost is divided into blocks/segments, x, where each segment has a 

slope 𝐶௫௏ and power produced 𝑃௖௧ఠఊ௫. Finally, 𝑝௫௏is the upper limit of the power of block 

x. 

 

The SOS2 is however better only in terms of the computational speed as explained in [182]. 

In this research, first, the SOS2 model is designed. Second, the speed of the SOS2 model 

and the model that is based on normal constraints will be compared.  
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3.14 Expanded Risk Averse Stochastic Programming Model 

This model is adjusted to be more comprehensive in terms of combining all the possible 

constraints from all the aforementioned models. In addition, extra constraints will be added 

to make the model even more realistic.  

 

3.14.1 Selected Stochastic DA Model with Risk 

 

𝑚𝑎𝑥
஍ీఽ,ೄ

  ෍  
ఠ∈ஈీఽ

෍  
ఊ∈ஈ౎౐

𝜋ఠఊ𝜁ఠఊ ൅ 𝛽 ቎𝜌 െ
1

1 െ 𝛼
෍  

ఠ∈ஈీఽ

෍  
ఊ∈ஈ౎౐

𝜋ఠఊ𝜇ఠఊ቏ (3-182) 

 

𝜁ఠ𝛾 ൌ ෍  
௧∈ஐ౐

൥𝜆௧ఠ𝛾
ୈ୅ 𝑝௧ఠ

ୈ୅Δ𝑡 ൅ ሺ𝜆௧ఠ𝛾
஽஺ ൅ 𝑟௧ఠ𝛾

ோ் ሻ𝑝௧ఠ𝛾
ୖ୘ Δ𝑡

൅ ෍  
ௗ∈ஐీ

𝑈ௗ௧
ୈ 𝑝ௗ௧ఠ𝛾

ୈ Δ𝑡  െ ෍  
௖∈ஐి

ቀ𝐶௖
େ,୊𝑢𝑐𝑡𝜔𝛾C Δ𝑡 ൅ 𝐶௖

େ,୚Δ𝑡

൅ 𝑐ത𝑐𝑡𝜔𝛾
C ൅ 𝑐

𝑐𝑡𝜔𝛾
C ቁ൩ ,∀𝜔 ∈ Πୈ୅,∀𝛾 Πୖ୘ 

(3-183) 

 

െ𝜁𝜔ఊ ൅ 𝜌 െ 𝜇ఠఊ ൑ 0,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT  (3-184) 

 

0 ൑ 𝜇ఠఊ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-185) 
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෍  
௖∈ஐ೙

ి

𝑝௖௧ఠ𝛾
େ ൅ ෍  

௥∈ஐ೙
౎

𝑝௥௧ఠ𝛾
ୖ ൅ ෍  

௦∈ஐ೙
ీ

𝑝௦௧ఠ𝛾
ୗ െ ෍  

ℓ∣ௌሺℓሻୀ௡

𝑝ℓ௧ఠ𝛾
୐ ൅ ෍  

ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఠ𝛾
୐  

ൌ 𝑝௡௧ఠ𝛾
୑ ൅ ෍  

ௗ∈ஐ೙
ీ

𝑝ௗ௧ఠ𝛾 
ୈ ,∀𝑛 ∈ Ω୑,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 Πୖ୘ 

(3-186) 

 

෍  
௖∈ஐ೙

ి

𝑝௖௧ఠ𝛾
େ ൅ ෍  

௥∈ஐ೙
౎

𝑝௥௧ఠ𝛾
ୖ ൅ ෍  

௦∈ஐ೙
౏

𝑝௦௧ఠ𝛾
ୗ െ ෍  

ℓ∣௦ሺℓሻୀ௡

𝑝ℓ௧ఠ𝛾
୐ ൅ ෍  

ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఠ𝛾 
୐  

ൌ ෍  
ௗ∈ஐ೙

ీ

𝑝ௗ௧ఠ𝛾 
ୈ ,∀𝑛 ∈ Ω୒ ∖ 𝑛 ∈ Ω୑,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 Πୖ୘ 

(3-187) 

 

𝑝௧𝜔ୈ୅ ൅ 𝑝௧ఠఊୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧ఠఊ୑ ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-188) 

 

𝑝ℓ௧ఠఊ
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ఠఊ െ 𝛿௥ሺℓሻ௧ఠఊ൯,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 
(3-189) 

 

െ𝑃തℓ
୐ ൑ 𝑝ℓ௧ఠఊ

୐ ൑ 𝑃തℓ
୐,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-190) 

 

𝛿௡௧ఠఊ ൌ 0,𝑛: ref. ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-191) 

 

െ𝜋 ൑ 𝛿௡௧ఠఊ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-192) 
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𝑃୚ ൑ 𝑝௧ఠୈ୅ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘ (3-193) 

 

𝑃୚ ൑ 𝑝௧ఠୈ୅ ൅ 𝑝௧ఠఊୖ୘ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 ΠRT (3-194) 

 

െ𝑃ത௡୑ ൑ 𝑝௡௧ఠఊ୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ∈ Ωୈ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-195) 

 

෍  
௧∈ஐ౐

𝑝ௗ௧ఠఊ
ୈ Δ𝑡 ൒ 𝐸ௗ

ୈ,∀𝑑 ∈ Ωୈ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-196) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧ఠఊ

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-197) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧ఠఊ

ୈ െ 𝑝ௗሺ௧ିଵሻఠఊ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 
(3-198) 

 

𝑃௖େ𝑢௖௧ఠఊ
େ ൑ 𝑝௖௧ఠఊ

େ ൑ 𝑃ത௖େ𝑢௖௧ఠఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-199) 

 

െ𝑅௖
େ,ୈΔ𝑡 ൑ 𝑝௖௧ఠఊ

େ െ 𝑝௖ሺ௧ିଵሻఠఊ
େ ൑ 𝑅௖

େ,୙Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 
(3-200) 

 

𝐶̅௖େ൫𝑢௖௧ఠఊ
େ െ 𝑢௖ሺ௧ିଵሻఠఊ

େ ൯ ൑ 𝑐௖̅௧ఠఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-201) 

 

0 ൑ 𝑐௖̅௧ఠఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-202) 
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𝐶௖େ൫𝑢௖ሺ௧ିଵሻఠఊ
େ െ 𝑢௖௧ఠఊ

େ ൯ ൑ 𝑐௖௧ఠఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-203) 

 

0 ൑ 𝑐௖௧ఠఊ
େ ∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾, (3-204) 

 

𝑒௦௧ఠఊ
ୗ ൌ 𝑒௦ሺ௧ିଵሻఠఊ

ୗ ൅ 𝜂௦
ୗ,େ𝑝௦௧ఠఊ

ୗ,େ Δ𝑡 െ
𝑝௦௧ఠఊ
ୗ,ୈ

𝜂௦
ୗ,ୈ Δ𝑡,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 

(3-205) 

 

𝐸௦௧
ୗ ൑ 𝑒௦௧ఠఊ

ୗ ൑ 𝐸௦௧
ୗ

 ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-206) 

 

0 ൑  𝑝௦௧ఠఊ
ୗ,େ ൑ 𝑃௦

ୗ,େ
 ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-207) 

 

0 ൑ 𝑝௦௧ఠఊ
ୗ,ୈ ൑ 𝑃௦

ୗ,ୈ
 ,∀𝑠 ∈ Ωୗ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-208) 

 

𝑝௦௧ఠ𝛾
ୗ ൌ 𝑝௦௧ఠ𝛾

ୗ,ୈ െ 𝑝௦௧ఠ𝛾
ୗ,େ   ,∀𝑠 ∈ ΩS,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 Πୖ୘ (3-209) 

 

0 ൑ 𝑝௥௧ఠఊୖ ൑ 𝑃௥௧ఠఊ 
ୖ,୅ ,∀𝑟 ∈ Ωୖ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-210) 

 

𝑝௧ఠୈ୅ ൑ 𝑝௧ఠᇲ
ୈ୅ ,   if 𝜆௧ఠୈ୅ ൑ 𝜆௧ఠᇲ

ୈ୅ ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝜔ᇱ (3-211) 

 

𝑝௧ఠୈ୅ ൌ 𝑝௧ఠᇲ
ୈ୅ ,   if 𝜆௧ఠୈ୅ ൌ 𝜆௧ఠᇲ

ୈ୅ ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝜔ᇱ (3-212) 
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𝐶𝑐𝑡𝜔𝛾
େ,୚,୊ ൌ 824 𝑝𝑐𝑡𝜔𝛾1

C ൅ 1463 𝑝𝑐𝑡𝜔𝛾2
C ൅ 1972 𝑝𝑐𝑡𝜔𝛾3

C ൅ 2804 𝑝𝑐𝑡𝜔𝛾4
C ൅

3504 𝑝𝑐𝑡𝜔𝛾5
C ൅ 4235 𝑝𝑐𝑡𝜔𝛾6

C ൅ 4991 𝑝𝑐𝑡𝜔𝛾7
C ൅ 5765 𝑝𝑐𝑡𝜔𝛾8

C ൅

6566 𝑝𝑐𝑡𝜔𝛾9
C ൅ 7394 𝑝𝑐𝑡𝜔𝛾10

C ൅ 8324 𝑝𝑐𝑡𝜔𝛾11
C  ,∀𝑐 ∈ ΩC,∀𝑡 ∈

ΩT,∀𝜔,∀𝛾  

(3-213) 

 

𝑝௖௧𝜔ఊ
େ ൌ 112 𝑝௖௧𝜔ఊଵ

େ ൅ 130 𝑝௖௧𝜔ఊଶ
େ ൅ 148 𝑝௖௧𝜔ఊଷ

େ ൅ 166 𝑝௖௧𝜔ఊସ
େ

൅ 184 𝑝௖௧𝜔ఊହ
େ ൅ 202 𝑝௖௧𝜔ఊ଺

େ ൅ 220 𝑝௖௧𝜔ఊ଻
େ

൅ 238 𝑝௖௧𝜔ఊ଼
େ ൅ 256 𝑝௖௧𝜔ఊଽ

େ ൅ 274 𝑝௖௧𝜔ఊଵ଴
େ

൅ 294 𝑝௖௧𝜔ఊଵଵ
େ     ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 

(3-214) 

 

1 ∗ 𝑢௖௧ఠఊ
େ ൌ 𝑝௖௧𝜔ఊଵ

େ ൅ 𝑝௖௧𝜔ఊଶ
େ ൅ 𝑝௖௧𝜔ఊଷ

େ ൅ 𝑝௖௧𝜔ఊସ
େ ൅ 𝑝௖௧𝜔ఊହ

େ ൅ 𝑝௖௧𝜔ఊ଺
େ

൅ 𝑝௖௧𝜔ఊ଻
େ ൅ 𝑝௖௧𝜔ఊ଼

େ ൅ 𝑝௖௧𝜔ఊଽ
େ ൅ 𝑝௖௧𝜔ఊଵ଴

େ ൅ 𝑝௖௧𝜔ఊଵଵ 
େ  ,∀𝑐

∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 

(3-215) 

 

𝑦௖௧𝜔ఊ௜ ൒ 𝑝௖௧𝜔ఊ௜ 
େ  ,∀i ൌ ሾ1 to 11ሿ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 (3-216) 

 

෍𝑦௖௧𝜔ఊ௜
௜

൑ 2 ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 (3-217) 

 

𝑦௖௧ఠఊ௜ ൅ 𝑦௖௧ఠఊሺ௜ା௠ሻ ൑ 1, 𝑚 ൒ 2 ,∀i,∀𝑐 ∈ 𝛺஼ ,∀𝑡 ∈ 𝛺் ,∀𝜔,∀𝛾 (3-218) 
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𝑝௖௧𝜔ఊ௜ 
େ ൒ 0 ,∀i,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 (3-219) 

 

𝑦௖௧𝜔ఊ௜ 𝑎𝑟𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 ∀i (3-220) 

 

It must be noted that equations (3-213) to (3-220) are specifically design based on the input 

data presented in the next chapters. 

 

3.14.2 Selected Stochastic RT Model with Risk 

 

𝑚𝑎𝑥
஍ೃ೅,ೄ

  ෍  
ఊ∈ஈೃ೅

𝜋ఊ𝜁ఊ ൅ 𝛽 ቎𝜌 െ
1

1 െ 𝛼
෍  

ఊ∈ஈೃ೅

𝜋ఊ𝜇ఊ቏ (3-221) 

 

𝜁𝛾 ൌ ෍  
௧∈ஐ౐

൥ሺ𝜆௧𝛾
஽஺ ൅ 𝑟௧𝛾

ோ்ሻ𝑝௧𝛾
ୖ୘Δ𝑡

൅ ෍  
ௗ∈ஐీ

𝑈ௗ௧
ୈ 𝑝ௗ௧𝛾

ୈ Δ𝑡  െ ෍  
௖∈ஐి

ቀ𝐶௖
େ,୚,୊Δ𝑡 ൅ 𝑐ത𝑐𝑡𝛾

C ൅ 𝑐
𝑐𝑡𝛾
C ቁ൩ ,∀𝜔 

∈ Πୈ୅,∀𝛾 Πୖ୘ 

(3-222) 

 

െ𝜁ఊ ൅ 𝜌 െ 𝜇ఊ ൑ 0,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT  (3-223) 

 

0 ൑ 𝜇ఊ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (3-224) 

 



100 
 

෍  
௖∈ஐ೙

ి

𝑝௖௧ఊ
େ ൅ ෍  

௥∈ஐ೙
౎

𝑝௥௧ఊୖ ൅ ෍  
௦∈ஐ೙

౏

𝑝௦௧ఊ
ୗ െ ෍  

ℓ∣௦ሺℓሻୀ௡

𝑝ℓ௧ఊ
୐ ൅ ෍  

ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఊ
୐

ൌ 𝑝௡௧ఊ୑ ൅ ෍  
ௗ∈ஐ೙

ీ

𝑝ௗ௧ఊ
ୈ ,∀𝑛 ∈ Ω୑,∀𝑡 ൒ 𝜏,∀𝛾, 

(3-225) 

 

෍  
௖∈ஐ೙

ి

𝑝௖௧ఊ
େ ൅ ෍  

௥∈ஐ೙
౎

𝑝௥௧ఊୖ ൅ ෍  
௦∈ஐ೙

౏

𝑝௦௧ఊ
ୗ െ ෍  

ℓ∣௦ሺℓሻୀ௡

𝑝ℓ௧ఊ
୐ ൅ ෍  

ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఊ
୐

ൌ ෍  
ௗ∈ஐ೙

ీ

𝑝ௗ௧ఊ
ୈ ,∀𝑛 ∈ Ω୒ ∖ 𝑛 ∈ Ω୑,∀𝑡 ൒ 𝜏,∀𝛾, 

(3-226) 

 

𝑝෤௧ୈ୅ ൅ 𝑝௧ఊୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧ఊ୑ ,∀𝑡 ൒ 𝜏,∀𝛾, (3-227) 

 

𝑝ℓ௧ఊ
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ఊ െ 𝛿௥ሺℓሻ௧ఊ൯,∀ℓ ∈ Ω୐,∀𝑡 ൒ 𝜏,∀𝛾, (3-228) 

 

െ𝑃തℓ
୐ ൑ 𝑝ℓ௧ఊ

୐ ൑ 𝑃തℓ
୐ ∀ℓ ∈ Ω୐,∀𝑡 ൒ 𝜏,∀𝛾 (3-229) 

 

𝛿௡௧ఊ ൌ 0,𝑛: ref., ∀𝑡 ൒ 𝜏,∀𝛾, (3-230) 

 

െ𝜋 ൑ 𝛿௡௧ఊ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ൒ 𝜏,∀𝛾, (3-231) 

 

𝑃୚ ൑ 𝑝෤௧ୈ୅ ൅ 𝑝௧ఊୖ୘ ൑ 𝑃ത୚,∀𝑡 ൒ 𝜏 (3-232) 
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െ𝑃ത௡୑ ൑ 𝑝௡௧ఊ୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ൒ 𝜏,∀𝛾, (3-233) 

 

෍𝑝෤ௗ௧
ୈ Δ𝑡

ఛିଵ

௧ୀଵ

൅෍𝑝ௗ௧ఊ
ୈ Δ𝑡

หஐ౐ห

௧ୀఛ

൒ 𝐸ௗ
ୈ,∀𝑑 ∈ Ωୈ,∀𝛾, (3-234) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧ఊ

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ൒ 𝜏,∀𝛾, (3-235) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧ఊ

ୈ െ 𝑝ௗሺ௧ିଵሻఊ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ൒ 𝜏,∀𝛾, (3-236) 

 

𝑃௖େ𝑢௖௧ఊ
େ ൑ 𝑝௖௧ఊ

େ ൑ 𝑃ത௖େ𝑢௖௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-237) 

 

െ𝑅௖
େ,ୈΔ𝑡 ൑ 𝑝௖௧ఊ

େ െ 𝑝௖ሺ௧ିଵሻఊ
େ ൑ 𝑅௖

େ,୙Δ𝑡,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-238) 

 

𝐶̅௖େ൫𝑢௖௧ఊ
େ െ 𝑢௖ሺ௧ିଵሻఊ

େ ൯ ൑ 𝑐௖̅௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-239) 

 

0 ൑ 𝑐௖̅௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-240) 

 

𝐶௖େ൫𝑢௖ሺ௧ିଵሻఊ
େ െ 𝑢௖௧ఊ

େ ൯ ൑ 𝑐௖௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-241) 

 

0 ൑ 𝑐௖௧ఊ
େ ∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (3-242) 
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𝑒௦௧ఊ
ୗ ൌ 𝑒௦ሺ௧ିଵሻఊ

ୗ ൅ 𝜂௦
ୗ,େ𝑝௦௧ఊ

ୗ,େΔ𝑡 െ
𝑝௦௧ఊ
ୗୈ

𝜂௦
ୗ,ୈ Δ𝑡,∀𝑠 ∈ Ω

ୗ,∀𝑡 ൒ 𝜏,∀𝛾, (3-243) 

 

𝐸௦௧
ୗ ൑ 𝑒௦௧ఊ

ୗ ൑ 𝐸ത௦௧
ୗ ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (3-244) 

 

0 ൑ 𝑝௦௧ఊ
ୗ,େ ൑ 𝑃ത௦

ୗ,େ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (3-245) 

 

0 ൑ 𝑝௦௧ఊ
ୗ,ୈ ൑ 𝑃ത௦

ୗ,ୈ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (3-246) 

 

𝑝௦௧ఊ
ୗ ൌ 𝑝௦௧ఊ

ୗ,ୈ െ 𝑝௦௧ఊ
ୗ,େ ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾 (3-247) 

 

0 ൑ 𝑝௥௧ఊୖ ൑ 𝑃෨௥௧ఊ
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ൌ 𝜏,∀𝛾 (3-248) 

 

0 ൑ 𝑝௥௧ఊୖ ൑ 𝑃௥௧ఊ
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ൐ 𝜏,∀𝛾 (3-249) 

 

𝑝௧𝛾ୖ୘ ൑ 𝑝௧𝛾ᇲ
ୖ୘,    if 𝜆௧𝛾ୖ୘ ൑ 𝜆௧𝛾ᇲ

ୖ୘,∀𝑡 ∈ Ω୘,∀𝛾,∀𝛾ᇱ (3-250) 

 

𝑝௧𝛾ୖ୘ ൌ 𝑝௧𝛾ᇲ
ୖ୘,    if 𝜆௧𝛾ୖ୘ ൌ 𝜆௧𝛾ᇲ

ୖ୘,∀𝑡 ∈ Ω୘,∀𝛾,∀𝛾ᇱ (3-251) 
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𝐶𝑐𝑡𝛾
େ,୚,୊ ൌ 824 𝑝𝑐𝑡𝛾1

C ൅ 1463 𝑝𝑐𝑡𝛾2
C ൅ 1972 𝑝𝑐𝑡𝛾3

C ൅ 2804 𝑝𝑐𝑡𝛾4
C ൅

3504 𝑝𝑐𝑡𝛾5
C ൅ 4235 𝑝𝑐𝑡𝛾6

C ൅ 4991 𝑝𝑐𝑡𝛾7
C ൅ 5765 𝑝𝑐𝑡𝛾8

C ൅ 6566 𝑝𝑐𝑡𝛾9
C ൅

7394 𝑝𝑐𝑡𝛾10
C ൅ 8324 𝑝𝑐𝑡𝛾11

C  ,∀𝑐 ∈ ΩC,∀𝑡 ∈ ΩT,∀𝜔,∀𝛾  

(3-252) 

 

𝑝௖௧ఠఊ
େ ൌ 112 𝑝௖௧ఊଵ

େ ൅ 130 𝑝௖௧ఊଶ
େ ൅ 148 𝑝௖௧ఊଷ

େ ൅ 166 𝑝௖௧ఊସ
େ ൅ 184 𝑝௖௧ఊହ

େ

൅ 202 𝑝௖௧ఊ଺
େ ൅ 220 𝑝௖௧ఊ଻

େ ൅ 238 𝑝௖௧ఊ଼
େ ൅ 256 𝑝௖௧ఊଽ

େ

൅ 274 𝑝௖௧ఊଵ଴
େ ൅ 294 𝑝௖௧ఊଵଵ

େ  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 

(3-253) 

 

1 ∗ 𝑢௖௧ఊ
େ ൌ 𝑝௖௧ఊଵ

େ ൅ 𝑝௖௧ఊଶ
େ ൅ 𝑝௖௧ఊଷ

େ ൅ 𝑝௖௧ఊସ
େ ൅ 𝑝௖௧ఊହ

େ ൅ 𝑝௖௧ఊ଺
େ ൅ 𝑝௖௧ఊ଻

େ ൅ 𝑝௖௧ఊ଼
େ

൅ 𝑝௖௧ఊଽ
େ ൅ 𝑝௖௧ఊଵ଴

େ ൅ 𝑝௖௧ఊଵଵ
େ  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 

(3-254) 

 

𝑦௖௧ఊ௜ ൒ 𝑝௖௧ఊ௜ 
େ   ,∀i ൌ ሾ1 to 11ሿ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 (3-255) 

 

෍𝑦௖௧ఊ௜
௜

൑ 2 ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 (3-256) 

 

𝑦௖௧ఊ௜ ൅ 𝑦௖௧ఊሺ௜ା௠ሻ ൑ 1,   𝑚 ൒ 2,∀i,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾  (3-257) 

 

𝑝௖௧ఊ௜ 
େ ൒ 0 ∀i,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 (3-258) 

 

𝑦௖௧ఊ௜ 𝑎𝑟𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 ∀i (3-259) 
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4 CHAPTER 4 

METHODOLOGY 

4.1 Methodology 

The research starts by presenting a background onto the topic of virtual power plants. The 

background will talk about the topic as a whole, practical cases, statistical data, and the 

components of the VPP in general. It will also address the future plans/policies and how 

they highlight the importance of VPPs. In addition, how different control strategies can 

affect the profit and the structure as well as the components of the VPP. After that, the 

motivation of this research is addressed where it will be set clear why this topic is of a great 

interest. 

 

Different objectives are highlighted which relate to the topologies of VPPs, control 

strategies, optimization techniques, single and multi-objective optimization, and system 

design. The objectives, background, motivation, and introduction are all based on an 

extensive literature review that is done before, during, and even after the preparation of 

these sections. The literature review starts by defining the VPP, and by discussing each 

component of it and how different researchers select their design with some of these 

components. It also shows the advantages and disadvantages of each topology and the 

difficulty that comes with each topology.  
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A research proposal is made based on the above points and the research methodology is set 

too. The virtual power plant system would be designed, the problem will as well be 

formulated. Different optimization techniques and models will be presented and some will 

be applied onto the designed VPP model. Next, the optimization problem is going to be 

solved in order to achieve the required objective functions. Multi-objective optimization 

problems are to be examined. After that, simulations of the optimization problem of the 

VPP will be carried out to eventually reach the discussion onto the findings.  

 

Conclusions can be drawn based on the aforementioned sequence where publications are 

as well to be made along with the submission of the final draft of the research in preparation 

to the defense. The methodology of this research is summarized in Figure 4-1 and Figure 

4-2. 
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Figure 4-1   Methodology flowchart 
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Figure 4-2   Methodology flowchart 

 

As seen from the figures above, first, a comprehensive literature review is made on the 

topic of virtual power plants, a background onto the topic is provided and the motivation 

behind the selection of the topic is presented as well. Based on this theoretical research, 

the objectives of this research are set. Based on these objectives, the linear programming 

models in literature that are used to represent virtual power plants are studied and the most 

suitable one is selected. Since robust optimization techniques are very conservative, they 

have not been selected. Stochastic optimization, though can be computationally 

demanding, is better in terms of balance between conservativeness and comprehensiveness. 

This is why only the stochastic and deterministic models are selected for the rest of the 

research. 
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The components of a virtual power plant (VPP) are selected such that the VPP has both 

dispatchable and non-dispatchable units. The VPP has demand which is divided into 

flexible demand and specific type demand (water desalination unit). It has renewable 

energy resources which is represented by a wind power generator. It also has a conventional 

generator, and an energy storage system. Of course, the network and the lines are part of 

the structure of the VPP. There is another important component which will be elaborated 

onto at a later stage which is the energy pool. By this, the optimization/ solution methods 

have been selected and the system components have been prepared as well. The last part 

of the data collection section is the market part. There are different markets that can be 

studied such as the day-ahead market where bidding is done for the next 24 hours, the real-

time market where bidding is done on hourly basis, the ancillary services market where 

voltage, frequency quality and other services are maintained, and there are other energy 

trading platforms such as future contracts. As it is a very big scope to consider all of them 

in this research, the first and the most major two bidding markets are selected. These are 

the day-ahead and real-time markets. 

 

The next part is obtaining the data. As the system has been prepared with the solution 

methods in the previous part, the input data to the system must be carefully prepared for 

the accuracy of simulation, analysis, and results. There are three uncertain parameters 

which are the day-ahead market prices, real-time market prices, and the wind speed data. 

This data was selected to be for the same electricity market region, same geographical 

location, and the same time period. The data is selected from trusted references or the 

market operators themselves.  
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The wind data was obtained from [173] while the market prices were obtained from [172]. 

The geographical location for the locational marginal prices is Worcester, MA, USA and 

the geographical location for the wind data is Paxton which is the closest area to Worcester 

where wind data is available. The historical data is considered for year 2011. The forecasted 

day will be the 23rd of May 2011. The year 2011 is selected as it is the latest year at [172] 

and [173] at which the data of the three uncertain parameters is fully available.  

 

There are other system components such as the demand and generator where data is also 

required. This data is however not part of the uncertain data category and thus it is obtained 

from the literature as noted reference-wise. In regard to the markets, the market where 

Paxton and Worcester exist is NE-ISO. The ISO of New England, USA is responsible for 

all the planning, administration, contract management, and electricity markets of six states. 

Those six states are Massachusetts, Vermont, Connecticut, New Hampshire, Maine and 

Rhode Island. The state considered is Massachusetts. 

 

The last part shown on Figure 4-1 is the data pre-processing and preparation part. After 

obtaining the data as per the previous section, it must be pre-processed. For example, the 

uncertain parameters must be forecasted. After that, the wind speed has to be converted to 

wind power.  Scenario generation is also required for stochastic models. First, the auto 

regressive moving average (ARIMA) method is used for forecasting the future data which 

is the 24 hours scope of the study. An ARIMA model must be designed in order to do the 

forecast. Constructing an accurate ARIMA model requires not only knowledge but some 
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experience as some tools and methods are needed for the evaluation of the model such as 

the autocorrelation function (ACF) and the partial autocorrelation function (PACF). Next, 

once an ARIMA model is designed and the data is forecasted and tested for accuracy using 

suitable evaluation methods such as the mean square error (MSE), scenario generation can 

be done. Scenario generation can be done through the use of Monte Carlo Simulation 

(MCS). 

 

The second part of the methodology which is shown on Figure 4-2 is about the simulation 

and analysis. Since the model and the data have been prepared as explained above, the 

system can now be simulated and tested. In order to prove the effectiveness of the proposed 

system, structure, and methodology, some evaluation processes are applied. After the 

system is simulated, the deterministic model, the stochastic model with no risk, and the 

stochastic model with risk are compared to show the advantages of the selection of the 

stochastic model with risk over the other choices.  

 

Also, the sequential ARIMA model proposed to be used in the real-time market is 

compared to the conventional ARIMA model used in literature to prove the value addition 

introduced by the sequential ARIMA model. The risk consideration is done through the 

use of the conditional value at risk which has a weighing factor. The effect of changing this 

weight factor is also considered. The conventional generator piecewise linear function is 

modelled in literature through a set of constraints.  In literature, it is claimed that using 

special order set type two (SOS2) solution method for piecewise linear functions is faster 
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than using constraints. Thus, it is proposed to design a SOS2 model and test it against the 

set of constraints for the evaluation and selection of the better model.  

 

There is a specific type demand introduced which is the water desalination unit (WDU). It 

is included as the other loads of the system are and they all are included under a centralized 

control scheme. However, since the WDU has its own demand which is the water demand, 

it might be better to optimize its own objective as it is acting both as an electric load to the 

VPP but also as a generator to its water demanding customers. Therefore, a comprehensive 

control scheme is proposed where the WDU optimizes its own objective instead of 

following the centralized objective of the VPP. 

 

The next step is to propose and introduce reliability constraints which help mitigate the 

incidences of failing to participate into the real-time electricity market when planning to 

participate. To prove the effectiveness of the reliability constraints, they are tested against 

the idea of increasing the number of scenarios. Increasing the number of scenarios means 

opening the chance for generating scenarios that might be worse or better. Having new 

worse scenarios in a risk considerate problem means a better chance to avoid those 

incidences of failure. Thus, it is compared to the proposed reliability constraints as a 

validation step. 

 

Combining all the concepts above, a multi-objective problem can be formulated where 

profit maximization, cost reduction, and reliability are the multiple objectives. By this, a 

VPP is designed including variety of components, tested against different models and 
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prepared with reliable data. It also has multiple objectives and an important specific load 

such as the WDU. The last step is the introduction of an energy pool to the system and the 

design of a VPP cluster.  

 

An energy pool is a big energy source that acts as a backup to the VPP. In literature, an 

energy pool is used with multiple microgrids as backup to the microgrids.  There can be 

multiple AC or DC microgrids that are interconnected through an energy pool. The energy 

pool monitors the voltage of the DC bus of the DC microgrids and the frequency of the AC 

microgrids. Any variation from the nominal value indicates the need for the energy pool 

(EP) to interact to mitigate that imbalance. In VPPs, an EP is not discussed in literature as 

the VPP is already connected to the network and it does not work in an islanded mode to 

need an EP. This is not necessarily correct. As explained earlier, the VPP may fail to 

participate into the market at some hour which could cause power imbalance to the VPP. 

Thus, an EP can be connected to multiple VPPs making a VPP cluster.  Therefore, a VPP 

cluster is designed, simulated, and analyzed. Lastly, conclusions are drawn onto all the 

steps taken above.
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5 CHAPTER 5 

CASE STUDIES AND SIMULATIONS 

5.1 MILP Input Data 

There are multiple components in the VPP as discussed in the previous chapters. Each 

component such as the renewable source generator, conventional generator, demand, 

storage, main grid, and network has its own parameters. To do the simulation, the data and 

constraints for each of those subsystems shall be collected.  

 

5.1.1 Network and VPP Parameters 

Figure 5-1 shows the network with all the components of the VPP including the main grid, 

which is connected to bus 1, [169]. The conventional generator has been added to the 4th 

bus as it was not part of the original network. The storage unit and the wind turbine 

generator are connected to the 5th bus while seven demands are connected to busses one 

to four. Those demands are comprised of multiple loads. Table A-1 shows the network data 

while Table A-2 and Table A-3 show the demand data, [169]. Table A-4 shows the base 

utility data. The hourly utility data can be derived from the base one based on the following 

criteria:  
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1. Demands 1 to 4 have a multiplication factor of 0.8, 1.0, 1.2 for hours 1 to 8, 9 to 

16, and 17 to 24 respectively.  

2. Demands 5 to 7 have a multiplication factor of 1.1, 0.9, 1.0 for hours 1 to 8, 9 to 

16, and 17 to 24 respectively.  

Based on these criteria, Table A-5, Table A-6, and Table A-7 can be obtained. The 

symbols on the tables are defined in the abbreviations section. 

 

 

Figure 5-1 5-Bus network  
 

The storage data is shown on Table A-8. The storage capacity, charging and discharging 

ramp rates are all provided. In addition to the initial energy state and the efficiency of 

charge/ discharge. The main grid and market data are summarized in Table A-9. The power 

exchange at the main grid node is a technical constraint while the power exchange with the 

Day-ahead and real-time markets is a constraint related to the market.   
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The conventional generator has been added to the network in order to expand it to diversify 

the components of the VPP. The information about the added conventional generator is 

summarized in Table A-10, [171]. 

 

The variable cost of the conventional is represented by a piecewise linear function as 

presented in Table A-11 Which can be formulated as a piecewise function as: 

 

𝐺𝑒𝑛.𝐶𝑜𝑠𝑡 ൌ  

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

35.5𝑃 െ 3152              112 ൑ 𝑃 ൑ 130
36.5𝑃 െ 3282               130 ൑ 𝑃 ൑ 148
38𝑃 െ 3504                148 ൑ 𝑃 ൑ 166
39𝑃 െ 3670               166 ൑ 𝑃 ൑ 184

40.5𝑃 െ 3946              184 ൑ 𝑃 ൑ 202
42𝑃 െ 4249                202 ൑ 𝑃 ൑ 220
43𝑃 െ 4469                220 ൑ 𝑃 ൑ 238
44.5𝑃 െ 4826              238 ൑ 𝑃 ൑ 256
46𝑃 െ 5210               256 ൑ 𝑃 ൑ 274

46.5𝑃 െ 5347               274 ൑ 𝑃 ൑ 294

 (5-1) 

 

Where P in (5-1) refers to the power generated by the conventional generator. The curve 

of this variable cost model is shown on Figure 5-3. It must be noted that this covers both 

the variable and fixed costs. Therefore, the objective function has to be adjusted 

accordingly. 
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Figure 5-2 Conventional generator variable cost curve  

 

The colored segment on Figure 5-2 is a piecewise linear function and each colored segment 

is a linear part. 

 

5.1.2 Wind Power and Market Prices 

The wind power, DA market prices, and RT market prices are to be represented through 

ARIMA models as explained in the previous sections/chapters. The historical market prices 

can be obtained from [172] while the wind turbine data can be obtained from [173]. The 

wind turbine considered is made of forty units each is 2.5-MW (model Nordex N80/2500 

KW), [174]. The cut-in, rated, and cut-out speeds are 4, 17, and 25 m/s, respectively. The 

historical data is considered for year 2011. Based on the model, the historical data of 2011 

from first of January until the end of the 22nd of May will be utilized. The forecasted day 
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will be the 23rd of May 2011. The locational marginal prices are related to Worcester, MA, 

USA. The wind data is taken at Paxton which is the closest area to Worcester where wind 

data is available. Thus, the prices and wind data are taken for the same location and same 

time in order for all the studied data to be realistic.  

 

First, the DA market prices model will be explained in details, and the rest of the models 

will follow the same concept but not the same model. First, the historical data for the past 

three months will be considered. This will help avoiding seasonal data that is related to the 

weather when considering a longer time frame. However, daily seasonal correlation might 

still exist. First, the last three months DA market prices are plotted on Figure 5-3. Those 

are the 90 days before the considered day which is the 23rd of May 2011. It can be seen that 

the mean is not constant and thus transformation might be needed. If some points are equal 

to zero, log transformation will not be valid, but setting those points to 0.001 for example 

might solve this issue.  
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Figure 5-3 DA market prices (90 days)  

 

Thus, a transformed series of the data will look like Figure 5-4. The data seem to be more 

stable with no obvious trend, volatility or seasonality. There could however be some daily 

seasonality that is not yet clear. Therefore, the ACF and PACF will be plotted for further 

analysis as explained in the previous sections/chapters.  
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Figure 5-4 Transformed DA market prices (90 days)  

 

 

Figure 5-5 ACF DA market prices (90 days)  
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Figure 5-6 ACF transformed DA market prices (90 days)  

 

It can be seen from Figure 5-5 and Figure 5-6 that the ACF for both the original and the 

transformed data is unstable. This might be a sign for a need of differencing. It can also be 

seen that there is a seasonality of 24 hours and thus, two differencing levels will be applied. 

One integration differencing and one seasonal differencing at 24 hours. If only integration 

differencing is done with a degree of one, the ACF will look as Figure 5-7. If, however, 

single degree differencing and seasonal differencing at 24 hours are applied, the ACF and 

the PACF will look as shown on Figure 5-8 and Figure 5-9 respectively.  
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Figure 5-7 ACF differenced, transformed DA prices  

 

 

Figure 5-8 ACF differenced (seasonal + integration), transformed DA prices  
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Figure 5-9 PACF differenced (seasonal + integration), transformed DA prices 

 

It can be noticed that the ACF and PACF are now more stable with fewer obvious lags. On 

the PACF plot, the lags are at multiples of 23 and 24 hours. This can be considered as 

seasonal AR lags. The major significant lags on the ACF are at 23 and 24 hours and those 

can be considered as seasonal MA lags. After that, based on the BIC, the order of p and q 

can be selected. In this case, p was selected in the order of 2 and q in the order of 1. Since 

the model has been specified, the parameters can be estimated and therefore, the next 24 

hours DA prices can be forecasted. Figure 5-10 shows the forecasted and actual prices of 

the 23rd of May 2011.  
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Figure 5-10 Actual and forecasted DA prices 23 May 2011 

 

The same analysis shown above can be applied to the RT market prices and the wind speed 

or wind power forecast. The actual and forecasted figures of the RT market prices and the 

wind speed are shown on Figure 5-11 and Figure 5-12 respectively. The wind speed is less 

accurate as ARIMA is not very good for long term forecast (more than 10 hours) for data 

such as wind speed data due to its high volatility. ARIMAX could be used as an alternative 

in this case. However, the accuracy of this forecast is acceptable and thus, it will be 

considered in the rest of the analysis. 
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Figure 5-11 Actual and forecasted RT prices 23 May 2011 

 

 

Figure 5-12 Actual and forecasted wind speed 23 May 2011 
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Multiple notes can be made here on the data shown above. First, the wind speed for the 

next 24 hours can be forecasted for the DA market model. However, for the RT model, it 

can be sequentially forecasted on hourly basis since in reality, the RT bidding is done on 

hourly basis. If this sequential forecasting model is applied, the output will look as shown 

on Figure 5-13. The same concept can be applied to the RT market prices as shown on 

Figure 5-14. 

 

Figure 5-13 Actual and forecasted sequential wind speed 23 May 2011 
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Figure 5-14 Actual and forecasted sequential RT market price 23 May 2011 

 

Another note is that the real-time market prices are highly correlated to the day-ahead 

market prices. In order to avoid this high correlation and have independent variables in the 

model of study, the RT prices will not be considered. The difference between the Day-

ahead and real-time prices which will be called the residual prices is going to replace the 

RT prices. This residual price can be forecasted for the next 24 hours as well as sequentially 

as shown on Figure 5-15 and Figure 5-16 respectively. 
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Figure 5-15 Actual and forecasted residual price 23 May 2011 

 

 

Figure 5-16 Actual and forecasted sequential residual price 23 May 2011 
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number of scenarios. Five scenarios for each uncertain parameter will be considered. 

Figure 5-17 to Figure 5-19 show the five scenarios for each uncertain parameter namely 

wind speed, DA price and residual price respectively. Each of the five scenarios has a 20% 

probability. It must be noted that every time the model is run, the forecasted scenarios 

might be slightly different. 

 

Figure 5-17 Five scenarios wind speed 23 May 2011 
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Figure 5-18 Five scenarios DA price 23 May 2011 

 

 

Figure 5-19 Five scenarios residual price 23 May 2011 
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hour are placed into separate sections. In this subsection, the data related to the uncertain 

parameters in the DA market will be presented. In the next subsection, the data related to 

the uncertain parameters of the RT market will be presented. Five possible scenarios are 

considered for each uncertain variable and they all have equal probability. Since there are 

three uncertain variables; each with five scenarios, a total of 125 scenarios will be 

generated. The uncertain parameters, their scenarios, and parameters for the DA market are 

presented on Table A-12 to Table A-16. 

 

Table A-16 shows the possible scenarios for the residual prices of the RT market. It must 

be noted that each scenario of them will be added to each of the possible scenarios of the 

wind speed. This will result in 25 scenarios of the wind speed and real-time market price 

pairs. It must also be noted that the residual price will be added to the DA market price in 

order to get the RT market price. 

 

5.1.4 RT Market Scenarios Data 

The RT market simulation has to be done 24 times for the 24-hour time span. Thus, the 

data has to be prepared and segmented into 24 segments. In each segment/ hour, the RT 

price of the previous hour would be known. In addition, the renewable energy source output 

of that hour would be known as well with high certainty since it is not expected that the 

renewable energy source output will change a few minutes after bidding. This is the case 

because the bidding is done on hourly basis. Therefore, the data highlighted in bold on the 

tables reflect known/actual values while the non-bold values are estimates. The actual DA 
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market prices are the same as in Table A-13. Table A-17 to Table A-21 show the actual 

values of the uncertain parameters to be used in the RT market simulation in addition to 

the possible scenarios for the RT market simulation for the first hour of simulation. 

 

During the second hour, the data will be different. This is because of a couple of factors. 

First, the RT market price of the previous hour has become known and it can be used in 

the prediction of the future hours’ data. The same thing applies to the renewable energy 

source output. Its output for the previous hour and the current hour have become known 

and they can be used in the prediction model. This will make the scenarios generated 

different and thus the data will not be exactly the same as in the first hour. Moreover, during 

the simulation of the second hour for example, the first hour will be removed from the span 

of the study. Thus, the number of equations will be reduced with every simulated hour. 

Since the data will be too big to be all presented here, the data for the second and third 

hours will be shown and the rest of the time span will follow the same concept. This data 

is shown on Table A-22 to Table A-25. 

 

5.2 DA Market Simulation 

Based on the data and the model presented on the previous sections, the Day-ahead and 

real-time markets were simulated for 24 hours. The DA market simulation includes both 

the Day-ahead and real-time markets forecast. Therefore, as part of the DA market 

simulation, the scheduled power for the RT market as well will be obtained. However, the 

obtained power for the RT market will not be considered at this stage. It will be done on 



132 
 

hourly basis as per the RT market model. The RT market simulation includes the actual 

scheduled power from the DA market simulation. Therefore, the RT market simulation will 

have the final hourly dispatch parameters.  

 

Table B-1 and Table B-2 show the results of the MILP for the DA market in terms of 

scheduled power and prices respectively. There are five scenarios considered for a 24-hour 

time span. It can be seen that the scheduled power is at the maximum limit of power trade 

with the electricity market at almost all hours. It is either at the maximum limit of power 

purchase which is 200 MW or the maximum limit of power sale which is 300 MW. To 

analyze this behavior hour by hour, Table A-14 and Table A-16 shall be considered. 

 

It can be seen that the forecasted price of the RT market in the first two hours is higher 

than the forecasted DA market prices of the same hours in almost all forecasted scenarios. 

Therefore, it would be logical to purchase power from the DA market when the prices are 

lower, and then sell the extra power in the RT market when the prices are higher. When it 

comes to the next hour, the opposite idea happens. The forecasted prices of the RT market 

are lower in most of the scenarios. There are some scenarios where the RT market prices 

are higher, however, the residual of those prices is smaller compared to the other scenarios. 

Therefore, the system decides to sell power in the day-ahead market when the prices are 

high and tries to purchase power from the real-time market when the prices are lower. This 

unfortunately did not happen as all the bid prices of all scenarios are higher than the market 

clearing price. 
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Again, the same concept that was applied to the first two hours repeats for the 4th and 5th 

hours. The sixth hour however has a different behavior. The operator decided to sell 300 

MW though there is no clear pattern that can be seen in the forecasted prices. It can be seen 

that there are three scenarios where the real-time market prices are higher and two scenarios 

where the real-time market prices are lower compared to the day-ahead market prices. The 

residual is also high on both the positive and negative sides. Therefore, there is no clear 

pattern that can be concluded at this hour and the result will be dependent on the overall 

optimization decision. The same analysis can be applied to the rest of the scheduling scope.  

 

Referring to Table A-13 where the actual DA market prices are provided, the clearing 

power can be obtained. The actual DA market price for the first hour is 33.72. The five 

forecasted scenarios of the prices for the first hour are all above 33.72. Thus, all scenarios 

are valid. This is because the VPP operator decided to purchase 200 MW and to be able to 

purchase, the bid price has to be equal to or higher than the market clearing price. In this 

case, all the five scenarios are bidding to purchase 200 MW of power with a price higher 

than the clearing price. Therefore, the scenario with the highest amount of power will be 

the one selected. In this case, all the scenarios have the same bid power and thus, the final 

bid power will be 200 MW as shown on Table 5-1. On Table 5-1, some points/hours are 

not shown such as the third hour. This means that the scheduled power at this hour is zero. 

To investigate why the third hour for example has zero scheduled power, the offer and 

clearing prices shall be compared.  
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At the third hour, the actual DA market clearing price is 28.94 $/MWh. By looking at the 

offered power and prices, it can be seen that the VPP wants to sell 300 MW at this hour. 

Therefore, the VPP has to offer with prices equal to or less than 28.94 $/MWh. Otherwise, 

the VPP will fail to schedule the planned power. Unfortunately, all the offer prices are 

higher than the market clearing price and thus, the VPP fails to dispatch power in the day-

ahead market at the third hour. Following the same analysis, the results for the rest of the 

planning scope can be obtained.  

 

Table 5-1  DA market final scheduled power 

Hour  Power (MW) 

t1  ‐200 

t2  ‐200 

t4  ‐200 

t5  ‐200 

t9  ‐200 

t10  ‐200 

t12  300 

t13  300 

t14  300 

t15  300 

t16  300 

t17  300 

t18  300 

t19  300 

t20  300 

t22  300 

t23  300 

 

Based on the results of the simulation of the DA market, the simulation for the RT market 

can be done. It should be noted that the day-ahead market scheduled power is necessary as 

an input to the real-time market simulation. Thus, the simulation has to be done in an order 

which mimics the real-life behavior as well. First, the DA market bidding/offering is done. 
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After that, the power mismatch can be handled in the balancing or RT market. Since the 

DA market bidding/offering is done for the 24 hours at once, the revenue will be calculated 

as the total revenue of the full day as shown on Table 5-2. The scheduled power is plotted 

on Figure 5-20.  

 

Table 5-2  VPP DA market actual revenue 

Revenue ($)  110,793 

 

 

Figure 5-20 DA market final scheduled power 
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output are considered. Thus, a total of 25 scenarios. Due to the density of the data, it will 

be divided into five scenarios per table. The data is provided in Table B-3 to Table B-12. 

  

By looking at the tables above and assessing the scenarios in relation with the results of the 

DA market simulation, some conclusions can be drawn and the VPP behavior can be 

evaluated. For example, on the first, second, fourth and fifth hours in the RT market, the 

scheduled power is zero. Going back to the DA market, it can be seen that during those 

hours, the VPP has already purchased the maximum possible amount of power. Therefore, 

it is expected to either sell energy in the RT market or not to make any trade in the RT 

market. But it surely cannot purchase any extra amount of power. When it comes to the 

third hour, the pattern is well predicted. The VPP has traded no power in the DA market at 

this hour. This implies that it will need to purchase power during this hour to satisfy its 

minimum demand requirement especially when the output of the renewable energy source 

is low. During the sixth hour in the DA market, the VPP traded zero MW. So, it can either 

purchase until it reaches a maximum of 200 MW or it can sell in the RT market. In this 

case, the VPP has decided to purchase up to the maximum of the allowed amount of energy. 

This could be due to the fact that it could not supply its own demand at this power with the 

available resources. The same procedure can be used to analyze the rest of the 24 hours.  

 

It is important to note that the RT market is an hourly market. Therefore, during the 

planning of the second hour, the results of the first hour would be already available which 

could change the decision making of the VPP. Taking the sixth hour for example: why did 

the VPP decide to purchase power? The answer lies in the fact that it did not purchase any 
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energy on the DA market at the same hour. Therefore, it is expected that the storage units 

are already completely discharged and that the renewable energy source is giving a small 

amount of power. Thus, the network is relying completely on the supply from the 

conventional power source. This implies that the VPP will need to purchase extra power 

from the grid. Therefore, thorough analysis shall be done in order to understand the 

behavior of the system. On the next tables, where the battery charging status is presented, 

it may confirm the current analysis of the results.  

 

Now that the price and power curves are available, the RT market clearing price is needed 

in order to obtain the actual dispatched power. The actual RT market prices were shown 

previously on Table A-18. On the third hour, the forecasted prices of the RT market vary 

generally between around 33 $/MWh to around 36 $/MWh. The actual market clearing 

price is 30.96 $/MWh. Therefore, it is expected that the deal will be executed since the 

offer price falls within the scenarios range. Figure 5-21 shows a plot of the RT market 

scheduled power. 

 

Table 5-3  RT market final scheduled power 

Hour  Power (MW) 

t3  ‐200 

t6  ‐200 

t7  ‐200 

t8  ‐200 

t11  ‐200 

t13  ‐421.11 

t14  ‐500 

t15  ‐500 

t16  ‐500 

t17  ‐500 

t19  ‐500 
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Hour  Power (MW) 

t21  ‐200 

t22  ‐500 

 

 

Figure 5-21 RT market final scheduled power 
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be unable to participate in the markets at some hours. This is normal only if the VPP can 

satisfy its own demand during the hours when it failed to participate in the markets. On 

those aforementioned four hours, the issue that happened is that the virtual power plant 

could not win the bid in the RT market and was unable to supply its own demands.  

 

The VPP in this case has to solve the issue of power mismatch through any other source as 

it cannot any longer handle it through the DA or RT markets. This will probably as well 

cost higher amount of money. In other words, the MILP is not feasible at the 12th, 18th, 20th 

and 23rd hours. Based on the dispatched power as shown above, the revenue of the VPP 

can be obtained as shown on Table 5-4. This revenue is related to the RT market only. It 

can be added to that of the DA market in order to obtain the overall revenue, profit, and 

dispatch parameters. 

 

Table 5-4  VPP RT market actual revenue 

Hour  Revenue ($) 

t3  ‐6,042 

t6  ‐6,414 

t7  ‐7,926 

t8  ‐7,102 

t11  ‐7,202 

t13  ‐20,107.8 

t14  ‐20,260 

t15  ‐17,510 

t16  ‐17,460 

t17  ‐17,995 

t19  ‐18,820 

t21  ‐7,546 

t22  ‐17,185 
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Table 5-5  Conventional generator status 

 Hour  Conventional Generator Status (1=up) 

t1  1 

t2  1 

t3  1 

t4  1 

t5  1 

t6  1 

t7  1 

t8  1 

t9  1 

t10  1 

t11  1 

t12  1 

t13  1 

t14  1 

t15  1 

t16  1 

t17  1 

t18  1 

t19  1 

t20  1 

t21  1 

t22  1 

t23  1 

t24  1 

 

Table 5-6  Storage charge and discharge 

 Hour  Storage Discharge (MWh)  Storage Charge (MWh)  State of Charge (MWh) 

t1  100.00  0.00  88.89 

t2  69.15  0.00  12.06 

t3  10  0.00  0.95 

t4  0.853  0.00  0.00 

t5  0.00  0.00  0.00 

 

It can be seen from Table 5-5   and Table 5-6 that the conventional generator was running 

during the whole scheduling scope. Also, it can be seen that by the 5th hour, the storage 

unit has become completely discharged. This agrees with the previous analysis for the 12th, 
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18th, 20th and 23rd hours. By the 12th hour for example, the storage unit was completely 

discharged and it is expected also that the conventional generator would be running at the 

maximum possible output while the renewable energy source output is expected to be low.  

 

Table B-13 to Table B-17 show the demand at each bus. Each demand is composed of four 

loads. Table 5-7 shows the power of all the sources in the VPP in addition to the total 

demand of the VPP at each hour. The total demand is the summation of all demands 

aforementioned in the previous tables. This table gives clear understanding on whether the 

VPP will need to purchase or sell energy at each hour or not. It can be seen that that the 

demand is much higher than the generation at almost all hours and thus the VPP will need 

to purchase energy overall. Only at the last hour of the planning scope it can be noticed 

that the VPP has equal power generation and demand.  

 

Table 5-7  Power Exchange 

  
Conventional 

Generator (MW) 
Renewable Source 

(MW) 
Storage Energy 

(MW) 

Total 
Generati

on 
(MW) 

Demand 
(MW) 

t1  170.00  1.83  100.00  271.83  471.83 

t2  230.00  0.85  69.15  300.00  500.00 

t3  290.00    10.00  300.00  500.00 

t4  294.00  0.69  0.85  295.54  495.54 

t5  294.00      294.00  494.00 

t6  294.00      294.00  494.00 

t7  294.00      294.00  494.00 

t8  294.00  1.25    295.25  495.25 

t9  294.00  0.36    294.36  494.36 

t10  294.00      294.00  494.00 

t11  294.00  5.71    299.71  499.71 

t12  294.00  3.62    297.62  497.62 

t13  294.00  5.65    299.65  420.75 

t14  294.00  8.52    302.52  502.52 
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Conventional 

Generator (MW) 
Renewable Source 

(MW) 
Storage Energy 

(MW) 

Total 
Generati

on 
(MW) 

Demand 
(MW) 

t15  294.00  8.84    302.84  502.84 

t16  294.00  7.01    301.01  501.01 

t17  294.00  12.51    306.51  506.51 

t18  294.00  14.74    308.74  508.74 

t19  294.00  9.64    303.64  503.64 

t20  294.00  6.67    300.67  500.67 

t21  294.00  3.11    297.11  497.11 

t22  294.00  10.03    304.03  504.03 

t23  294.00  11.10    305.10  505.10 

t24  294.00  11.26    305.26  305.26 

 

Table 5-8  Day-ahead and real-time markets final scheduled power 

Hour  DA Power (MW)  RT Power (MW)  Total Power (MW) 

t1  ‐200  0  ‐200 

t2  ‐200  0  ‐200 

t3  0  ‐200  ‐200 

t4  ‐200  0  ‐200 

t5  ‐200  0  ‐200 

t6  0  ‐200  ‐200 

t7  0  ‐200  ‐200 

t8  0  ‐200  ‐200 

t9  ‐200  0  ‐200 

t10  ‐200  0  ‐200 

t11  0  ‐200  ‐200 

t12  300  0  300 

t13  300  ‐421.11  ‐121.11 

t14  300  ‐500  ‐200 

t15  300  ‐500  ‐200 

t16  300  ‐500  ‐200 

t17  300  ‐500  ‐200 

t18  300  0  300 

t19  300  ‐500  ‐200 

t20  300  0  300 

t21  0  ‐200  ‐200 
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Hour  DA Power (MW)  RT Power (MW)  Total Power (MW) 

t22  300  ‐500  ‐200 

t23  300  0  300 

t24  0  0  0 

 

Lastly, Table 5-8 confirms all the previously made analysis. Looking at the total 

power/energy exchange we can find that the VPP will almost always need to purchase 

power from the grid. The only exclusion is the last hour which is balanced. The issue now 

becomes very clear for the 12th, 18th, 20th and 23rd hours. The reason why an issue happened 

is because the VPP decided to sell energy in the day-ahead market assuming it will be able 

to buy it again in the RT market to make profit. Unfortunately, due to the failure of meeting 

the market clearing price at the RT market, the scheduling did not go as planned and the 

VPP failed to supply its demand at those hours.  

 

 

Figure 5-22 Conventional generator power generation 
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Figure 5-23 Renewable source power generation 

 

 

Figure 5-24 Storage power generation 
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Figure 5-25 Total power generation 

 

 

Figure 5-26 Total demand 
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Figure 5-22 to Figure 5-24 show the power generation of the conventional generator, 

renewable energy source and the storage unit respectively. Figure 5-25 shows the total 

power generated by the VPP while Figure 5-26 shows the total demand required by the 

VPP. Figure 5-27  presents the cumulative power generated, traded with the market and the 

demand. First, the conventional generator power is plotted, then the renewable energy 

source power is added to the conventional one and plotted. Next, the storage unit generated 

power is added to the previous two and plotted. Lastly, the power traded with the market 

is added to them and plotted. The overall plot matches the demand plot except for 4 points 

where the VPP plan did not converge as mentioned earlier. It can be seen that at some 

points, the power generated is negative. This means that the power sold to the network is 

more than the total power generated by the VPP which is a possible consequence of the 

non-convergence of the model at this hour. 
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Figure 5-27 Total generation, power traded and demand 
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Table 5-9  Hourly net profit without DA market revenue 

Hour  Profit (utility – generator cost) ($)  RT Revenue ($)  Net profit ($) 

h1  25,277.52  0.00  25,277.52 

h2  25,901.50  0.00  25,901.50 

h3  23,184.50  ‐6,042.00  17,142.50 

h4  22,748.53  0.00  22,748.53 

h5  22,661.90  0.00  22,661.90 

h6  22,661.90  ‐6,414.00  16,247.90 

h7  22,661.90  ‐7,926.00  14,735.90 

h8  22,598.08  ‐7,102.00  15,496.08 

h9  17,610.61  0.00  17,610.61 

h10  17,707.37  0.00  17,707.37 

h11  17,960.37  ‐7,202.00  10,758.37 

h12  17,804.58  0.00  17,804.58 

h13  14,111.75  ‐20,107.76  ‐5,996.01 

h14  18,098.12  ‐20,260.00  ‐2,161.88 

h15  18,070.21  ‐17,510.00  560.21 

h16  17,967.63  ‐17,460.00  507.63 

h17  21,723.10  ‐17,995.00  3,728.10 

h18  21,847.31  0.00  21,847.31 

h19  21,566.64  ‐18,820.00  2,746.64 

h20  21,403.33  0.00  21,403.33 

h21  21,207.61  ‐7,546.00  13,661.61 

h22  21,621.39  ‐17,185.00  4,436.39 

h23  21,679.47  0.00  21,679.47 

h24  10,230.25  0.00  10,230.25 

 

Table 5-9 shows the utility profit which is the profit the VPP will make by supplying its 

own demand. In addition to this profit, there is a revenue made by selling to or purchasing 

from the electricity market. Adding those together will result in the net profit. However, 

the revenue of the VPP overall is still not yet finalized as it must be added to the revenue 

of the DA market. The DA market revenue was not added to the last table since it is 

calculated for the 24 hours and not on hourly basis. Therefore, Table 5-10 shows the overall 

net profit which is the summation of the hourly profit shown on Table 5-9 in addition to 
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the DA market revenue. By this, the simulation of the two markets is done and the final net 

profit is calculated. 

 

Table 5-10  DA and RT markets net profit 

Utility and RT Profit ($) DA Market Net Profit ($) Net profit ($) 

316,735.82  110,793 
427,528.82 

 

5.4 Weighing Factor Effect 

In this section, the weighing factor, beta, of the CVaR model will be varied from 0 to 2.0 

to see its effect on the worst-case scenario consideration. The effect of varying beta from 

0 to 2.0 is going to be presented through the figures of the DA market energy exchange, 

RT market energy exchange, total demand, total generation, and the total profit. 

 

 

Figure 5-28 DA market energy exchange VS beta 
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Figure 5-29 RT market energy exchange VS beta 

 

 

Figure 5-30 Total demand VS beta 
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Figure 5-31 Total generation VS beta 
 
 

 

Figure 5-32 Total profit VS CVaR 
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It can be seen that the demand and generation are almost exactly the same for all values of 

beta with slight variation at the early hours of the day. On the other hand, there is some 

difference at the 6th hour in the Day-ahead and real-time market energy exchange. Those 

slight differences are eventually translated as profit or loss. It is presumably expected that 

the overall profit of the two markets shall decrease with the increase of the risk weighing 

factor, beta. This is exactly what is shown on Figure 5-32 where the scenario where beta 

equals zero has the highest profit. Also, the scenario where beta is the highest results in the 

lowest profit. 

 

5.5 Models Comparison 

In the section where the values of beta are compared, the case of beta equals zero is 

considered. This is in fact the stochastic model without consideration of risk. Therefore, 

there are now two available models to compare. The main model presented in this 

dissertation with beta equals one and the model that does not consider risk where beta is 

equal to zero. Another model that is useful to add for the comparison purposes is the 

deterministic model. By comparing those three models, the dissertation would have 

covered all the non-robust optimization MILP models of the VPP in the Day-ahead and 

real-time markets. 

 

It can be seen from the comparison shown on tables Table B-18 to Table B-22 that the 

deterministic model has failed at a higher number of hours. The hours of failure of power 

balance are marked in red on the tables. The deterministic model has succeeded to 
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participate at all hours of the DA market and failed to participate at many hours of the RT 

market which has resulted in the power imbalance with that high rate. The tables of demand 

and generation are relatively close at all hours for all models. As expected, it can be seen 

on Table B-22 that the deterministic model has higher profit from both the Day-ahead and 

real-time markets compared to the other models and thus higher overall profit. The other 

two models have close values in terms of profit with the model that considers risk being 

the lowest profit maker. Table B-18 to Table B-22 are presented into figure form for an 

easier visual understanding of the results as per Figure 5-33 to Figure 5-37. 

 

 

Figure 5-33 DA market power 
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Figure 5-34 RT market power 

 

 

Figure 5-35 Total demand 
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Figure 5-36 Total generation 

 

 

Figure 5-37 Profit 
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It can be concluded that the deterministic model fails to make the right predictions and thus 

fails to balance the power. Therefore, a model with higher historical data dependance and 

multiple possibilities considerations is required. The deterministic model also gives very 

optimistic profit expectation which is not realistic due to the fact that loss of power balance 

may and most probably will cost the VPP owner a lot more than the extra expected profit.  

  

5.6 ARIMA VS Sequential ARIMA 

In literature, many research papers consider a short prediction scope, usually less than 10 

hours when it comes to using the ARIMA model or even other models that predict future 

data points. This is especially the case when it comes to the wind power data for example. 

Wind power is hard to predict using ARIMA for a big number of future hours. A good 

suggestion to overcome this issue is to use ARIMAX where both the wind speed and wind 

power data are used in order to predict future wind power data points. Nevertheless, a 

prediction in general becomes less accurate if a big number of forecast hours are 

considered.  

 

In literature, an ARIMA model is usually developed then used to predict the future data 

points in the study horizon of the research. What is recommended in this dissertation is to 

make use of the fact that the RT market is an hourly market unlike the DA market. This 

means that for the DA market, a similar style to literature is used where the full time-

horizon of the study, 24 hours here, is predicted at once. However, for the RT market, it is 

proposed to use sequential/ hour-by-hour forecasting instead. This means that for the first 
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hour of the time horizon, the 24 hours scope is predicted. Before the second hour, the first 

hour data has become known and thus, it can be included in the historical data before 

predicting the second hour. This pattern is followed until the full time-horizon is covered.  

 

 

Figure 5-38 RT market price VS forecasts 
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Figure 5-39 Wind speed VS forecasts 

 

On Figure 5-38, the actual RT market prices for the 24 hours of the study scope are 

presented. Along with that, the forecast of the 24 hours is shown on the same figure where 

the forecast of all the 24 hours is made at once. Additionally, the proposed sequential 

forecasting is presented on the same figure. It can be seen that both forecasting methods 

are relatively good with no major difference. Nonetheless, the case is different with the 

wind speed data shown on Figure 5-39. It can be seen that the proposed model of sequential 

forecast is much closer to the actual data than the ordinary method. Table 5-11 shows the 

root mean square error (RMSE) which confirms the explanation above. 
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Table 5-11  RMSE of ARIMA and Sequential ARIMA 

 Ordinary Forecast Model 
Proposed Sequential 

Forecast Model 

RMSE of RT Market 

Prices 
3.79 3.79 

RMSE of Wind Speed 1.55 0.846 

 

5.7 Generator Variable Cost Models Comparison 

Getting back to the main model considered in this research, the stochastic model 

considering risk with beta equals one, two sub-models will be evaluated. In this research, 

it is proposed to use a variable generator cost model into the MILP for higher accuracy. 

This part is usually simplified in literature by taking the variable generation cost as a fixed 

value multiplied by the generator’s output power. A good example of this simplification is 

the case presented in [170]. A linearization method is used in this research to convert the 

piecewise variable generation cost model into a LP model. This is expected to result in 

higher accuracy which will be presented through the comparison of the system having the 

simplified variable generation cost model to the system having the proposed variable 

generation cost model. 

 

After running the two simulations, the data is almost identical in terms of DA market 

power, RT market power, demand, and generation. Thus, presenting this almost-identical 

data will be avoided as it has already been presented earlier. The major difference is in the 

revenue achieved from the utility.  
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Table 5-12  Proposed VS simplified generator variable cost model 

Hour  Proposed Model Utility ($)  Simplified Model Utility ($)  Difference ($) 
Percent 

Difference 
(%) 

1  25,277.52  25,035.07  242.45  0.96% 

2  25,901.50  25,660.50  241.00  0.93% 

3  23,184.50  23,096.30  88.20  0.38% 

4  22,748.53  22,738.68  9.85  0.04% 

5  22,661.90  22,699.90  ‐38.00  ‐0.17% 

6  22,661.90  22,699.90  ‐38.00  ‐0.17% 

7  22,661.90  22,851.95  ‐190.05  ‐0.84% 

8  22,598.08  22,636.08  ‐38.00  ‐0.17% 

9  17,610.61  17,648.61  ‐38.00  ‐0.22% 

10  17,707.37  17,748.90  ‐41.53  ‐0.23% 

11  17,960.37  17,959.71  0.66  0.00% 

12  17,804.58  17,880.61  ‐76.03  ‐0.43% 

13  14,111.75  14,112.75  ‐1.00  ‐0.01% 

14  18,098.12  18,147.22  ‐49.10  ‐0.27% 

15  18,070.21  18,082.61  ‐12.40  ‐0.07% 

16  17,967.63  18,005.63  ‐38.00  ‐0.21% 

17  21,723.10  21,761.10  ‐38.00  ‐0.17% 

18  21,847.31  21,885.31  ‐38.00  ‐0.17% 

19  21,566.64  21,604.64  ‐38.00  ‐0.18% 

20  21,403.33  21,441.33  ‐38.00  ‐0.18% 

21  21,207.61  21,245.61  ‐38.00  ‐0.18% 

22  21,621.39  21,659.39  ‐38.00  ‐0.18% 

23  21,679.47  21,717.47  ‐38.00  ‐0.18% 

24  10,230.25  10,268.25  ‐38.00  ‐0.37% 

 

It can be seen that the simplified model which is a linear approximation has an error of 

around +-0.5% per hour due to the simplification used. This is happening because the 

simplified model uses a fixed average slope for the variable generation cost and multiplies 

it by the amount of power generated. This will result into a linear relationship between the 

variable generation cost and the power generated. The proposed model is however 

piecewise model which is more realistic, more accurate, and also results into higher 
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expected profit. In some papers, a more accurate model is used such as the model used in 

[76], [171] and [181]. The model in those references uses constraints to introduce the 

piecewise model of the generator variable cost which gives exactly the same results as the 

proposed model. Thus, the model in [76], [171] and [181] is equivalent to the proposed 

model in terms of accuracy. Nonetheless, as per [182], the SOS2 model is only 

computationally faster.  The SOS2 model and the constraints model were tested to assess 

the computational speed of each model. 

 

As shown on Table 5-13, it has been found that the SOS2 model consumed 50% more time 

for one iteration of simulation compared to the constraints model when it executed the 

same task. This could be due to the limited number of blocks used to represent the variable 

generation cost. The claim made in [182] could be correct for cases where the piecewise 

curve has a bigger number of blocks. It is however proven to be slower in this case. 

 

Table 5-13  SOS2 Vs Constraints models speed comparison 

Model Time (seconds) 

SOS2 Model 120 

Constraints Model 80 
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6 CHAPTER 6 

Energy Pool Based VPP 

6.1 VPP Model Expansion 

It can be seen from the previous sections that the failure rate of participation into the RT 

market was high which requires a more sophisticated methodology in order to reduce this 

high failure rate. Additionally, the loads though being flexible, are general loads. It is 

important to include specific loads into the VPP for a more advanced modelling and deeper 

analysis of more realistic cases. It is proposed to include a water desalination unit (WDU) 

as a specific load type due to its importance especially in countries that rely heavily onto 

water desalination such as Saudi Arabia. Water desalination units have a huge 

infrastructure and they can serve as virtual storage units. These reasons make it very 

essential to consider such type of load and to consider its way of interaction with the 

electrical network.  

 

In order to reduce the failure rate of participation into the market, it is proposed to add 

reliability as another objective in this multi-objective optimization model. Therefore, the 

model will try to maximize profit, reduce cost, and increase the reliability of the VPP in 

terms of success rate of participation into the electricity markets. Based on these 
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amendments to the proposed model a comprehensive multi-objective VPP would be ready 

for further analysis and thus for the construction of a VPP cluster. 

 

6.2 Energy Pool Introduction 

The idea of energy pool (EP) is used in literature with microgrids mainly. An energy pool 

is a common source of power between multiple microgrids. The idea of combining multiple 

microgrids with a common energy pool is called microgrid clustering. Therefore, the 

structure of a microgrid cluster has a central energy pool which is common between 

multiple microgrids that can be AC microgrids or DC microgrids. The energy pool could 

be a set of batteries that are exchanging power with the microgrids through a power 

exchange unit (PEU).  

 

The microgrid cluster mainly aims to have power balance in all the interconnected 

microgrids through some control strategies onto the PEU, [175]. The control can be through 

the assessment of the voltage of the DC bus for DC microgrids and through monitoring the 

frequency of the AC bus of AC microgrids. Applying the interconnection between the EP 

and the MC can be a permanent structure and can be based on some criteria. For example, 

the MC may connect to the EP in case of a blackout that results into the MC working on 

an islanded mode, [176]. The structure of the microgrid clusters can be concerned with DC 

microgrids only, [177]-[179], and can be concerned with mixed AC and DC microgrids, 

[175], and can even be concerned with PV based microgrids only, [180]. The structure of 
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the MC specifies the range of control schemes that can be used in order to achieve power 

stability. 

 

6.3 Developed VPP Cluster 

The idea of connecting an energy pool to a VPP has not been assessed in the literature 

before and this is due to the fact that a VPP’s main objectives are to maximize profit 

through participation into the electricity market and to ensure the reliability of this 

participation into the markets. Therefore, it is an economic point of view while an energy 

pool is not used for the purpose of profit making but rather for the purpose of power 

balance. In this research, it is proposed to develop a structure that combines the EP with 

the VPP for the power balance purposes along with profit maximization. Therefore, this is 

a new development that has not been introduced into the literature before. The next 

flowchart explains how the interaction between the different VPPs and the EP will be like. 
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Figure 6-1 EP and VPP flowchart 
 

It can be seen from the flowchart above that the energy pool has a varying behavior 

depending on the situation. In order for the EP to do the power balance task, the economic 

aspect has to be considered. Thus, every power transaction between the EP and the VPP 

shall be recorded just like every transaction between the VPP and the electricity market is 

recorded. This is not the only issue. The issue is that the EMS of the VPP has to account 

for all the units involved into the power exchange process for each hour of the RT market 
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and for the full span of the DA market. If the EP is acting as a storage or power source, 

then, how can the EMS return back the energy taken from the EP? And if the EP is 

considered as a load that takes energy from the VPP, then how will it supply the VPP when 

it has power imbalance? Therefore, the EP will have an alternating behavior being a load 

or a source based on the situation.  

 

Consider a 24-hour time span for the RT market; knowing that the DA market simulation 

is unaffected by the EP. That is because any power imbalance will only appear after the 

RT market clearance at each hour. There might be lack of power after the DA market 

clearance but that could possibly be substituted by purchasing power from the RT market. 

Therefore, the EP is only activated after the clearance of each hour of the RT market. The 

planning will start by setting the hours counter to one then checking whether the VPP owes 

the EP power or not. If the VPP owes the EP power, the EP has to be connected as a load 

so that the EMS of the VPP can return back the power taken from the EP back to the EP.  

If the VPP does not owe the EP any power, the simulation will run normally without 

considering the EP being connected at all. The scheduling will be done and the RT market 

will be cleared for that hour. Based on the clearance conditions of the market, the VPP 

might have a failure at dispatch and it might have power balance. If the power generated is 

equal to the demand, then, the system has become successfully dispatched at that hour and 

the counter increases the hours by one and repeats until the 24th hour is reached. In case at 

dispatch a power imbalance condition is found, the dispatch will be planned again after the 

EMS runs a dispatch model considering the EP being connected as a source. The EP may 

be able to cover for the power imbalance and then the system moves to the next hour until 

the end of the planning scope. 
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The following two equations govern the process of interaction between the EP and the 

VPP: 

 

EP௣௥௢௙௜௧ ൌ 0 (6-1) 

 

𝑉𝑃𝑃ா௉
௣௥௢௙௜௧ ൌ  െ𝜆௬

ோ்,௔௖௧ ∗ 𝑝௧௢,ா௉ (6-2) 

 

Where y stands for the time when the VPP has given power to the EP. The design of the 

VPP cluster is shown on Figure 6-2. 

 

 

Figure 6-2 VPP Cluster 
 

A powerful EMS shall be used in order to be able to manage the idea of altering the nature 

of the EP between being a source and a load depending on the situation. Additionally, 
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keeping track of the SOC of the EP after every transaction with every VPP is not an easy 

exercise. Each VPP will have the ability to interact with the EP and the ability to consider 

it a load or a source. Thus, assuming there are 3 VPPs connected, each VPP is participating 

in both the Day-ahead and real-time markets, and each VPP has the ability to be connected 

to the EP where the EP acts either as a source or as a load, the communication and control 

strategies have to be well designed. The design of this system will be done on two stages. 

First, the connection between the EP and one VPP will be made. The cluster of one VPP 

and one EP will be simulated to test the design and to prove the concept. Second, three 

VPPs will be connected to the EP and the EMS strategy will be modified accordingly in 

order to account for all the possibilities of interaction and the system will be simulated as 

well. For simulation purposes, the second and third VPPs will be slightly modified versions 

of the originally studied VPP. 

 

6.4 Water Desalination Unit 

In order to add a water desalination unit (WDU) as a specific load type, it must first be 

modelled as a set of linear equations in order to be incorporated into the VPP MILP model. 

With reference to [183], the set of linear equations that govern the operation of a WDU are 

set as follows:  

 

𝑊𝑔௪௧ఊ
்௔௡௞ ൅𝑊𝑔௪௧ఊ

ௐ஽௎ ൌ 𝑊𝑑௪௧ఊ
ௐ஽௎ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-3) 

 

𝑊𝑑௪௧ఊ
ௐ஽௎ ൌ 𝑊𝑑௪

௣௘௔௞ ∗ 𝑊𝑑௪௧
௣௥௢௙௜௟௘ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-4) 
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𝑃𝑑௪௧ఊ
ௐ஽௎ ൌ

𝑊𝑔௪௧ఊ
ௐ஽௎

1000
∗ ሺ𝑃𝐸௪ௐ஽௎ ൅ 𝐾௝௢௨௟௘

௞௪௛ ∗ 𝑃𝑇௪ௐ஽௎ሻ ,∀𝑤 ∈ Ω୵,∀𝑡

∈ Ω୘,∀𝛾 ΠRT 

(6-5) 

 

0 ൑ 𝑊𝑔௪௧ఊ
ௐ஽௎ ൑  𝑊𝑔௪ 

ு஼ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-6) 

 

𝑊𝑔௪ 
ு஼ ൌ

𝑊𝑔௪ 
்஽஼

24
 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-7) 

 

𝑊𝑔௪௧ఊ
்௔௡௞ ൌ 𝑊௪௧ఊ

஽௜௦ െ𝑊௪௧ఊ
஼௛௔  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-8) 

 

0 ൑ 𝑊௪௧ఊ
஼௛௔ ൑  𝑊𝑃𝐶௪஼௛௔ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-9) 

 

0 ൑ 𝑊௪௧ఊ
஽௜௦ ൑  𝑊𝑃𝐶௪஽௜௦ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-10) 

 

𝐵𝑇௪௧ఊ
஼௛௔ 𝑎𝑛𝑑 𝐵𝑇௪௧ఊ

஽௜௦  𝑎𝑟𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-11) 

 

𝐵𝑇௪௧ఊ
஼௛௔ ൅ 𝐵𝑇௪௧ఊ

஽௜௦ ൑ 1 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-12) 

 

𝑊௪௧ఊ
஼௛௔ ൑ 𝑀 ∗ 𝐵𝑇௪௧ఊ

஼௛௔ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-13) 

 

𝑊௪௧ఊ
஽௜௦ ൑ 𝑀 ∗ 𝐵𝑇௪௧ఊ

஽௜௦  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-14) 
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𝑊௪௧ఊ
்௔௡௞ ൌ 𝑊௪ሺ௧ିଵሻఊ

்௔௡௞ ൅𝑊௪௧ఊ
஼௛௔ ∗ Δ𝑡 െ𝑊௪௧ఊ

஽௜௦ ∗ Δ𝑡 ,∀𝑤 ∈ Ω୵,∀𝑡

∈ Ω୘,∀𝛾 ΠRT 
(6-15) 

 

0 ൑ 𝑊௪௧ఊ
்௔௡௞ ൑ 𝑊𝐶௪்௔௡௞ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-16) 

 

𝑊௪௧ఊ
஽௜௦ ∗ Δ𝑡 ൑ 𝑊௪ሺ௧ିଵሻఊ

்௔௡௞  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (6-17) 

 

෍𝑊௪௧ఊ
஽௜௦ ∗ Δ𝑡

௧

ൌ෍𝑊௪௧ఊ
஼௛௔ ∗ Δ𝑡

௧

 ,∀𝑤 ∈ Ω୵,∀𝛾 ΠRT (6-18) 

 

Where 𝑊𝑔௪௧ఊ
்௔௡௞ refers to the water generated by the tank of the WDU [𝑚ଷ], 𝑊𝑔௪௧ఊ

ௐ஽௎ refers 

to the water generated by the WDU [𝑚ଷ], 𝑃𝑑௪௧ఊ
ௐ஽௎ is the total equivalent electric demand 

of the WDU [𝑀𝑊], 𝑊௪௧ఊ
஽௜௦  is the discharged water from the tank of the WDU [𝑚ଷ],  𝑊௪௧ఊ

஼௛௔ 

is the charged water to the tank of the WDU [𝑚ଷ], 𝐵𝑇௪௧ఊ
஼௛௔ is a charging indicator of the 

tank of the WDU,  𝐵𝑇௪௧ఊ
஽௜௦  is a discharging indicator of the tank of the WDU, 𝑊௪௧ఊ

்௔௡௞ is the 

water stored in the tank of the WDU [𝑚ଷ], 𝑊𝑑௪௧ఊ
ௐ஽௎ is the water demanded from the WDU 

[𝑚ଷ], 𝑊𝑑௪
௣௘௔௞ is the daily peak water demand of the WDU [𝑚ଷ], 𝑊𝑑௪௧

௣௥௢௙௜௟௘ is the 

normalized water demanded of the WDU, 𝑃𝐸௪ௐ஽௎ is the electric power consumption of the 

WDU [𝑘𝑊/𝑚ଷ], 𝐾௝௢௨௟௘
௞௪௛  is a conversion factor from Mega Joule to kW [0.277778], 𝑃𝑇௪ௐ஽௎ 

is the thermal energy consumption of the WDU [𝑀𝐽/𝑚ଷ], 𝑊𝑔௪ 
ு஼  is the hourly maximum 

water generation capacity of the WDU [𝑚ଷ/ℎ], 𝑊𝑔௪ 
்஽஼ is the total daily water generation 

capacity of the WDU [𝑚ଷ], 𝑊𝑃𝐶௪஼௛௔ is the water charging capacity of the tank of the WDU 
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[𝑚ଷ], 𝑊𝑃𝐶௪஽௜௦ is the water discharging capacity of the tank of the WDU [𝑚ଷ], 𝑀 a big 

value positive constant, and 𝑊𝐶௪்௔௡௞ is the total capacity of the tank of the WDU [𝑚ଷ]. 

 

The first equation states that the water generated by the WDU and its tank are equal to the 

water demanded. The second equation calculates the hourly water demand based on a 

normalized profile and a peak demand value. The total equivalent electric power 

consumption of the WDU is calculated through the third equation while the fourth equation 

limits the water generation of the WDU to the maximum possible water generation capacity 

of the WDU. The maximum hourly water generation capacity of the WDU is calculated by 

dividing the total daily capacity of generation by the 24 hours of the day as per the fifth 

equation. The sixth equation defines the water generated by the tank as the difference 

between the water discharged and the water charged to the tank and the two equations after 

that limit the charging and discharging capacities respectively. The 11th ,12th and 13th 

equations force the tank to either charge or discharge while M is a big value positive 

number to avoid any conflict between those equations and equations seven and eight.  

 

The next three equations define the water level in the tank, its maximum and minimum 

states, and that the maximum water discharged cannot go beyond the existing water level 

in the tank. Lastly, the last equation is specifically related to this type of load. For water 

desalination units, there is a health consideration of the duration of water storage into the 

tanks. To avoid storing water into the tanks for a long period of time, it must be ensured 

that the water level in the tank at the beginning and the end of the day are the same. This 

means that all the water that has got into the tank has flown out of the tank within one day 
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and thus it was not stored for more than one day. Figure 6-3 shows the schematic of a water 

desalination unit that involves a water tank. The untreated water gets into the water 

desalination unit for pretreatment, desalination and stabilization. This process requires 

electrical energy and could require thermal energy too. The brine is then discarded while 

the fresh water is either moved to the storage unit or supplied to the demand directly. 

 

 

Figure 6-3 Water desalination unit schematic 

 

The input data of the WDU is presented on Table 6-1 and Figure 6-4.  

 

Table 6-1  Water desalination unit data 

Bus location 5 

Technology Reverse Osmosis 

Feed water Brackish 



173 
 

Energy consumption (electric) [kW/m3] 2.2 

Energy consumption (thermal) [MJ/m3] 0 

Production capacity, daily [m3/day] 200,000 

Storage tank charging limit [m3/h] 500 

Storage tank discharging limit [m3/h] 500 

Storage tank capacity [m3] 2500 

Daily water demand, peak [m3/h] 7000 

 

 

Figure 6-4 Normalized hourly water demand 

 

By this, the WDU can be included into the VPP after the assignment of a utility value that 

is obtained by supplying this load. 
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6.5 Reliability Objective 

The considered VPP considers risk by the involvement of the CVaR. Nevertheless, it still 

fails a lot in participating into the RT market which is a major issue. This failure is due to 

the fact that the VPP supplies its demand and tries to make the maximum profit out of that. 

After that, it tries to make the maximum profit through the trading in both the Day-ahead 

and real-time markets. If the price of the day-ahead market is higher than the price of the 

real-time market, the VPP will most probably try to sell as much as possible in the day-

ahead market and recover that in the real-time market. This is very risky when the VPP 

sells more than its generating power in the day-ahead market based on the expectation that 

it can recover that by purchasing in the real-time market at a lower price.  

 

The reason why CVaR still fails to address such cases though it is expected to address them 

is the fact that CVaR considers the worst scenarios. In the simulation presented in the 

previous sections, it was set to select the worst 20% scenarios. Assume that at a specific 

hour, the DA price scenarios are (41$, 42$, 43$, 44$, 45$) while the RT price scenarios 

are (35$, 36$, 37$, 38$, 39$). Now, if the VPP decides to sell 100 MW at that hour in the 

DA market, it will earn 4100$ in the worst-case scenario which is the worst 20% scenarios 

in this case as well. If the VPP decides to purchase this 100 MW in the RT market, it will 

pay 3900$ in the worst case or worst 20% scenarios in terms of impact on profit. Therefore, 

even if CVaR forces the VPP to consider the worst 20% of the scenarios, the MILP will 

still find it profitable in this case to sell as much as possible in the DA market and purchase 

it back from the RT market. If at the RT market, at the same hour, the cleared market price 
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is found to be 34$, the VPP will fail to participate into the market and thus it could have 

power imbalance.  

 

Therefore, there must be a stronger reliability set of constraints or objective that governs 

this kind of situation. Therefore, another objective for this MILP will be the reliability of 

participation into the markets at all hours if possible. A developed and proposed reliability 

set of constraints is introduced through the set of equations below. 

 

෍  

௖∈Ω𝐶

𝑝௖௧ఠ𝛾
େ ൅ ෍  

௥∈Ω𝑅

𝑝௥௧ఠ𝛾
ୖ ൅ ෍  

௦∈Ω𝑆

𝑝௦௧ఠ𝛾
ୗ െ ෍  

ௗ∈Ω𝐷

𝑝ௗ௧ఠ𝛾 
ୈ െ 𝑝௧ఠ 

ୈ୅ ൌ  𝑝𝑡𝜔𝛾
𝑠𝑢𝑚 ,∀𝑡

∈ ΩT ,∀𝜔 ∈ ΠDA,∀𝛾 Πୖ୘ 

(6-19) 

 

𝑝௧ఠఊ
௦௨௠ ൑ 10000 𝐵௧ఠఊ

௦௨௠ଵ ,∀𝑡 ∈ Ω୘ ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (6-20) 

 

𝑝௧ఠఊ
௦௨௠ ൒ െ10000 𝐵௧ఠఊ

௦௨௠ଶ ,∀𝑡 ∈ Ω୘ ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (6-21) 

  

𝐵௧ఠఊ
௦௨௠ଵ ൅ 𝐵௧ఠఊ

௦௨௠ଶ ൑ 1 ,∀𝑡 ∈ Ω୘ ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (6-22) 

 

𝑋௧
௟௜௠ ൌ

∑ 𝐷𝐴 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠 െ ∑ ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑅𝑇 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠ఊఠఊ

𝑎𝑣𝑒𝑟𝑎𝑔𝑒ሺ𝐷𝐴 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠ሻ
∗ 100 ,∀𝑡

∈ Ω୘ ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT 

(6-23) 

 

2𝛽 െ 𝑋௧
௟௜௠ ൑ 1000 𝐵௧ఠఊ

௦௨௠ଵ ,∀𝑡 ∈ Ω୘ ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (6-24) 
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The first equation calculates the net power value for each hour including the power traded 

with the DA market. The final result will be either having a positive value or a negative 

value for that summation. If the value is positive, it means the power generated is more 

than or equal to the power demanded including the power traded. If the value is negative, 

it means that the VPP is going to risk being on a negative generation side planning to 

recover that in the RT market. By doing this, the risk status is detected. Therefore, if the 

VPP plans to sell more than its generating power in the DA market hoping to recover that 

in the RT market, the power summation will be negative.  

 

The second and third equations introduce binary variables that would detect the sign of the 

power summation. If the power summation is positive, the first binary variable will be 

equal to one. If the power summation is negative, the second binary variable will be equal 

to one. To avoid the case when both binary variables can be one, the fourth equation is 

introduced to force only one binary variable to be equal to one at most. After detecting the 

sign of the summation of power, there must be a criterion to decide when to allow the sign 

to be negative i.e., when to risk, and when not to. The fifth equation calculates 𝑋௧
௟௜௠ as the 

difference between all the DA scenarios and the worst/highest RT scenarios. It must be 

noted however that the number of scenarios should be equivalent. For example, if the DA 

scenarios are five, then, the highest RT scenarios, in terms of price value, shall be five 

scenarios. Or similar scaling is required based on the number of scenarios considered. 

Then, this difference is calculated as a percentage of the average DA price scenarios. 
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Therefore, this equation considers the percent difference between the DA market prices 

and the RT market prices. If after considering the highest scenarios of the RT market, the 

average percent difference is positive, it means that the model has detected a case where 

the VPP would most probably be willing to risk by doing maximum power sale in the DA 

market and then purchasing it back from the RT market. This is because, on average, the 

highest prices of the RT market are still lower than those of the DA market. Supposing that 

the average percent difference is 1%, would this imply that there should be a reliability 

constraint in order to stop this? The developed and proposed methodology sets a percent 

limit criterion that decides when to stop and when to allow this behavior. The sixth equation 

states that if that difference is less than or equal to 2𝛽, where 2 stands for a percent 

difference of 2% and 𝛽 is the same weighing factor of the CVaR, then the power summation 

is forced to be greater than or equal to zero. The weighing factor can be different from that 

of CVaR but it has been selected to be the same in order to have one scaling factor for risk 

consideration. The higher the weighing factor, the more conservative this proposed set of 

constraints is. If 𝛽 is set to a value of two, it means that any percent difference of 4% or 

lower will be forbidden from risking. In other words, in cases where the percent difference 

is a small positive value or even a negative value, the VPP should not be risking for a small 

amount of profit. If the profit exceeds a barrier, of 2% in here, it can be allowed to risk due 

to the high profit margin that is expected from the considered scenarios. The 2% can be 

selected differently but it has been found acceptable in here to avoid cutting the profit 

dramatically while increasing the reliability. However, the weighing factor has been added 

for scalability of risk control.  All the constant values used in the equations are big numbers 

that allow for all possible range of positive or negative values that are expected. 
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A similar concept to the proposed reliability constraints proposed is the chance constrained 

optimization. In chance constrained optimization however, the limit is not set by a fixed 

value as proposed here; though the proposed fixed value here is controlled by a weighing 

factor. The chance constrained optimization optimizes an objective subject to the following 

constraints, [193]: 

 

ℙሼ𝑔௝ሺ𝑥,𝜛ሻ ൒ 0, 𝑗 ൌ 1,2, … ,𝑚ሽ ൒ 𝕡௝ (6-25) 

 

Where x represents the deterministic variables and 𝜛 represents the random variables. The 

constraint checks that the probability of all the j constraints is higher than the probability 

values 𝕡௝ . This is called individual chance constrained optimization where each 

constrained is checked against individual probability value. If multiple constraints are 

checked against one probability value, this is called joint chance constrained optimization. 

In the case of the proposed reliability constraints, the constraints are not checked against a 

probability level but rather a weighted value which could be thought of as a probability 

level. 

 

In [194], the benefits and challenges of using chance constrained optimization is discussed 

and compared to robust and stochastic optimization. The chance constrained optimization 

is proposed as a balance between the complexity of stochastic optimization and the 

conservativeness of robust optimization. Detailed explanation of further types and the 

mathematical modelling of chance constrained optimization is presented in [195]-[197].  
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Comparing the proposed reliability constraints to the chance constrained optimization 

proves multiple benefits to the proposed reliability constraints. As per [193], chance 

constraint optimization is not an easy optimization to solve. This difficulty exists in small 

scale problems as well. Therefore, multiple approximation methods have been introduced 

in order to overcome this difficulty. When the inequality constraints are not explicitly 

available, it becomes a challenge to solve chance constrained optimization problems, [194]. 

This is in addition to the fact that there is no general method for solving chance constrained 

optimization problems. This is because there are no specific properties that can be made 

regarding chance constrained optimization problems such as concavity, continuity or 

differentiation. 

 

The proposed reliability constraints are very simple to apply as they do not require 

interaction with probability of constraints, random variables, or any of the issues addressed 

in the chance constrained optimization. It is a simple set of constraints that decide the 

conservativeness of the system based on the decision of the operator. That decision is 

simply based on the forecasted profit difference between the RT and DA market prices. 

Higher difference means any forecast error is minor, compared to the large difference in 

prices, which means that the operator can make more risky decisions with less concern. In 

contrary, small differences in prices mean that any small forecast error is significant, 

compared to the small price difference, which should make the operator of the VPP more 

conservative to avoid failure. 
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6.6 Multi-Objective VPP with Specific Load 

After simulating the proposed multi-objective model with the inclusion of a water 

desalination unit as part of the flexible demand, the results were found to be as below. First, 

the most obvious change is that the power exchange has changed dramatically and this is 

due to the reliability constraints imposed. It can be seen that the VPP has decided to mostly 

purchase power in the DA market. More specifically, at the four hours where the model 

failed earlier, the scenario has changed. Previously, the VPP decided to sell at the 

maximum limit in the DA market at the 12th, 18th, 20th and 23rd hours and it failed to recover 

that in the RT market. After imposing the new reliability rules, it can be found that the VPP 

decided to buy power instead at the 12th and the 23rd hours. It also has decided not to buy 

nor to sell at the 20th hour. This has resulted in avoiding the failure at those specific hours. 

This can be clearly seen on Figure 6-5. 

 

The situation has not changed for the 18th hour though. The failure at the 18th hour can be 

avoided by increasing the weight at the reliability constraints but this would definitely be 

on the cost of the net profit. On Table 6-4, the profit is found to be reduced compared to 

the case without reliability constraints. The drop in profit is however expected due to the 

increase in reliability. Therefore, there is a tradeoff between the reliability and the expected 

net profit which is tunable by the VPP operator. The drop in profit is justified as multiple 

failures to participate into the electricity markets could lead to tremendous drop in profit 

or even big loss. 
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Table 6-2  Power Exchange – multi-objective with specific load 

 

Conventional 

Generator 

(MW) 

Renewable 

Source 

(MW) 

Storage 

Energy 

(MW) 

Total 

Generation 

(MW) 

DA 

Power 

(MW) 

RT 

Power 

(MW) 

Demand 

(MW) 

t1 170.00 1.83 100.00 271.83 ‐200.00 0.00 471.83 

t2 230.00 0.85 69.56 300.41 ‐200.00 0.00 500.41 

t3 290.00 0.00 2.90 292.90 ‐200.00 0.00 492.90 

t4 294.00 0.69 0.00 294.69 ‐200.00 0.00 494.69 

t5 294.00 0.00 7.54 301.54 ‐200.00 0.00 501.54 

t6 294.00 0.00 0.00 294.00 ‐200.00 0.00 494.00 

t7 294.00 0.00 0.00 294.00 0.00 ‐200.00 494.00 

t8 294.00 1.25 0.00 295.25 0.00 ‐200.00 495.25 

t9 294.00 0.36 0.00 294.36 ‐200.00 0.00 494.36 

t10 294.00 0.00 0.00 294.00 ‐200.00 0.00 494.00 

t11 294.00 5.71 0.00 299.71 ‐200.00 0.00 499.71 

t12 294.00 3.62 0.00 297.62 ‐200.00 0.00 497.62 

t13 294.00 5.65 0.00 299.65 0.00 ‐126.70 426.35 

t14 294.00 8.52 0.00 302.52 300.00 ‐500.00 502.52 

t15 294.00 8.84 0.00 302.84 ‐200.00 0.00 502.84 

t16 294.00 7.01 0.00 301.01 300.00 ‐500.00 501.01 

t17 294.00 12.51 0.00 306.51 300.00 ‐500.00 506.51 

t18 294.00 14.74 0.00 308.74 300.00 0.00 508.74 

t19 294.00 9.64 0.00 303.64 300.00 ‐500.00 503.64 

t20 294.00 6.67 0.00 300.67 0.00 0.00 300.67 
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Conventional 

Generator 

(MW) 

Renewable 

Source 

(MW) 

Storage 

Energy 

(MW) 

Total 

Generation 

(MW) 

DA 

Power 

(MW) 

RT 

Power 

(MW) 

Demand 

(MW) 

t21 294.00 3.11 0.00 297.11 0.00 ‐200.00 497.11 

t22 294.00 10.03 0.00 304.03 300.00 ‐500.00 504.03 

t23 294.00 11.10 0.00 305.10 ‐200.00 0.00 505.10 

t24 294.00 11.26 0.00 305.26 ‐200.00 0.00 505.26 

 

Table 6-3  Hourly net profit without DA market revenue – multi-objective with specific load 

Hour  Profit (utility – generator cost) ($)  RT Revenue ($)  Net profit ($) 

h1  25,277.52  0.00  25,277.52 

h2  25,924.64  0.00  25,924.64 

h3  22,786.22  0.00  22,786.22 

h4  22,700.68  0.00  22,700.68 

h5  23,084.89  0.00  23,084.89 

h6  22,661.90  0.00  22,661.90 

h7  22,661.90  ‐7,926.00  14,735.90 

h8  22,731.94  ‐7,102.00  15,629.94 

h9  17,456.81  0.00  17,456.81 

h10  17,680.78  0.00  17,680.78 

h11  17,971.99  0.00  17,971.99 

h12  17,858.48  0.00  17,858.48 

h13  14,377.69  ‐6,050.16  8,327.53 

h14  18,048.49  ‐20,260.00  ‐2,211.51 

h15  18,023.67  0.00  18,023.67 

h16  17,948.92  ‐17,460.00  488.92 

h17  21,693.62  ‐17,995.00  3,698.62 

h18  21,814.75  0.00  21,814.75 

h19  21,531.00  ‐18,820.00  2,711.00 

h20  9,555.84  0.00  9,555.84 

h21  21,180.29  ‐7,546.00  13,634.29 

h22  21,597.94  ‐17,185.00  4,412.94 

h23  21,663.52  0.00  21,663.52 

h24  21,697.65  0.00  21,697.65 
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Table 6-4  Hourly net profit without DA market revenue 

Utility and RT Profit ($) DA Market Net Profit ($) Net profit ($) 

367,586.97  ‐8,631  358,955.97 

 

 

Figure 6-5 Total generation, power traded and demand – multi-objective with specific load 

 

Thus, the reliability constraints were very effective at remedying the issue of multiple 

failure rates. After proving the effectiveness of the proposed reliability objective, a specific 

focus should be given to the newly introduced specific load type. To analyze the behavior 

of the WDU, its water and electricity interaction should be presented and assessed.  
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Table 6-5  Water desalination unit water and power exchange 

Hour  WDU water generation (m3) 
Tank water 

generation (m3) 
Electric demand 

(MW) 

t1  550.00  500.00  1.21 

t2  700.00  0.00  1.54 

t3  1,200.00  ‐500.00  2.64 

t4  1,200.00  ‐500.00  2.64 

t5  1,900.00  ‐500.00  4.18 

t6  6,100.00  ‐500.00  13.42 

t7  6,500.00  500.00  14.30 

t8  6,100.00  ‐500.00  13.42 

t9  2,100.00  0.00  4.62 

t10  2,100.00  0.00  4.62 

t11  2,450.00  0.00  5.39 

t12  2,800.00  0.00  6.16 

t13  3,000.00  500.00  6.60 

t14  3,650.00  ‐500.00  8.03 

t15  2,450.00  0.00  5.39 

t16  3,150.00  0.00  6.93 

t17  3,350.00  500.00  7.37 

t18  3,700.00  500.00  8.14 

t19  4,050.00  500.00  8.91 

t20  3,700.00  500.00  8.14 

t21  3,104.32  395.68  6.83 

t22  2,838.27  ‐38.27  6.24 

t23  2,107.41  ‐357.41  4.64 

t24  1,200.00  ‐500.00  2.64 

Total  70,000.00  0.00   154.00 
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Table 6-6  Water desalination unit tank water level 

Hour  Tank water level (m3) 
Water charged 

(m3) 
Water discharged 

(m3) 

t1  500.00  0.00  500.00 

t2  500.00  0.00  0.00 

t3  1,000.00  500.00  0.00 

t4  1,500.00  500.00  0.00 

t5  2,000.00  500.00  0.00 

t6  2,500.00  500.00  0.00 

t7  2,000.00  0.00  500.00 

t8  2,500.00  500.00  0.00 

t9  2,500.00  0.00  0.00 

t10  2,500.00  0.00  0.00 

t11  2,500.00  0.00  0.00 

t12  2,500.00  0.00  0.00 

t13  2,000.00  0.00  500.00 

t14  2,500.00  500.00  0.00 

t15  2,500.00  0.00  0.00 

t16  2,500.00  0.00  0.00 

t17  2,000.00  0.00  500.00 

t18  1,500.00  0.00  500.00 

t19  1,000.00  0.00  500.00 

t20  500.00  0.00  500.00 

t21  104.32  0.00  395.68 

t22  142.59  38.27  0.00 

t23  500.00  357.41  0.00 

t24  1,000.00  500.00  0.00 

Total     3,895.68  3,895.68 
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Figure 6-6 Water desalination unit water generation 

 

 

Figure 6-7 WDU tank charge and discharge 
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The tank of the WDU has a total water charge and discharge that is equal to zero which is 

a requirement in the design. This means that there is no water stored in the tank in the 

overall process over a 24-hours span. This is due to health considerations. Thus, the tank 

started with 1000 cubic meters of water at the zeroth hour and it ended up with the same 

level by the end of the 24th hour. Which can also be translated as a total tank generation of 

zero over the day. The total water generated by the WDU over the day is 70,000 cubic 

meters of water. This has supplied the water demand completely without failures. Lastly, 

Figure 6-8 shows the relationship between the water generated and the electric demand. It 

can be noticed that the relationship is linear and this is due to the fixed electric demand 

value that is given in kW/m3. The total electric demand of the WDU during the 24-hours 

span is 154 MW. This demand has not affected the power exchange in the Day-ahead and 

real-time markets due to its small amount in addition to the fact that the MILP is already 

at the maximum limits of trade with the markets due to the high profit found in that strategy. 

This however has slightly affected the revenue made from the utility as it is a new load 

introduced and it has its own utility which definitely affects the decision making of the 

MILP on which load to feed for higher profitability.  
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Figure 6-8 Water generated Vs. electric demand 

 

6.7 Self-Controlled Water Desalination Unit 

The water desalination unit has great importance and part of this importance is being used 

as a storage medium. To get the best benefit out of the WDU in terms of energy storage, it 

has to be efficient in doing this job. This means that the WDU has to incur the least possible 

cost of electricity while supplying the water demand. The tank serves as a storage medium 

that manages the fluctuations of demand while helping in reducing the total electricity cost 

incurred by the WDU. To do this, a centralized control scheme of the VPP may not be 

applicable in this case. Therefore, the WDU will try to manage optimizing its own cost and 

supply opposing the centralized control scheme of the VPP. Nevertheless, the centralized 

control scheme will still be applicable to the rest of the system.  
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This is similar to the comprehensive control scheme. As discussed earlier, the control 

schemes in VPPs are divided into three types: centralized, distributed and comprehensive 

control schemes. The centralized control scheme is where there is a centralized controller 

that optimizes the objectives of the VPP as a whole. In distributed control, each member 

of the VPP optimizes its own objectives separately. In comprehensive control, a mixed 

control scheme between the centralized and the distributed is adapted. This is similar to the 

case where the WDU optimizes its own objective aside from the centralized control scheme 

of the VPP. 

 

A similar concept to the comprehensive control is the transactive control concept. In fact, 

this concept is divided to three parts where the first is the transactive network management, 

the second is the transactive control, and the third is the peer-to-peer market, [184]. 

Transactive network management is related to the methodology of managing the network 

such as being a load aggregator or a microgrid. Transactive control is very similar to the 

fully distributed control scheme. Lastly, the peer-to-peer (P2P) is a form of comprehensive 

control where suppliers and customers interact directly under a supervisory control scheme. 

This P2P market has another variant called the community-based market where each peer 

is replaced by a small community, [185]. In P2P, community, or comprehensive control, 

there is usually two levels of control or more. The first level is the low level between the 

prosumers and the second is concerned with the network constraints which is managed by 

the distribution system operator (DSO), [186]-[188].  
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Each architecture of control has its own advantages and disadvantages. In [189], the authors 

review multiple architectures proposed for the P2P market where each architecture 

proposes a different number of layers. There are 3 layers, 5 layers, and 7 layers 

architectures. These layers can be a regulation layer, communication layer, market layer, 

user layer, and so on. Examples of mathematical models used to solve such transactive 

energy markets are presented in [190] and [191]. Lastly, four practical projects concerning 

transactive energy are presented in [192]. Those four projects are: the Grise-Wise Olympic 

Peninsula, the Grid-Smart demonstration, the Pacific Northwest demonstration, and the 

power matching city projects. 

 

In order to analyze the behavior of the WDU, three scenarios will be simulated. In the first 

scenario, the system will be simulated without the inclusion of a WDU. In the second 

scenario, the system will be simulated having a WDU connected and the control scheme 

will be a centralized one where the VPP will try to maximize its profit. Lastly, in the third 

scenario, the system will be the same as the second scenario but the control scheme will be 

comprehensive where the VPP will try to maximize its profit while the WDU will try to 

reduce its utility cost.  
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Figure 6-9 WDU Utility – 3 scenarios 

 

It can be seen from Figure 6-9 that there is no utility for the first scenario since there is no 

WDU connected at all. In the second scenario, the utility paid by the WDU is higher than 

the utility paid by the WDU in the third scenario at most of the hours. This makes sense as 

in the third scenario, the WDU is trying to reduce its expenses while supplying the demand 

profile with no issues. The difference and percent saving are shown on Table 6-7.  

 

Table 6-7  WDU utility, profit and energy (comprehensive and centralized control) 

  No WDU 
Centralized 
Control 

Comprehensive 
Control 

% Difference 

WDU Utility ($)  0  8,551.40  7,829.80  9.22% 

Total Profit ($)  359,330.21  359,607.60  358,916.48  0.2% 

WDU Energy 
(MWh) 

0  154  154  0% 

 

By analyzing Table 6-7, the total profit of the VPP for the second scenario is higher than 

the first one and this is logical since in the second scenario, the WDU will be added as a 

0 5 10 15 20 25

Time (h)

0

100

200

300

400

500

600

700

800

900

1000
WDU Utility Vs Time

No WDU
Centralized Control
Comprehensive Control



192 
 

load that will pay utility to the VPP which will generate profit to the VPP. The third 

scenario however has lower profit to the VPP compared to the second one. This is because 

the WDU optimizes its own cost independently from the VPP. When the WDU pays less, 

the VPP profit is reduced. The impact in percentage is 0.2% increase of VPP profit for the 

centralized scenario compared to the comprehensive one. Which is reflected onto the WDU 

as 9.22% more cost the WDU has to incur in the centralized scenario compared to the 

comprehensive one. Lastly, the electric demand for the second and third scenarios is the 

same. This is expected since the water load profile is fixed and the power consumption is 

taken as a linear function of the water demand. 

  

6.8 Self-Controlled Flexible Water Desalination Units  

The WDU considered in the previous sections was limited in size compared to the rest of 

the VPP components. Additionally, the water demand profile was not a flexible profile. In 

this section, the WDU will be scaled up to have a relative size compared to the rest of the 

VPP components and the water load profile will feature some flexibility. Therefore, there 

will be four scenarios studied in this section: a centralized control scheme with a fixed 

water load profile, a comprehensive control scheme with a fixed water load profile, a 

centralized control scheme with a flexible water load profile, and a comprehensive control 

scheme with a flexible water load profile. 

 

As shown on Table 6-8, the scaled up WDU that will be considered in this section is ten 

times the sizes of the WDU considered in the previous sections. Thus, at the peak water 
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demand, the electric demand of the WDU would be 154 MW which is a relative demand 

compared to the rest of the VPP components. 

 

Table 6-8  Scaled up WDU 

 Small WDU Scaled WDU 

Bus location 5 5 

Technology Reverse Osmosis Reverse Osmosis 

Feed water Brackish Brackish 

Energy consumption 

(electric) [kW/m3] 
2.2 2.2 

Energy consumption 

(thermal) [MJ/m3] 
0 0 

Production capacity, daily 

[m3/day] 
200,000 2,000,000 

Storage tank charging limit 

[m3/h] 
500 5,000 

Storage tank discharging 

limit [m3/h] 
500 5,000 

Storage tank capacity [m3] 2500 25,000 

Daily water demand, peak 

[m3/h] 
7000 70,000 
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To make a flexible load profile, the original water load profile will be allowed to go 50% 

below the original profile and 50% above the original profile. This means that the water 

load profile will range from 50% to 150% of the original profile as shown on Figure 6-27. 

 

 

Figure 6-10 Flexible Water Load Profile 
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the expansion in size of the WDU. Figure 6-12 and Figure 6-13 show the water generated 

by the WDU and its tank in addition to the tank water level and its charge and discharge 

rates respectively. 

 

 

Figure 6-11 Total Generation, Power traded and Total Demand, Centralized Control, Fixed Demand 
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Figure 6-12 Water Generated by WDU, Centralized Control, Fixed Demand 

 

 

Figure 6-13 Water in the Tank of the WDU, Centralized Control, Fixed Demand 

 

0 5 10 15 20 25

Time (h)

-1

0

1

2

3

4

5

6

7
104 Water Generated by WDU

WDU Generation
Tank Generation

0 5 10 15 20 25

Time (h)

0

0.5

1

1.5

2

2.5
104 Water in the Tank of the WDU

Water charged
Water discharged
Tank water level



197 
 

 

6.8.2 Comprehensive Control, Fixed Demand 

In this section, the comprehensive control scheme with fixed demand is shown for the 

scaled up WDU, referred to as the second scenario, and it can be seen on Figure 6-14 that 

the behavior is generally similar to the first scenario. Figure 6-15 and Figure 6-16 show the 

water generated by the WDU and its tank in addition to the tank water level and its charge 

and discharge rates respectively. The figures are very similar to the first scenario except 

for the water tank behavior which is different. A comparison of the four scenarios will be 

made in section 6.8.5. 

 

 

Figure 6-14 Total Generation, Power traded and Total Demand, Comprehensive Control, Fixed Demand 
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Figure 6-15 Water Generated by WDU, Comprehensive Control, Fixed Demand 

 

 

Figure 6-16 Water in the Tank of the WDU, Comprehensive Control, Fixed Demand 
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6.8.3 Centralized Control, Flexible Demand 

In this section, the centralized control scheme with flexible demand is shown for the scaled 

up WDU, referred to as the third scenario. Figure 6-17 shows that the demand is matching 

the generation at all points except the 18th hour which is the same as the original system. 

Figure 6-18 and Figure 6-19 show the water generated by the WDU and its tank in addition 

to the tank water level and its charge and discharge rates respectively. The figures are very 

similar to the first scenario. A comparison of the four scenarios will be made in section 

6.8.5. An additional figure is shown here which is the water demand. This is because in 

this case the water demand is flexible and thus, it becomes a variable as shown on Figure 

6-20. It can however be seen that the optimization problem has chosen to go with the 

minimum water load profile at all points except the first one where it has chosen to go with 

the maximum limit. 

 

 

Figure 6-17 Total Generation, Power traded and Total Demand, Centralized Control, Flexible Demand 
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Figure 6-18 Water Generated by WDU, Centralized Control, Flexible Demand 

 

 

Figure 6-19 Water in the Tank of the WDU, Centralized Control, Flexible Demand 
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Figure 6-20 Flexible Water Demand, Centralized Control 

 

6.8.4 Comprehensive Control, Flexible Demand 

In this fourth and last scenario, the comprehensive control scheme with flexible demand is 
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6-22 and Figure 6-23 show the water generated by the WDU and its tank in addition to the 

tank water level and its charge and discharge rates respectively. The figures are very similar 

to the second scenario. A comparison of the four scenarios will be made in section 6.8.5. 

Since water demand is also flexible in this scenario, it is shown on Figure 6-24. It can 
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load profile at all points. 
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Figure 6-21 Total Generation, Power traded and Total Demand, Comprehensive Control, Flexible Demand 

 

 

Figure 6-22 Water Generated by WDU, Comprehensive Control, Flexible Demand 
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Figure 6-23 Water in the Tank of the WDU, Comprehensive Control, Flexible Demand 

 

 

Figure 6-24 Flexible Water Demand, Comprehensive Control 
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6.8.5 Comparison of Four WDU Scenarios 

By comparing the four aforementioned scenarios together in terms of WDU utility, VPP 

total profit, and WDU energy consumption, the following can be concluded: 

1. The energy consumption of the fixed profiles is the same while the flexible profiles 

have energy consumption at or almost at the minimum load profile.  

2. The WDU utility for the fixed profile scenarios is almost the same since the load 

profile is uncontrolled. However, the utility of the second scenario is a bit lower 

that the first one which is expected as in the comprehensive control scenario, the 

WDU tries to minimize its expenses by paying less utility.  

3. The WDU utility of the third and fourth scenarios are however much less compared 

to the first two scenarios. This is because those two scenarios are at the minimum 

load profile. Also, the fourth scenario of comprehensive control pays lower utility 

compared to the third scenario as expected.  

4. In terms of total VPP profit, in the first two scenarios, the profit is almost the same 

since the WDU utility is almost the same and the WDU energy consumption is 

exactly the same. However, in the comprehensive scenario, the second, the total 

profit is slightly reduced since the WDU pays less utility. 

5. In terms of total VPP profit, in the last two scenarios, the profit is almost the same 

since the WDU utility is almost the same and the WDU energy consumption is 

almost the same. However, in the comprehensive scenario, the fourth, the total 

profit is slightly higher though the WDU pays less utility. 
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The major observation that requires more analysis is: why in the flexible demand scenarios, 

the system selected the minimum water load profile? The issue can be explained by looking 

at the hours of failure at each scenario. It will be noticed that in the third and fourth 

scenarios, the failure happened only at the 18th hour. Thus, though the profit was expected 

to be higher in the third and fourth scenarios, it was lower for the sake of system power 

balance. The VPP has chosen to become more reliable than making higher profit.  

 

Table 6-9  WDU utility, profit and energy (comprehensive and centralized control), four scenarios 

 
WDU 

Utility ($) 
Total VPP Profit 

($) 
WDU Energy (MWh) 

First Scenario  78,826.1  365,730.9  1,540.0 

Second Scenario  78,276.3  365,729.7  1,540.0 

Third Scenario  40,732.2  356,760.1  793.1 

Fourth Scenario  38,947.4  356,838.3  770.0 

 

Figure 6-25 shows the hourly utility of the WDU in the four scenarios. It can be seen that 

the two scenarios of fixed water load profile have similar curves while the two scenarios 

of flexible water load profile have similar curves as well but different from the first two 

scenarios. The first five hours on the figure, for the four scenarios, have a different 

behavior. The fourth scenario, comprehensive control with flexible load, pays the lowest 

utility over the first five hours. After that, the second scenario, comprehensive control with 

fixed load, pays the second lowest utility over the first five hours. Then, the third scenario, 

centralized control with flexible load, pays the third lowest utility over the first five hours. 

Lastly, the first scenario, centralized control with fixed load, pays the highest utility over 

the first five hours. This means that whenever a choice is possible in terms of water load 

flexibility and the WDU having the opportunity to optimize its own objective, the WDU 

chooses to go with paying the lowest utility over the first five hours; while load flexibility 
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allows for more utility reduction compared to the comprehensive control scheme. This 

shows the effective utilization of the water tank of the WDU with the availability of 

flexibility. 

 

 

Figure 6-25 WDU Utility Vs Time, Four Scenarios 
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segment on the figure has a similar behavior to the first segment and a similar analysis. 

However, at the 13th hour, the RT market price is higher that the WDU utility which 

encourages the water tank to discharge as shown. The third and last segment on the figure 

shows a different behavior. It can be seen that the tank is discharging water almost at all 

hours in the third segment though the WDU utility price is higher that the RT market price. 

This is because there is a minimum water demand level that has to be satisfied. Therefore, 

the tank was forcefully discharging water at the third segment in order to fulfill the 

minimum daily water demand level. Nonetheless, the tank could have switched its behavior 

between the first and third segments as they both have a similar trend.  

 

The reason why the tank selected to discharge water for demand satisfaction in the third 

segment instead of the first is that the price difference between the WDU utility price and 

the RT market price in the third segment is lower than that of the first segment. Therefore, 

it is more profitable to discharge in the third segment of the figure where the price 

difference is lower.  

 

Lastly, some hours especially at the end of every segment do not necessarily follow the 

trend of that segment. This is because the analysis is not limited to the RT market price and 

the WDU utility price only. The analysis should take into account the utility of all demands 

at all buses as well. As the decision of selling and buying is controlled by the utility of the 

electrical demands too. Nonetheless, the utilization of the water tank of the WDU as a 

virtual storage for the electrical system optimization has been proven. Thus, the 

consideration of a WDU as part of the VPP is essential for the utilization of the water tanks 
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as storage mediums in addition to the high importance of water desalination for countries 

that rely heavily of desalination as a main source for sweet water. 

 

 

Figure 6-26 WDU Tank as Virtual Storage 
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First, 50 scenarios were considered for each uncertain parameter which means having a 

total of 50*50*50 scenarios, i.e., 125,000 scenarios. This simulation failed due to the 

considerable amount of computer memory required for such simulation. It is worth noting 

that this simulation was run on a computer with a 32 GB memory. The number of scenarios 

was reduced to 20 for each uncertain parameter which gives a total of 8,000 scenarios but 

this has also failed due to the need for bigger memory. Therefore, the first outcome in the 

test of the case of increase of the number of scenarios is that it is computationally costly. 

The number of scenarios was reduced to ten for each uncertain parameter resulting in a 

total of 1,000 scenarios which was manageable with the available memory.  

 

Table 6-10  Power Exchange - 1000 scenarios 

 
With 

Reliability 

1000 

Scenarios 

With 

Reliability 

1000 

Scenarios 

With 

Reliability 

1000 

Scenarios 

With 

Reliability 

1000 

Scenarios 

 

Total 

Generation 

(MW) 

Total 

Generation 

(MW) 

Demand 

(MW) 

Demand 

(MW) 

DA Power 

(MW) 

DA Power 

(MW) 

RT Power 

(MW) 

RT Power 

(MW) 

t1 271.83 271.83 471.83 471.83 -200.00 -200.00 0.00 0.00 

t2 300.41 299.31 500.41 499.31 -200.00 -200.00 0.00 0.00 

t3 292.90 290.00 492.90 490.00 -200.00 -200.00 0.00 0.00 

t4 294.69 294.69 494.69 494.69 -200.00 -200.00 0.00 0.00 

t5 301.54 303.62 501.54 503.62 -200.00 -200.00 0.00 0.00 

t6 294.00 295.03 494.00 495.03 -200.00 0.00 0.00 -200.00 

t7 294.00 294.89 494.00 494.89 0.00 0.00 -200.00 -200.00 

t8 295.25 295.25 495.25 495.25 0.00 -200.00 -200.00 0.00 

t9 294.36 294.36 494.36 494.36 -200.00 -200.00 0.00 0.00 

t10 294.00 294.00 494.00 494.00 -200.00 -200.00 0.00 0.00 
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With 

Reliability 

1000 

Scenarios 

With 

Reliability 

1000 

Scenarios 

With 

Reliability 

1000 

Scenarios 

With 

Reliability 

1000 

Scenarios 

 

Total 

Generation 

(MW) 

Total 

Generation 

(MW) 

Demand 

(MW) 

Demand 

(MW) 

DA Power 

(MW) 

DA Power 

(MW) 

RT Power 

(MW) 

RT Power 

(MW) 

t11 299.71 299.71 499.71 499.71 -200.00 -17.18 0.00 -182.82 

t12 297.62 297.62 497.62 497.62 -200.00 300.00 0.00 0.00 

t13 299.65 299.65 426.35 499.65 0.00 300.00 -126.70 -500.00 

t14 302.52 302.52 502.52 502.52 300.00 300.00 -500.00 -500.00 

t15 302.84 302.84 502.84 502.84 -200.00 300.00 0.00 -500.00 

t16 301.01 301.01 501.01 501.01 300.00 300.00 -500.00 -500.00 

t17 306.51 306.51 506.51 506.51 300.00 300.00 -500.00 -500.00 

t18 308.74 308.74 508.74 508.74 300.00 300.00 0.00 0.00 

t19 303.64 303.64 503.64 503.64 300.00 300.00 -500.00 -500.00 

t20 300.67 300.67 300.67 500.67 0.00 -200.00 0.00 0.00 

t21 297.11 297.11 497.11 497.11 0.00 0.00 -200.00 -200.00 

t22 304.03 304.03 504.03 504.03 300.00 300.00 -500.00 -500.00 

t23 305.10 305.10 505.10 505.10 -200.00 -200.00 0.00 0.00 

t24 305.26 305.26 505.26 305.26 -200.00 0.00 0.00 0.00 
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Table 6-11  Hourly net profit without DA market revenue - 1000 scenarios 

Hour  Net profit ($) with Reliability  Net profit ($) with 1000 scenarios 

h1  25,277.52  25,277.07 

h2  25,924.64  25,862.93 

h3  22,786.22  22,623.50 

h4  22,700.68  22,700.68 

h5  23,084.89  23,201.61 

h6  22,661.90  16,305.49 

h7  14,735.90  14,786.02 

h8  15,629.94  22,731.94 

h9  17,456.81  17,432.64 

h10  17,680.78  17,694.90 

h11  17,971.99  11,386.88 

h12  17,858.48  17,801.84 

h13  8,327.53  ‐5,919.37 

h14  ‐2,211.51  ‐2,187.76 

h15  18,023.67  570.17 

h16  488.92  488.92 

h17  3,698.62  3,698.62 

h18  21,814.75  21,810.35 

h19  2,711.00  2,711.00 

h20  9,555.84  21,370.77 

h21  13,634.29  13,635.21 

h22  4,412.94  4,413.86 

h23  21,663.52  21,666.09 

h24  21,697.65  10,212.21 

 

Table 6-12  Hourly net profit without DA market revenue - 1000 scenarios 

Utility and 

RT Profit 

($) with 

Reliability 

Utility and 

RT Profit 

($) 1000 

scenarios 

DA Market 

Net Profit 

($) with 

Reliability 

DA Market 

Net Profit 

($) 1000 

scenarios 

Net profit 

($) with 

Reliability 

Net profit 

($) 1000 

scenarios 

Net profit 

($) original 

case 

367,586.97  330,275.58  ‐8,631  56,348.23  358,955.97  386,623.81  427,528.82 
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Figure 6-27 Total generation, power traded and demand – 1000 scenarios 

 

Table 6-13  Time Elapsed – Reliability Vs 1000 Scenarios 

Time Elapsed, DA, 

with Reliability (S) 

Time Elapsed, DA, 

1000 scenarios (S) 

Time Elapsed, RT, 

with Reliability (S) 

Time Elapsed, RT, 

1000 scenarios (S) 

74  847  175  789 

 

It can be noticed that increasing the number of scenarios has solved the failure at the 20th 

and the 23rd hour while the reliability constraints have solved the failure at 3 hours (12th, 

20th, and the 23rd). Therefore, saving two failures has dropped the net profit from 

427,528.82$ to 386,623.81$ by increasing the number of scenarios. In the case of 

considering the reliability constraints, three failures were avoided and the profit dropped 

from 427,528.82$ to 358,955.97$. Thus, it can be concluded that the profit drop is relative 

to the number of failures avoided. Nevertheless, the reliability constraints model was more 

effective avoiding failures.  
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In terms of time consumed, the DA market simulation for the case with reliability 

constraints has taken less than 9% of the time consumed for the case with 1000 scenarios. 

For the RT market simulation, the time consumed for the reliability constraints model was 

only around 22% of the time consumed for the 1000 scenarios model. Thus, the proposed 

model with reliability constraints is more effective at eliminating the failures, considerably 

faster in terms of simulation time, and affects the profit almost the same way as the other 

model.  

 

6.10 VPP Cluster Base Design 

In this section, a simple VPP cluster with only one VPP connected to an EP is designed 

and simulated. After applying the proposed and designed model as explained on the 

previous sections, the VPP cluster is simulated and compared to the original VPP that was 

simulated without having EP involved. First, the DA results will be unchanged since the 

DA market scheduling is still a stage before the dispatch level. When it comes to the RT 

market, the original VPP failed to dispatch at four hours: the 12th, 18th, 20th, and 23rd hours. 

Then, with the introduction of the reliability constraints, the failure happened only at the 

18th hour. It is expected that after the involvement of an EP, that hour of failure to meet the 

demand shall be eliminated. This of course will vary based on the size of the VPP and the 

EP. The size of the EP considered in this case 1000 MWh. The details of the added EP are 

presented on Table 6-14. It must be noted that the data of the EP as a source shall exactly 

match the data of the EP when acting as a load. It can be seen from Table 6-15 and Table 
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6-16 that the load ramp up and the load ramp down are matching the charging and 

discharging rates of the EP when acting as a storage. Also, it has a minimum of zero 

demand to avoid disturbing the balance of VPP when acting as a load. But to ensure that 

the VPP will pay back the energy it has taken, the utility of the EP when acting as a load is 

set to a high value. This will encourage the VPP to feed the EP before other loads due to 

its fake high utility value without having to disturb the balance of the VPP by setting the 

EP minimum values to zero. 

 

Table 6-14  EP source data 

Capacity 1000 MWh 

Initial Energy 1000 MWh 

Charging/ discharging efficiency 90%/90% 

Maximum charge power 500 MW 

Maximum discharge power 500 MW 

 

Table 6-15  EP load data 

Demand 
𝐸ௗ
ୈ 

ሾMWhሿ 

𝑃തௗ௧
ୈ  

ሾMWሿ 

𝑅ௗ
ୈ,୙ 

൤
MW

h
൨ 

െ𝑅ௗ
ୈ,ୈ 

൤
MW

h
൨ 

𝑝ௗ଴
ୈ  

ሾMWሿ 

EP 0 𝑝௙௥௢௠,ா௉ 500 500 0 

 

Table 6-16  EP load data 2 

Time 𝑃ଵ௧
ୈ  Utility 

h ሾMWሿ $ 
All 0 100 
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Based on those details, the simulation results are presented and compared to the original 

VPP simulation that was presented in section 6.6.  

 

Table 6-17  VPP VS cluster VPP RT power 

Hour  Original VPP Power (MW)  VPP Cluster Power (MW) 

t1  0.00  0.00 

t2  0.00  0.00 

t3  0.00  0.00 

t4  0.00  0.00 

t5  0.00  0.00 

t6  0.00  0.00 

t7  ‐200.00  ‐200.00 

t8  ‐200.00  ‐200.00 

t9  0.00  0.00 

t10  0.00  0.00 

t11  0.00  0.00 

t12  0.00  0.00 

t13  ‐126.70  ‐126.70 

t14  ‐500.00  ‐500.00 

t15  0.00  0.00 

t16  ‐500.00  ‐500.00 

t17  ‐500.00  ‐500.00 

t18  0.00  0.00 

t19  ‐500.00  ‐500.00 

t20  0.00  0.00 

t21  ‐200.00  ‐200.00 

t22  ‐500.00  ‐500.00 

t23  0.00  0.00 

t24  0.00  0.00 
 

Table 6-18  VPP VS cluster VPP profit 

Hour 
Original VPP 
Revenue ($) 

Profit 
(utility – 
generator 
cost) ($) 

Net profit 
($) 

VPP Cluster 
Revenue ($) 

Profit (utility – 
generator cost) 

($) 
Net profit ($) 

t1  0  25,277.52  25,277.52  0.00  25,277.52  25,277.52 

t2  0  25,924.64  25,924.64  0.00  25,924.64  25,924.64 

t3  0  22,786.22 22,786.22 0.00 22,786.22 22,786.22 

t4  0 22,700.68 22,700.68 0.00 22,700.68 22,700.68 

t5  0 23,084.89 23,084.89 0.00 23,084.89 23,084.89 
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Hour 
Original VPP 
Revenue ($) 

Profit 
(utility – 
generator 
cost) ($) 

Net profit 
($) 

VPP Cluster 
Revenue ($) 

Profit (utility – 
generator cost) 

($) 
Net profit ($) 

t6  0  22,661.90 22,661.90 0.00 22,661.90 22,661.90 

t7  ‐7,926.00  22,661.90 14,735.90 ‐7,926.00 22,661.90 14,735.90 

t8  ‐7,102.00  22,731.94 15,629.94 ‐7,102.00 22,731.94 15,629.94 

t9  0 17,456.81 17,456.81 0.00 17,456.81 17,456.81 

t10  0 17,680.78 17,680.78 0.00 17,679.93 17,679.93 

t11  0  17,971.99 17,971.99 0.00 17,966.91 17,966.91 

t12  0 17,858.48 17,858.48 0.00 17,864.54 17,864.54 

t13  ‐6,050.16  14,377.69 8,327.53 ‐6,050.16 14,377.69 8,327.53 

t14  ‐20,260.00  18,048.49 ‐2,211.51 ‐20,260.00 18,035.86 ‐2,224.14 

t15  0  18,023.67 18,023.67 0.00 18,036.17 18,036.17 

t16  ‐17,460.00  17,948.92 488.92 ‐17,460.00 17,948.92 488.92 

t17  ‐17,995.00  21,693.62 3,698.62 ‐17,995.00 21,693.62 3,698.62 

t18  0 21,814.75 21,814.75 0.00 21,814.75 21,814.75 

t19  ‐18,820.00  21,531.00 2,711.00 ‐18,820.00 5,902.71 ‐12,917.29 

t20  0 9,555.84 9,555.84 0.00 410.34 410.34 

t21  ‐7,546.00  21,180.29 13,634.29 ‐7,546.00 8,329.08 783.08 

t22  ‐17,185.00 21,597.94 4,412.94 ‐17,185.00 21,524.56 4,339.56 

t23  0 21,663.52 21,663.52 0.00 21,666.67 21,666.67 

t24  0  21,697.65 21,697.65 0.00 21,697.65 21,697.65 

 

It can be seen from the tables above that the simulation results are generally the same. The 

storage and renewable energy source of the VPP are also having the same results for both 

the original VPP and the VPP cluster. It can be noticed however in terms of profit that the 

major differences start after and slightly at the 18th hour. This is actually because the 

original VPP fails to meet its demand at the 18th hour and thus, the EP will supply the VPP 

with power at the 18th hour and it will have to start returning that power back from the 19th 

hour. It can be seen that the major difference in profit happens after 18th hours which is the 

hour of failure of the original VPP. Therefore, the VPP cluster has been designed and it has 

operated successfully. Nonetheless, this does not yet cover the interaction between the EP 

and the VPP. This only shows the effect on the interaction between the VPP and the market. 
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Table 6-19 shows the result and the interaction between the EP and the VPP inside the VPP 

cluster. 

 

Table 6-19  EP and VPP interaction 

   Power with EP (MW)  𝜆ோ்,௔௖௧ ($/MWh) 

t1  0.00  0.00 

t2  0.00  0.00 

t3  0.00  0.00 

t4  0.00  0.00 

t5  0.00  0.00 

t6  0.00  0.00 

t7  0.00  0.00 

t8  0.00  0.00 

t9  0.00  0.00 

t10  0.00  0.00 

t11  0.00  0.00 

t12  0.00  0.00 

t13  0.00  0.00 

t14  0.00  0.00 

t15  0.00  0.00 

t16  0.00  0.00 

t17  0.00  0.00 

t18  617.28  49.49 

t19  ‐257.98  37.64 

t20  ‐143.53  43.24 

t21  ‐215.78  37.73 

t22  0.00  0.00 

t23  0.00  0.00 

t24  0.00  0.00 

 

As confirmed by the previous results, it can be seen on Table 6-19 that at the 18th hour, the 

VPP starts taking power from the EP. During the 19th to the 21st hour, the VPP continues 

to pay back the power taken on the 18th hour. Note that each time a transaction is done, the 

market price is noted as it will affect the overall profit of the VPP but it will not affect the 

EP in terms of profit as the EP’s main purpose is power balance. On the 18th hour, the VPP 
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fails to meet its demand and it drains the maximum discharge rate of the EP which is 500 

MW/h. However, due to the efficiency considered of 90%, the 10% loss is loaded onto the 

VPP as power that has been taken by the VPP. Another 10% is considered as the EP 

recharge efficiency is 90% as well. Therefore, it is noted on the table as 500/0.9/0.9 which 

is 617.28. The power returned back by the VPP to the EP is not multiplied by 0.9 for 

efficiency considerations as this has already been considered when divided by 0.9 twice, 

once for the charging efficiency and once for the discharging efficiency. By the end of the 

trading day, the VPP owes the EP 0 MW which means that the VPP has settled all its power 

due to the EP. Additionally, the interaction of the VPP with the EP will have a financial 

impact onto the profit of the virtual power plant as per (6-2). This effect is -24,057.76 $. 

The overall profit comparison is shown on Table 6-20. It is clear that there is a drop in 

profit, but it is expected that the VPP operator would have lost/paid more to cover the 

hour/s of mismatch if it was not for the presence of the EP. It can be seen that the loss in 

profit is -37,695.25 $. This is different from the calculation above. This is due to the fact 

that the loss is not happening only when the power is supplied back to the EP. It is 

happening also in terms of the demand that could not be supplied. In other words, the loss 

of the utility also impacts the overall reduction in profit. 

 

Table 6-20  Hourly net profit without DA market revenue 
Original VPP 

Utility and RT 

Profit 

Original VPP DA 

Market Net Profit 

Original VPP 

Net profit ($) 

VPP cluster 

Utility and 

RT Profit 

VPP cluster 

DA Market 

Net Profit 

VPP cluster 

Net profit 

($) 

367,586.97 ‐8,631 358,955.97 329,891.72 ‐8,631 321,260.72 
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Figure 6-28 Total generation, power traded and demand of VPP cluster – Base design 

 

Lastly, Figure 6-28 shows the demand and generation balance of the VPP cluster which 

can be compared to the same figure of the original VPP on Figure 6-5. The original VPP 

had power mismatch between supply and demand at the 18th hour. However, the VPP 

cluster did not suffer from this issue at all. Therefore, the EP has successfully achieved its 

task. 
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7 CHAPTER 7 

VPP Cluster Simulation 

7.1 VPP Cluster DA Model 

Based on the analysis and the studies presented earlier, the equations governing the DA 

market simulation have been selected as follows: 
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C ቁ൩ ,∀𝜔 ∈ Πୈ୅,∀𝛾 Πୖ୘ 

(7-2) 

 

െ𝜁𝜔ఊ ൅ 𝜌 െ 𝜇ఠఊ ൑ 0,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT  (7-3) 

 

0 ൑ 𝜇ఠఊ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-4) 
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(7-5) 
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𝑝௪௧ఠ𝛾 
୛ୈ୙  ,∀𝑛 ∈ Ω୒ ∖ 𝑛 ∈ Ω୑,∀𝑡

∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 Πୖ୘ 

(7-6) 

 

𝑝௧𝜔ୈ୅ ൅ 𝑝௧ఠఊୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧ఠఊ୑ ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-7) 

 

𝑝ℓ௧ఠఊ
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ఠఊ െ 𝛿௥ሺℓሻ௧ఠఊ൯,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 
(7-8) 

 

െ𝑃തℓ
୐ ൑ 𝑝ℓ௧ఠఊ

୐ ൑ 𝑃തℓ
୐,∀ℓ ∈ Ω୐,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-9) 

 

𝛿௡௧ఠఊ ൌ 0,𝑛: ref. ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-10) 

 

െ𝜋 ൑ 𝛿௡௧ఠఊ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-11) 
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𝑃୚ ൑ 𝑝௧ఠୈ୅ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘ (7-12) 

 

𝑃୚ ൑ 𝑝௧ఠୈ୅ ൅ 𝑝௧ఠఊୖ୘ ൑ 𝑃ത୚,∀𝑡 ∈ Ω୘,∀𝜔,∀𝛾 ΠRT (7-13) 

 

െ𝑃ത௡୑ ൑ 𝑝௡௧ఠఊ୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ∈ Ωୈ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-14) 
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ୈ,∀𝑑 ∈ Ωୈ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-15) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧ఠఊ

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-16) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧ఠఊ

ୈ െ 𝑝ௗሺ௧ିଵሻఠఊ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 
(7-17) 

 

𝑃௖େ𝑢௖௧ఠఊ
େ ൑ 𝑝௖௧ఠఊ

େ  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-18) 

 

𝑝௖௧ఠఊ
େ ൑ 𝑝௖௧ఠఊ

େ,୫ୟ୶,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-19) 

 

𝑝௖௧ఠఊ
େ,୫ୟ୶ ൑ 𝑃ത௖େ𝑢௖௧ఠఊ 

େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-20) 
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ୖ,୅ ,∀𝑟 ∈ Ωୖ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-33) 
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ௐ஽௎  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 
(7-42) 

 

𝑊𝑑௪௧ఠఊ
ௐ஽௎ ൌ 𝑊𝑑௪

௣௘௔௞ ∗ 𝑊𝑑௪௧
௣௥௢௙௜௟௘ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 
(7-43) 

 

𝑃𝑑௪௧ఠఊ
ௐ஽௎ ൌ

𝑊𝑔௪௧ఠఊ
ௐ஽௎

1000
∗ ሺ𝑃𝐸௪ௐ஽௎ ൅ 𝐾௝௢௨௟௘

௞௪௛ ∗ 𝑃𝑇௪ௐ஽௎ሻ ,∀𝑤 ∈ Ω୵,∀𝑡

∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT 

(7-44) 
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0 ൑ 𝑊𝑔௪௧ఠఊ
ௐ஽௎ ൑  𝑊𝑔௪ 

ு஼ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-45) 

 

𝑊𝑔௪ 
ு஼ ൌ

𝑊𝑔௪ 
்஽஼

24
 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘, (7-46) 

 

𝑊𝑔௪௧ఠఊ
்௔௡௞ ൌ 𝑊௪௧ఠఊ

஽௜௦ െ𝑊௪௧ఠఊ
஼௛௔   ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-47) 

 

0 ൑ 𝑊௪௧ఠఊ
஼௛௔ ൑  𝑊𝑃𝐶௪஼௛௔ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-48) 

 

0 ൑ 𝑊௪௧ఠఊ
஽௜௦ ൑  𝑊𝑃𝐶௪஽௜௦ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-49) 

 

𝐵𝑇௪௧ఠఊ
஼௛௔  𝑎𝑛𝑑 𝐵𝑇௪௧ఠఊ

஽௜௦  𝑎𝑟𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔

∈ Πୈ୅,∀𝛾 ΠRT 
(7-50) 

 

𝐵𝑇௪௧ఠఊ
஼௛௔ ൅ 𝐵𝑇௪௧ఠఊ

஽௜௦ ൑ 1 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-51) 

 

𝑊௪௧ఠఊ
஼௛௔ ൑ 𝑀 ∗ 𝐵𝑇௪௧ఠఊ

஼௛௔  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-52) 

 

𝑊௪௧ఠఊ
஽௜௦ ൑ 𝑀 ∗ 𝐵𝑇௪௧ఠఊ

஽௜௦  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-53) 

 

𝑊௪௧ఠఊ
்௔௡௞ ൌ 𝑊௪ሺ௧ିଵሻఠఊ

்௔௡௞ ൅𝑊௪௧ఠఊ
஼௛௔ ∗ Δ𝑡 െ𝑊௪௧ఠఊ

஽௜௦ ∗ Δ𝑡 ,∀𝑤 ∈ Ω୵,∀𝑡

∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT 
(7-54) 
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0 ൑ 𝑊௪௧ఠఊ
்௔௡௞ ൑ 𝑊𝐶௪்௔௡௞ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-55) 

 

𝑊௪௧ఠఊ
஽௜௦ ∗ Δ𝑡 ൑ 𝑊௪ሺ௧ିଵሻఠఊ

்௔௡௞  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-56) 

 

෍𝑊௪௧ఠఊ
஽௜௦ ∗ Δ𝑡

௧

ൌ෍𝑊௪௧ఠఊ
஼௛௔ ∗ Δ𝑡

௧

 ,∀𝑤 ∈ Ω୵,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-57) 

 

෍  

௖∈Ω𝐶

𝑝௖௧ఠ𝛾
େ ൅ ෍  

௥∈Ω𝑅

𝑝௥௧ఠ𝛾
ୖ ൅ ෍  

௦∈Ω𝑆

𝑝௦௧ఠ𝛾
ୗ െ ෍  

ௗ∈Ω𝐷

𝑝ௗ௧ఠ𝛾 
ୈ െ 𝑝௧ఠ 

ୈ୅ ൌ  𝑝𝑡𝜔𝛾
𝑠𝑢𝑚 ,∀𝑡

∈ ΩT ,∀𝜔 ∈ ΠDA,∀𝛾 Πୖ୘ 

(7-58) 

 

𝑝௧ఠఊ
௦௨௠ ൑ 10000 𝐵௧ఠఊ

௦௨௠ଵ ,∀𝑡 ∈ Ω୘ ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-59) 

 

𝑝௧ఠఊ
௦௨௠ ൒ െ10000 𝐵௧ఠఊ

௦௨௠ଶ ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-60) 

  

𝐵௧ఠఊ
௦௨௠ଵ ൅ 𝐵௧ఠఊ

௦௨௠ଶ ൑ 1 ,∀𝑡 ∈ Ω୘ ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-61) 

 

𝑋௧
௟௜௠ ൌ

∑ 𝐷𝐴 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠 െ ∑ ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑅𝑇 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠ఊఠఊ

𝑎𝑣𝑒𝑟𝑎𝑔𝑒ሺ𝐷𝐴 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠ሻ
∗ 100 ,∀𝑡

∈ Ω୘ ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT 

(7-62) 

 

2𝛽 െ 𝑋௧
௟௜௠ ൑ 1000 𝐵௧ఠఊ

௦௨௠ଵ ,∀𝑡 ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-63) 
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Most of the equations have been discussed earlier. In equation (7-2), the term 𝐶௖௧ఠఊ
େ  was 

introduced to represent the operational cost (fixed and variable) of the conventional 

generator. Also, the terms 𝑈௪௧
୛ୈ୙ and 𝑝௪௧ఠఊ

୛ୈ୙  were added to account for the utility and the 

demand of the WDU respectively. In equations (7-5) and (7-6), the term 𝑝௪௧ఠఊ 
୛ୈ୙ was added 

to account for the demand of the WDU. The term 𝑝௖௧ఠఊ
େ,୫ୟ୶ is an intermediate variable for the 

maximum power generation of a conventional generator. Equations (7-18) to (7-20) 

represent the minimum and maximum limits of generation of the conventional generator. 

Equation (7-21) models both the ramp up and the startup ramp limits of the conventional 

generator. Similarly, equation (7-22) models the ramp down and shut down ramp limits of 

the conventional generator. Lastly, (7-23) represents the preparation of the conventional 

generator for shut down.  

 

Each VPP will comprise the equations above for the DA market. However, each VPP will 

optimize its own objective independently and the common segments between the VPPs 

will be the EP and the electric grid/network. Next, the RT market equations will be 

presented in addition to the equations or methodology that govern the interaction of the 

VPPs and the EP together. The topology of the VPP cluster has been shown on Figure 6-2 

and the flowchart describing the interaction between the VPP, and the EP was shown on 

Figure 6-1. 
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7.2 VPP Cluster RT Model 

Based on the analysis and the studies presented earlier, the equations governing the RT 

market simulation have been selected as follows: 

 

𝑚𝑎𝑥
஍ೃ೅,ೄ

  ෍  
ఊ∈ஈೃ೅

𝜋ఊ𝜁ఊ ൅ 𝛽 ቎𝜌 െ
1

1 െ 𝛼
෍  

ఊ∈ஈೃ೅

𝜋ఊ𝜇ఊ቏ (7-64) 

 

𝜁𝛾 ൌ ෍  
௧∈ஐ౐

൥ሺ𝜆௧𝛾
஽஺ ൅ 𝑟௧𝛾

ோ்ሻ𝑝௧𝛾
ୖ୘Δ𝑡 ൅ ෍  

ௗ∈ஐీ

𝑈ௗ௧
ୈ 𝑝ௗ௧𝛾

ୈ Δ𝑡

െ ෍  
௪∈ஐೈವೆ

𝑈௪௧
୛ୈ୙𝑝௪௧𝛾

୛ୈ୙Δ𝑡 െ ෍  
௖∈ஐి

ቀ𝐶௖େΔ𝑡 ൅ 𝑐ത𝑐𝑡𝛾
C

൅ 𝑐
𝑐𝑡𝛾
C ቁ൩ ,∀𝜔 ∈ Πୈ୅,∀𝛾 Πୖ୘ 

(7-65) 

 

െ𝜁ఊ ൅ 𝜌 െ 𝜇ఊ ൑ 0,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT  (7-66) 

 

0 ൑ 𝜇ఊ,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT (7-67) 

 

෍  
௖∈ஐ೙

ి

𝑝௖௧ఊ
େ ൅ ෍  

௥∈ஐ೙
౎

𝑝௥௧ఊୖ ൅ ෍  
௦∈ஐ೙

౏

𝑝௦௧ఊ
ୗ െ ෍  

ℓ∣௦ሺℓሻୀ௡

𝑝ℓ௧ఊ
୐ ൅ ෍  

ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఊ
୐

ൌ 𝑝௡௧ఊ୑ ൅ ෍  
ௗ∈ஐ೙

ీ

𝑝ௗ௧ఊ
ୈ ൅ ෍  

௪∈ஐ೙
ೈವೆ

𝑝௪௧ఊୈ ,∀𝑛 ∈ Ω୑,∀𝑡

൒ 𝜏,∀𝛾, 

(7-68) 
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෍  
௖∈ஐ೙

ి

𝑝௖௧ఊ
େ ൅ ෍  

௥∈ஐ೙
౎

𝑝௥௧ఊୖ ൅ ෍  
௦∈ஐ೙

౏

𝑝௦௧ఊ
ୗ െ ෍  

ℓ∣௦ሺℓሻୀ௡

𝑝ℓ௧ఊ
୐ ൅ ෍  

ℓ∣௥ሺℓሻୀ௡

𝑝ℓ௧ఊ
୐

ൌ ෍  
ௗ∈ஐ೙

ీ

𝑝ௗ௧ఊ
ୈ ൅ ෍  

௪∈ஐ೙
ೈವೆ

𝑝௪௧ఊୈ ,∀𝑛 ∈ Ω୒ ∖ 𝑛 ∈ Ω୑,∀𝑡

൒ 𝜏,∀𝛾, 

(7-69) 

 

𝑝෤௧ୈ୅ ൅ 𝑝௧ఊୖ୘ ൌ ෍  
௡∈ஐ౉

𝑝௡௧ఊ୑ ,∀𝑡 ൒ 𝜏,∀𝛾, (7-70) 

 

𝑝ℓ௧ఊ
୐ ൌ 𝐵ℓ൫𝛿௦ሺℓሻ௧ఊ െ 𝛿௥ሺℓሻ௧ఊ൯,∀ℓ ∈ Ω୐,∀𝑡 ൒ 𝜏,∀𝛾, (7-71) 

 

െ𝑃തℓ
୐ ൑ 𝑝ℓ௧ఊ

୐ ൑ 𝑃തℓ
୐ ∀ℓ ∈ Ω୐,∀𝑡 ൒ 𝜏,∀𝛾 (7-72) 

 

𝛿௡௧ఊ ൌ 0,𝑛: ref., ∀𝑡 ൒ 𝜏,∀𝛾, (7-73) 

 

െ𝜋 ൑ 𝛿௡௧ఊ ൑ 𝜋,∀𝑛 ∈ Ω୒ ∖ 𝑛: ref., ∀𝑡 ൒ 𝜏,∀𝛾, (7-74) 

 

𝑃୚ ൑ 𝑝෤௧ୈ୅ ൅ 𝑝௧ఊୖ୘ ൑ 𝑃ത୚,∀𝑡 ൒ 𝜏 (7-75) 

 

െ𝑃ത௡୑ ൑ 𝑝௡௧ఊ୑ ൑ 𝑃ത௡୑,∀𝑛 ∈ Ω୑,∀𝑡 ൒ 𝜏,∀𝛾, (7-76) 
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෍𝑝෤ௗ௧
ୈ Δ𝑡

ఛିଵ

௧ୀଵ

൅෍𝑝ௗ௧ఊ
ୈ Δ𝑡

หஐ౐ห

௧ୀఛ

൒ 𝐸ௗ
ୈ,∀𝑑 ∈ Ωୈ,∀𝛾, (7-77) 

 

𝑃ௗ௧
ୈ ൑ 𝑝ௗ௧ఊ

ୈ ൑ 𝑃തௗ௧
ୈ ,∀𝑑 ∈ Ωୈ,∀𝑡 ൒ 𝜏,∀𝛾, (7-78) 

 

െ𝑅ௗ
ୈ,ୈΔ𝑡 ൑ 𝑝ௗ௧ఊ

ୈ െ 𝑝ௗሺ௧ିଵሻఊ
ୈ ൑ 𝑅ௗ

ୈ,୙Δ𝑡,∀𝑑 ∈ Ωୈ,∀𝑡 ൒ 𝜏,∀𝛾, (7-79) 

 

𝑃௖େ𝑢௖௧ఊ
େ ൑ 𝑝௖௧ఊ

େ  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-80) 

 

𝑝௖௧ఊ
େ ൑ 𝑝௖௧ఊ

େ,୫ୟ୶,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-81) 

 

𝑝௖௧ఊ
େ,୫ୟ୶ ൑ 𝑃ത௖େ𝑢௖௧ఊ 

େ ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-82) 

 

𝑝௖௧ఊ
େ,୫ୟ୶ െ 𝑝௖ሺ௧ିଵሻఊ

େ

൑ 𝑅௖
େ,୙ ∗ Δ𝑡 ∗ 𝑢௖ሺ௧ିଵሻఊ

େ ൅ 𝑅௖
େ,ୗ୙ ∗ Δ𝑡

∗ ൫𝑢௖௧ఊ
େ െ 𝑢௖ሺ௧ିଵሻఊ

େ ൯ ൅ 𝑃ത௖େሺ1 െ 𝑢௖௧ఊ
େ ሻ,∀𝑐 ∈ Ωେ,∀𝑡

∈ Ω୘,∀𝛾 ΠRT 

(7-83) 

 

𝑝௖ሺ௧ିଵሻఊ
େ െ  𝑝௖௧ఊ

େ

൑ 𝑅௖
େ,ୈ ∗ Δ𝑡 ∗ 𝑢௖௧ఊ

େ ൅ 𝑅௖
େ,ୗୈ ∗ Δ𝑡 ∗ ൫𝑢௖ሺ௧ିଵሻఊ

େ െ 𝑢௖௧ఊ
େ ൯

൅ 𝑃ത௖େሺ1 െ 𝑢௖ሺ௧ିଵሻఊ
େ ሻ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT 

(7-84) 
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𝑝௖௧ఠఊ
େ,୫ୟ୶ ൑ 𝑃ത௖େ ∗ 𝑢௖ሺ௧ାଵሻఠఊ

େ ൅ 𝑅௖
େ,ୗୈ ∗ Δ𝑡 ∗ ൫𝑢௖௧ఠఊ

େ െ 𝑢௖ሺ௧ାଵሻఠఊ
େ ൯,∀𝑐

∈ Ωେ,∀ሺ𝑡 ൑ 𝑇𝑇 െ 1ሻ ∈ Ω୘,∀𝜔 ∈ Πୈ୅,∀𝛾 ΠRT 
(7-85) 

 

𝐶̅௖େ൫𝑢௖௧ఊ
େ െ 𝑢௖ሺ௧ିଵሻఊ

େ ൯ ൑ 𝑐௖̅௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (7-86) 

 

0 ൑ 𝑐௖̅௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (7-87) 

 

𝐶௖େ൫𝑢௖ሺ௧ିଵሻఊ
େ െ 𝑢௖௧ఊ

େ ൯ ൑ 𝑐௖௧ఊ
େ ,∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (7-88) 

 

0 ൑ 𝑐௖௧ఊ
େ ∀𝑐 ∈ Ωେ,∀𝑡 ൒ 𝜏,∀𝛾, (7-89) 

 

𝑒௦௧ఊ
ୗ ൌ 𝑒௦ሺ௧ିଵሻఊ

ୗ ൅ 𝜂௦
ୗ,େ𝑝௦௧ఊ

ୗ,େΔ𝑡 െ
𝑝௦௧ఊ
ୗୈ

𝜂௦
ୗ,ୈ Δ𝑡,∀𝑠 ∈ Ω

ୗ,∀𝑡 ൒ 𝜏,∀𝛾, (7-90) 

 

𝐸௦௧
ୗ ൑ 𝑒௦௧ఊ

ୗ ൑ 𝐸ത௦௧
ୗ ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (7-91) 

 

0 ൑ 𝑝௦௧ఊ
ୗ,େ ൑ 𝑃ത௦

ୗ,େ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (7-92) 

 

0 ൑ 𝑝௦௧ఊ
ୗ,ୈ ൑ 𝑃ത௦

ୗ,ୈ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾, (7-93) 

 

𝑝௦௧ఊ
ୗ ൌ 𝑝௦௧ఊ

ୗ,ୈ െ 𝑝௦௧ఊ
ୗ,େ ,∀𝑠 ∈ Ωୗ,∀𝑡 ൒ 𝜏,∀𝛾 (7-94) 



233 
 

 

0 ൑ 𝑝௥௧ఊୖ ൑ 𝑃෨௥௧ఊ
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ൌ 𝜏,∀𝛾 (7-95) 

 

0 ൑ 𝑝௥௧ఊୖ ൑ 𝑃௥௧ఊ
ୖ,୅,∀𝑟 ∈ Ωୖ,∀𝑡 ൐ 𝜏,∀𝛾 (7-96) 

 

𝑝௧𝛾ୖ୘ ൑ 𝑝௧𝛾ᇲ
ୖ୘,    if 𝜆௧𝛾ୖ୘ ൑ 𝜆௧𝛾ᇲ

ୖ୘,∀𝑡 ∈ Ω୘,∀𝛾,∀𝛾ᇱ (7-97) 

 

𝑝௧𝛾ୖ୘ ൌ 𝑝௧𝛾ᇲ
ୖ୘,    if 𝜆௧𝛾ୖ୘ ൌ 𝜆௧𝛾ᇲ

ୖ୘,∀𝑡 ∈ Ω୘,∀𝛾,∀𝛾ᇱ (7-98) 

 

𝐶𝑐𝑡𝛾
େ ൌ 𝐶௖

େ,୊ ∗ 𝑢𝑐𝑡𝛾C ൅  ෍𝐶𝑥
𝑉 ∗

𝑁𝑥

𝑥ൌ1

𝑃𝑐𝑡𝛾𝑥   ,∀𝑐 ∈ ΩC,∀𝑡 ∈ ΩT,∀𝛾 Πୖ୘, (7-99) 

 

𝑝௖௧ఊ
େ ൌ 𝑃௖େ ∗ 𝑢௖௧ఊ

େ ൅  ∑ 𝑃௖௧ఊ௫ே௫
௫ୀଵ   ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT,           (7-100) 

 

𝑃௖௧ఊ௫ ൑ 𝑝௫௏ െ  𝑝௫ିଵ
௏  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT,∀𝑥 ∈ ሾ2,𝑁𝑥 െ 1ሿ (7-101) 

 

𝑃௖௧ఊ௫ ൑ 𝑝௫௏ െ  𝑃௖େ  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT,∀𝑥 ൌ ሾ1ሿ (7-102) 

 

𝑃௖௧ఊ௫ ൑ 𝑃ത௖େ െ  𝑝௫ିଵ
௏   ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT,∀𝑥 ൌ ሾ𝑁𝑥ሿ (7-103) 

 

𝑃௖௧ఊ௫ ൒ 0  ,∀𝑐 ∈ Ωେ,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT,∀𝑥 ∈ Ω୶ (7-104) 
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𝑊𝑔௪௧ఊ
்௔௡௞ ൅𝑊𝑔௪௧ఊ

ௐ஽௎ ൌ 𝑊𝑑௪௧ఊ
ௐ஽௎ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-105) 

 

𝑊𝑑௪௧ఊ
ௐ஽௎ ൌ 𝑊𝑑௪

௣௘௔௞ ∗ 𝑊𝑑௪௧
௣௥௢௙௜௟௘ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-106) 

 

𝑃𝑑௪௧ఊ
ௐ஽௎ ൌ

𝑊𝑔௪௧ఊ
ௐ஽௎

1000
∗ ሺ𝑃𝐸௪ௐ஽௎ ൅ 𝐾௝௢௨௟௘

௞௪௛ ∗ 𝑃𝑇௪ௐ஽௎ሻ ,∀𝑤 ∈ Ω୵,∀𝑡

∈ Ω୘,∀𝛾 ΠRT 

(7-107) 

 

0 ൑ 𝑊𝑔௪௧ఊ
ௐ஽௎ ൑  𝑊𝑔௪ 

ு஼ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-108) 

 

𝑊𝑔௪ 
ு஼ ൌ

𝑊𝑔௪ 
்஽஼

24
 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘, (7-109) 

 

𝑊𝑔௪௧ఊ
்௔௡௞ ൌ 𝑊௪௧ఊ

஽௜௦ െ𝑊௪௧ఊ
஼௛௔  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-110) 

 

0 ൑ 𝑊௪௧ఊ
஼௛௔ ൑  𝑊𝑃𝐶௪஼௛௔ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-111) 

 

0 ൑ 𝑊௪௧ఊ
஽௜௦ ൑  𝑊𝑃𝐶௪஽௜௦ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-112) 

 

𝐵𝑇௪௧ఊ
஼௛௔ 𝑎𝑛𝑑 𝐵𝑇௪௧ఊ

஽௜௦  𝑎𝑟𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-113) 

 

𝐵𝑇௪௧ఊ
஼௛௔ ൅ 𝐵𝑇௪௧ఊ

஽௜௦ ൑ 1 ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-114) 
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𝑊௪௧ఊ
஼௛௔ ൑ 𝑀 ∗ 𝐵𝑇௪௧ఊ

஼௛௔ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-115) 

 

𝑊௪௧ఊ
஽௜௦ ൑ 𝑀 ∗ 𝐵𝑇௪௧ఊ

஽௜௦  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-116) 

 

𝑊௪௧ఊ
்௔௡௞ ൌ 𝑊௪ሺ௧ିଵሻఊ

்௔௡௞ ൅𝑊௪௧ఊ
஼௛௔ ∗ Δ𝑡 െ𝑊௪௧ఊ

஽௜௦ ∗ Δ𝑡 ,∀𝑤 ∈ Ω୵,∀𝑡

∈ Ω୘,∀𝛾 ΠRT 
(7-117) 

 

0 ൑ 𝑊௪௧ఊ
்௔௡௞ ൑ 𝑊𝐶௪்௔௡௞ ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-118) 

 

𝑊௪௧ఊ
஽௜௦ ∗ Δ𝑡 ൑ 𝑊௪ሺ௧ିଵሻఊ

்௔௡௞  ,∀𝑤 ∈ Ω୵,∀𝑡 ∈ Ω୘,∀𝛾 ΠRT (7-119) 

 

෍𝑊௪௧ఊ
஽௜௦ ∗ Δ𝑡

௧

ൌ෍𝑊௪௧ఊ
஼௛௔ ∗ Δ𝑡

௧

 ,∀𝑤 ∈ Ω୵,∀𝛾 ΠRT (7-120) 

 

The equations, variables, and parameters have all been discussed earlier. This set of 

equations for the RT market are applicable to each VPP but every VPP has its own 

independent system. 

 

7.3 VPP Cluster EP Model 

The EP is connected to the VPPs as presented on Figure 6-2. However, it is not a 

straightforward process to manage the EP in the optimization problem as it may seem from 

Figure 6-2. First, as shown in the flowchart of Figure 6-1, the VPP will run normally 
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without including the EP in its optimization scope. This is because the EP is an independent 

entity and it is not directly affecting the VPP financially nor technically. Once the VPP, 

any VPP, fails to meet its demand, or fails to participate into the electricity markets and 

reaches a point of imbalance between generation and supply, the EP will be included into 

the optimization problem as a source.  

 

Now, this source can be considered as a big storage source with the details provided on 

Table 7-1. Once the EP provides the VPP with some energy, the VPP has to pay this energy 

back in addition to any losses made during the process in order to ensure that the EP will 

return back to a 100% state of charge. To return this energy back, during the next hour or 

hours, the EP will have to be included into the optimization problem as a load in order to 

start receiving power instead of giving it. This load will have the technical parameters 

provided in Table 7-2. 

 

Table 7-1  EP data as a source  

Definition Value 

Bus Number 6 

Line Number 7 

Line From Bus # 1 

Line To Bus # 6 

Line Capacity (MW) 1000 

Line Susceptance (S) 300 

Unit Type Storage 
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Definition Value 

Maximum Capacity (MWh) 1000 

Minimum Capacity (MWh) 0 

Charge Rate (MW/h) 500 

Discharge Rate (MW/h) 500 

Initial Energy (MWh) 1000 

 

Table 7-2  EP data as a load 

Definition Value 

Bus Number 6 

Line Number 7 

Line From Bus # 1 

Line To Bus # 6 

Line Capacity (MW) 1000 

Line Susceptance (S) 300 

Unit Type Load 

Maximum Demand (MW) Variable (1000) 

Minimum Demand (MW) 0 

Ramp Up Rate (MW/h) 1000 

Ramp Down Rate (MW/h) 1000 

Initial Demand (MWh) 0 

Daily Minimum Energy Demand (MWh) 0 

Utility ($) 100 
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Figure 7-1 5-Bus network with EP load 

 

 

Figure 7-2 5-Bus network with EP source 
 

As it can be seen on the tables and figures above, the EP will act as a source or as a load 

based on the status of the VPP. If the VPP does its scheduling optimization and finds out 

it cannot meet the demand, it will add the EP in the dispatch optimization as a source. Right 

after using the EP as a source, the VPP will be forced to connect the EP as a load at all the 

coming hours until it returns back all the energy it has taken from the EP. After that, the 
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VPP can disconnect the EP from the optimization problem until needed again in a similar 

manner.  

 

As a source, the EP is limited only by its charge and discharge rates which are set to 500 

MW/h. When the EP acts as a load however, some points must be considered. The first 

thing is that the EP should not be a mandatory load that could lead the VPP to a failure 

while its core purpose is to help avoiding the failures. Thus, the EP as a load will have a 

minimum daily energy demand of zero and a minimum hourly demand of zero. This will 

allow the VPP to give it no power transfer at all if connecting it as a load could lead to any 

failure. But this does not guarantee that the VPP will ever pay that energy back to the EP. 

Thus, to encourage the VPP, in terms of optimization programming, to pay that energy 

back to the EP, the utility of the EP will be set to a high value, 100. This scheme will make 

the optimization problem always give priority to paying the energy back to the EP while 

also having the ability not to give it any energy if that could lead the VPP to any power 

imbalance. 

 

7.4 VPPs Input Data 

To make a VPP cluster, there has to be more than one VPP. Therefore, three VPPs will be 

used. The three VPPs will have the same structure as shown on Figure 5-1. However, for 

simulation purposes, the three VPPs cannot be 100% identical. Therefore, the data of each 

VPP will be changed in order to have a different VPP with the same structure of the original 

one. Thus, the first main difference is that each VPP will have to make its own forecast for 
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the DA market price, RT market price, and wind power output. The three VPPs will be 

considered in the same region and of course they are all simulated on the same day. Hence, 

the forecasted data should be similar but not the same.  

 

The second difference is that the first VPP will be made very conservative with a weighing 

factor equals to three. The weighing factor affects both the CVaR and the reliability 

constraints as discussed earlier. This is expected to reduce the total profit but result in a 

more secure operation. For the second VPP, the maximum demand of all loads will be 

equal to 40% of the original value used in the first VPP. Accordingly, the minimum daily 

energy demand of those loads shall be multiplied by 40%. In addition to the drop in 

demand, the wind power generator will be multiplied by 20. In other words, 20 wind power 

plants will be used instead of only one. Now, due to this extra generation and less demand, 

the VPP operator will set the weighing factor to zero. With more generation and less 

demand, the VPP operator gets more confidence risking for higher profit as the risk is 

obviously reduced with the extra generation and less demand.  

 

Lastly, the third VPP will not be modified. This means that the weighing factor will be kept 

equal to one, and the generation and demand are neither be increased nor decreased. The 

first bus of each VPP will be connected to both the EP and the main grid. The line that will 

connect each VPP to the EP will be rated with 1000 MW capacity and a susceptance of 

300 S. The rest of the parameters remain unchanged.  

 



241 
 

7.5 VPP Cluster Simulation 

The three VPPs have been interconnected with the EP and simulated. A single VPP with 

an EP has been simulated before. In this section, two VPPs with some changes from the 

original VPP are added to the previously presented system of one VPP and one EP. The 

three VPPs are independent but they share the same EP. They are also all connected to the 

main grid. When analyzing the power exchange, demand and generation of each VPP, they 

can be looked at independently. Figure 7-3 for example shows the generation, demand, 

power traded, and power exchange with the EP for the first VPP. First, the conventional 

generator covers the biggest portion of generation after which the storage and wind power 

sources cover a smaller portion. The figure is a stacked figure where the output of every 

source is stacked on or added to the output of the previous source. The power traded in 

both the Day-ahead and real-time markets is stacked also on the top of the three generation 

sources in order to meet the demand marked with the green line on the top.  

 

It can be seen that the demand perfectly matches the generation at all hours. Thus, the 

system has not failed at any of the 24 hours. This is because as highlighted earlier, the first 

VPP was considered a very conservative system where the weight of the CVaR was set to 

three. It is worth noting that the weight is also part of the reliability equations. And a weight 

of three is not a small weight to be considered for the reliability equations. Thus, the first 

VPP has considered a high reliability weight which has resulted into a system that did not 

fail a single hour during the day though the original system without EP and without 

reliability constraints has failed four hours in one day. This conservativeness will definitely 

have effect onto the net profit.   
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Figure 7-3 VPP cluster, VPP1 demand and generation 

 

 

Figure 7-4 VPP cluster, VPP1 demand and generation – second figure 
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Figure 7-4 is the exact same figure as the one before it. The only difference is that the first 

one is a stacked area figure while this is a stacked line figure. It is only presented for clearer 

representation of Figure 7-3. It is important to note that since there has been no failure at 

all, the first VPP has not interacted with the EP at all. Therefore, there is no power exchange 

with the EP shown on the figures above. 

 

 

Figure 7-5 VPP cluster, VPP1 demand vs utility 

 

On Figure 7-5, the demand versus utility is shown. As expected, the more the utility price 

increases, the more the VPP tries to make more profit by increasing the demand. Since the 

demand is flexible with a minimum and a maximum limit, the VPP will tend to be closer 

to the lower limit when the utility price is low and closer to the maximum limit when the 

utility price is high. It is however not the only decisiding factor. It is possible that with the 

change of utility that the VPP would not change the demand as the Day-ahead and real-

time market prices play an important role in the decision making in addition to all the other 
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variables of the optimization problem. The same figures can be assessed for the second and 

the third VPPs. 

 

Figure 7-6 shows that the second VPP has a completely different interaction of components 

compared to the first VPP. First, the conventional generator is not running at its maximum 

limits as it was the case for the first VPP. This is because the second VPP has the maximum 

demand dropped to 40% of the original value of the first VPP and also the minimum daily 

energy demand dropped to 40% accordingly. Also, the wind power plant has got 20 units 

now instead of one compared to the original case of the first VPP. Due to this higher 

generation capability and lower demand, this VPP operator decided to consider zero 

weighing factor which makes the system risk neutral.  

 

The wind power generation is much higher due to the increase of the wind power units. 

Additionally, the storage system is now charging and discharging at different hours of the 

day unlike the case of the first VPP where the storage system got completely depleted at 

the first few hours of the day after which it did not charge again. Some areas of the storage 

system are hidden due to the overlap with the traded power portion. This is why Figure 7-7 

is presented in order to show those hidden areas. When the traded power is below the green 

line of demand, it means it is added to the total generation i.e. the VPP has purchased power 

from the network. In contrary, if the traded power is above the green line of demand, it 

means it is subtracted from the total generation i.e. the VPP has sold power to the network. 
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The system has failed at the 20th hour of the day as it did not consider any risk or reliability 

constraints at all by setting the weight to zero. This is where the EP was considered as a 

source of power in order to make up for the imbalance between generation and demand. 

The EP source has covered the green area on the figure which has led the system back to 

balance and setting the demand to be equal to the generation at the 20th hour. Right after 

the 20th hour, the VPP has to start returning back the energy it has taken from the EP. Thus, 

the EP will act as a load from the 21st hour onwards until the VPP returns all the energy 

taken from the EP back to the EP. 

 

During the 21st and 22nd hours, the VPP paid back the energy taken on the 20th hour. The 

green line shows the total demand of the VPP added to the demand of the EP when acting 

as a load. It can be seen that the demand has matched the generation until the end of the 

day. The cyan line which shows the total demand of the VPP only without the EP when 

acting as a load shows that the demand on the 21st and 22nd hours of the day was lowered 

in order to return back the energy taken from the EP. Thus, the difference between the cyan 

and green lines is the energy transferred from the second VPP to the EP. 
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Figure 7-6 VPP cluster, VPP2 demand and generation 

 

 

Figure 7-7 VPP cluster, VPP2 demand and generation – second figure 
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Figure 7-8 shows the demand against the utility. As expected from the explanation of the 

same figure for the first VPP, the higher the utility, the more the demand is expected to be. 

This is because this is a centralized and partially comprehensive control scheme where the 

VPP tries to maximize its own profit from every source. If this is replaced with a fully 

distributed control scheme, the scenario might be totally opposite to this one. Since each 

demand will pay utility, the demand is expected to decrease with the increased utility since 

the increased utility means higher payment the demand has to make.  

 

 

Figure 7-8 VPP cluster, VPP2 demand vs utility 

 

The third VPP is the last VPP in the cluster. It has a different behavior from the first two 

VPPs but it is very similar to the first VPP. This is because the third VPP has decided to 

go with a weighing factor of one instead of three which was the case for the first VPP. Of 

course, the three VPPs are different in terms of the forecast of the three uncertain 
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parameters. The uncertain parameters are not expected to cause a big difference in the 

results though as the three VPPs are considered in the same region where their forecast will 

not be the same but should be relatively close. The same behavior of the first VPP is seen 

here except for the failure that happened at the 18th hour for the third VPP. Therefore, 

considering a lower weighing factor has resulted into this failure mainly.  

 

The green area is the power imbalance difference at the 18th hour that was covered by the 

EP which acted as a source during that hour. During the hours after the 18th hour, the EP 

will act as a load until the third VPP pays back all the energy taken from the EP. The dashed 

cyan line shows the demand of the VPP without the consideration of the load of the EP. 

The green line shows the total demand of the VPP in addition to the demand of the EP. It 

can be seen that for three hours after the 18th hour, there was a difference between the green 

and cyan lines. This means that the VPP took some energy on the 18th hour from the EP 

and paid it back during the 19th, 20th, and 21st hours. The difference between the cyan and 

green lines represents the power delivered from the VPP to the EP. 

 

Figure 7-10 again shows the same thing as shown on Figure 7-9 except that it is shown as 

lines instead of areas. The total power generation and exchange with the network and EP 

is presented as red triangles on the figure. The total demand of the VPP in addition to the 

demand of the EP are shown as a dashed green line on the same figure. Both the dashed 

green line and the red triangles are at perfect match during the 24 hours. Thus, the EP has 

succesfully helped both the second and the third VPPs to maintain their balance at all hours 

of failure.  
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Figure 7-9 VPP cluster, VPP3 demand and generation 

 

 

Figure 7-10 VPP cluster, VPP3 demand and generation – second figure 
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The last figure for the third VPP is the utility versus the demand. Figure 7-11 shows a 

different behavior for the third VPP comapred to the previous two. It can be seen that the 

demand was steady regardless to the utility value. This proves the aforementioned theory 

that the utility value is not the only deciding factor for the behavior of the demand. The 

Day-ahead and real-time market prices are also critical factors. The only issue is the dip in 

the middle of the figure which happened at the 17th hour of the day. Though this issue is 

not actually an issue since the VPP has maintained balance between the generation and 

demand. It is however a behavior that requires an explanation. This happened because the 

17th hour is the only hour of the day where the power traded with the DA market and the 

RT market was zero. This can be seen on Figure 7-9 where it is noticed that there is no 

purple area at the 17th hour.  

 

Due to this zero power trade, the demand was lowered in order to maintain balance. The 

trade has not happened during that hour due to the risk averse constraints, the DA market 

prices, the RT market prices, and their relativeness to the utility value. The VPP found it 

more risk averse and more profitable not to trade during this hour. And for that, the VPP 

has decided to lower the demand during this hour. It is interesting when considering that 

this is one major reason why the demand was high when the utility value was low. It is 

clear why the demand is high when the utility value is high. But the question is why was 

the demand high when the utility was low? This is because the dip in demand at the 17th 

hour had to be covered during other hours without breaking the energy balance constraints. 

And since no more demand could have been added to the hours where the utility is high, 

the demand was added to the hours where the utility is low. 
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Figure 7-11 VPP cluster, VPP3 demand vs utility 

 

Those different VPPs with different specifications and outcomes highlight some crucial 

points such as the effectiveness and importance of the reliability constraints which have 

saved the first VPP from any failure. They also show the effectiveness of the proposed VPP 

cluster by helping the second and third VPPs to avoid the failures that happened to them at 

different hours of the day. This is clearly seen through Figure 7-12 where the power 

exchange between the EP and all the VPPs is shown. The first VPP did not take or give 

any power while the second and third VPPs have exchanged power with the EP. The second 

VPP is shown as a purple area while the third VPP is shown as a green area. The dip at the 

18th hour for the third VPP is the point at which the third VPP failed and got supported by 

the EP. This point is negative as it represents power drawn from the EP. After that, the 

green curve is on the positive side as the VPP starts paying that energy back to the EP. The 

same case applies to the second VPP but starting from the 20th hour.  
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The summation of the power exchange of each VPP with the EP is shown as the orange 

area. The EP starts with 1000 MWh at the zeroth hour and it stays like that until the 18th 

hour as shown by the black line. Then, the SOC of the EP drops down from the 18th hour 

to the 22nd hour. By the 22nd hour, all the energy is returned back to the EP and the EP 

returns to a 1000 MWh SOC. 

 

 

Figure 7-12 EP power exchange - all VPPs 

 

A special focus is put onto the interaction of the storage system of each VPP with the 

system. This is because as seen on Figure 7-13, for the first and third VPPs, the storage is 

depleted at the early hours after which it did not charge. On the other hand, the second VPP 

goes through cycles of discharge and charge. To explain the behavior of the second VPP 

storage, the changes made to build the second VPP must be looked at. The generation of 

the wind power has increased 20 times by the increase of the number of units. Also, the 

demand was dropped to 40% of its value. This abundance in power compared to the other 
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two VPPs has resulted into this behavior. For the first and third VPPs, the VPPs were trying 

to maximize their profit through power exchange in the Day-ahead and real-time markets 

in addition to the profit from the utility. Since the load was big for those two cases and the 

utility was high, the VPPs tried to feed as much load as possible. After that, the VPPs tried 

to make the maximum possible profit from the price difference between the Day-ahead and 

real-time markets.  

 

For the second VPP, the demand was reduced dramatically which means that after feeding 

the highest amount of demand that makes high profit, the VPP will turn to make the 

maximum profit possible by utilizing the price difference between the Day-ahead and real-

time markets. This could mean that the VPP may have to buy power more than its need to 

meet the demand. This is where the role of the storage comes to help maximizing the profit. 

The storage is utilized to store that excess energy to be sold later for profit maximization. 

This could imply that the storage system for the first and second VPPs were not really 

needed for power balance purposes. They did not also participate well in profit 

maximization as in the case of the second VPP. Therefore, the first and third VPPs may 

need to do more accurate system sizing/ balance. This is however not the main purpose of 

the VPPs as the VPPs try to increase the number of participants into the VPPs based on 

which the VPPs try to maximize the profit. 
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Figure 7-13 Storage power exchange - all VPPs 

 

 

Figure 7-14 WDU water generation - all VPPs 

 

Lastly, Figure 7-14 focuses on the specific demand considered which is the WDU. 

Considering the differences between the VPPs, especially the difference in the storage and 
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conventional generator behaviors, it is expected that the WDU could behave differently as 

well. Nevertheless, the curve of the WDU water generation for the three VPPs is very 

similar. The reasons behind this are: first, the WDU is considered an independent load, 

though being part of the VPP, that optimizes its own cost which makes it less affected by 

the changes made to the VPP. Second, the WDU parameters were not changed for any of 

the three cases of the three VPPs.  

 

The third reason for this behavior is that the load profile of the WDU is pre-defined for 

each hour. The fact that the water load profile is fixed makes this load semi-flexible to 

inflexible. The only flexibility of the WDU is its use of the tank which helps in adding a 

flexibility factor to the demand. Thus, it is probably more profitable if the water load profile 

of the WDU was made with minimum and maximum range as the flexible electrical loads. 

This would help utilizing the water tank more, give higher flexibility to the WDU, and 

allow for bigger opportunity for profit maximization.  
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8 CHAPTER 8 

CONCLUSION AND FUTURE WORK 

8.1 Conclusion 

In conclusion, based on the literature review, analysis, modelling, development of models, 

simulations, and results shown above, the objectives have been achieved. First, a literature 

survey on the linear programming models existing in literature was made and multiple 

models have been presented and discussed. Based on these models, the stochastic model 

with risk consideration was selected for its comprehensiveness, balance between risk 

consideration, conservativeness and accuracy. The deterministic models and the models 

without risk consideration were simpler and use less computational time. However, these 

models were risk neutral and they could cause a big deviation from the expectation and big 

reduction in profit. Therefore, a stochastic model with risk consideration, though taking 

more time, and having a bit of increased complexity, was a better choice. This is because 

it considers risk, considers multiple scenarios, and does not suffer from severe 

conservativeness which is a drawback of using the robust optimization models. Also, the 

data availability is easier for the stochastic models over the robust models though both are 

available.  
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The proposed VPP model includes multiple and different types of units where a 

conventional generator is included, renewable energy source, flexible loads, energy storage 

system, and of course the rest of the components of a typical microgrid. The VPP 

participates in both the Day-ahead and real-time markets. The main objectives of the VPP 

are to minimize the operational cost, and increase the profit made through feeding the loads 

or interacting with the electricity markets. Additionally, a water desalination unit is added 

as a specific type of load. It is a load that actually has its own load which is the water 

demand. The WDU has a tank which is a storage medium that helps in managing the 

fluctuations in water demand and also helps in reduction the cost of the electric demand of 

the WDU.  

 

Next, after developing this VPP model, another critical objective was added which is the 

reliability of the VPP. The reliability here refers to trying to ensure no failure in power 

balance at all the trading hours of the day. Therefore, reliability constraints have been 

developed which through simulations have proven being very effective in reducing and 

even eliminating the failures. This of course comes with the cost of reduction in profit. This 

is expected as reliability comes with a price. It is still better and cheaper to give up on a 

small portion of the profit for the security of the system as the cost of failure is much higher. 

By this the VPP has achieved three main objectives: maximizing the profit, reducing the 

operational cost, and increasing the reliability of the system.  

 

Another propsoed model was SOS2 which is a method for representing piecewise linear 

fuctions in linear programming. This was claimed to be faster than representing the 
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piecewise linear functions as a set of constraints. In literature, the variable generator cost 

is represented as a set of constraints that model the piecewise linear function of the variable 

generation cost. Thus, the SOS2 representation was proposed and tested in this research. It 

was found that the SOS2 representation took 50% extra time compared to the conventional 

constraints representation. This however contradicts the claim in [182] which says that the 

SOS2 constraints have one major benefit over the regular constraints which is the faster 

simulation. This could be due to the size of the system. It could be that this claim is valid 

for specific types of simulations, linear programming solving techniques, small or big 

number of variables, or some other factors that the authors did not clarify. In coclusion to 

this point, representing a piecewise linear function through a set of constraints is faster in 

simulation than SOS2 representation. 

 

Another issue that was considered is that the reliabiltiy could be improved by the increase 

of the number of scnearios used. The more scenarios used, the higher the chances that there 

could be some scenarios that would cover some worse areas in terms of prices or power 

generation. Thus, the number of scenarios was increased and comapred to the reliability 

constraints. It was found that the reliability constraints were much better at mitigating 

failures and they have also taken about 15% of the time taken when the number of scenarios 

was increased. Also, increasing the number of scenarios is comuptically very demanding 

especially in terms of memory need. Therefore, the reliability constraints are extremely 

effective without causing any big need for computational time or memory. 
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The idea of a VPP cluster was introduced which was never discussed in literature before. 

In literature, a microgrid cluster is discussed where multiple microgrids are interconneted 

through an energy pool. The energy pool is a common source of power to back up any 

microgrid when needed. Those microgrids can be AC or DC. For DC microgrids, the main 

objective of the EP is to watch for the voltage level of the DC bus. Based on this, the EP 

can detect any power mismatch between demand and generation and back up that microgrid 

when needed. For AC microgrids, the EP watches the frequency. The frequency deviation 

is the triggering signal for the EP to back up the microgrid. Nonetheless, this concept was 

not discussed for VPPs since VPPs are already connected to the network and any power 

mismatch is expected to be balanced through the market. This is however not necessarily 

true as presented in this research. The VPP might fail to participate into the electricity 

market at all at some hours of the day. In this case, there is no need to look at any DC bus 

voltage or frequency deviation since the power imbalance is already clear through the 

resuls of the electricity trading schedule and the optimized solution of the VPP scheduling. 

 

Therefore, it is proposed to add an EP to multiple VPPs and make a VPP cluster. This EP 

is triggered by the power imbalance due to the failures to trade in the electricity markets 

and thus failure to meet the demand or failure to fulfill its trade constracts. The VPP cluster 

was developped, simulated, and analyzed. It was proven that the EP and the idea of a VPP 

cluster was able to mitigate multiple failures for multiple VPPs in the cluster effectively. 

Therefore, the proposed VPP cluster was found successful maintainening the power 

balance at the hours of failure. The VPP cluster comprises all the aforementioned ideas 

such as the risk consideration through the use of CVaR, piecewise linear function 



260 
 

representaion through a set of constraints to represent the conventional generator 

operational cost, sequential ARIMA, WDU, flexible demand, ESS, RES, conventional 

generator, reliability constriants, and of course an energy pool. It is worth noting that 

though the control scheme considered is central where the VPP operator is in charge of the 

operation of all the units within, the WDU was considered to be working on its own 

objective independently from the VPP. Eventhough the WDU is part of the VPP, it was 

allowed to optimize its own objective converting the control scheme from centralized to 

comprehensive as it is a load that has its own load which is the water demand. 

 

Table 8-1  Contributions 

Proposed Objective Result 

Construct a comprehensive VPP model 

containing dispatchable and non-

dispatchable source 

Model Developed 

Formulate a multi-objective optimization 

problem 

A multi-objective optimization problem 

was designed 

Incorporate a WDU as a specific demand 

A WDU has been designed and 

incorporated due to its high importance in 

countries like Saudi Arabia that rely on 

desalination and due to its importance as a 

virtual storage unit 
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Proposed Objective Result 

To propose a sequential ARIMA model 

for RT market for higher accuracy 

The model has been developed and 

proven its efficiency in increasing the 

prediction accuracy 

The comprehensive model shall 

participate in both the DA and RT markets 

The simulation and results have been done 

on the two markets 

Design a SOS2 model and compare its 

speed to set-of-constraints model for 

evaluation of the most computationally 

effective model for conventional 

generator piecewise linear function 

approximation 

SOS2 model has been designed and tested 

and it has been proven that the set-of-

constraints model is faster 

To propose, construct, and evaluate a 

reliability model that makes the VPP 

immune to failure of power balance 

A newly proposed model for reliability 

against power balance failures has been 

designed and it has proven its 

effectiveness in increasing the system 

reliability 

To propose, construct, and evaluate a VPP 

cluster that incorporates an EP making a 

newly developed concept in VPP 

modelling 

The model has been developed and it has 

proven its efficiency in making the system 

much more robust against failures 
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8.2 Future Work 

As possible expansion to this work, a more detailed model could be considered by the 

inclusion or the modifications of some constraints. For example, the minimum up time and 

minimum down time of the conventional generator could be considered. This will lead to 

the need for a bigger simulation scope, more than 24 hours, in order to a have a deeper 

insight of such modifications. Also, the lines may not be assumed lossless. The operational 

and maintenance costs of some components could be considered as well. Another important 

market is the ancillary services market which the VPP could participate into. Fully 

comprehensive control scheme could be simulated in addition to a distributed control 

scheme and compared to the centralized one.  

 

The WDU can be studied under various scenarios such as a flat generation profile which 

will require different sizing and some modifications to the WDU to be suitable for this task. 

The WDU considered for this research had a specific water demand profile ranging from 

700 m3 to 7000 m3 on the same day but at different hours. However, the tank had water 

charge/discharge rate of only 500 m3 which cannot work on flattening the water generation 

profile. This is in addition to the fact that the water demand profile is also fixed which can 

be made flexible. Other objectives could be added as well through the use of epsilon 

constraints and lexicographic optimization. The multiple VPPs of the same VPP cluster 

could even be made to interact with each other. 
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A APPENDIX A 

INPUT DATA AND PARAMETERS 

A.1 Input Data 

This appendix contains the input data used for the simulations. 

 

Table A-1  Network data, [169] 

Line  From  To 
Capacity 

ሾMWሿ 
Reactance (Ω) 

Susceptance 

(S) 

1  1  2  250  0.0281  35.5872 

2  1  4  150  0.0304  32.8947 

3  1  5  400  0.0064  156.2500 

4  2  3  350  0.0108  92.5926 

5  3  4  240  0.0297  33.6700 

6  4  5  240  0.0297  33.6700 
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Table A-2  Demand data, [169] 

Demand 
𝐸ௗ
ୈ 

ሾMWhሿ 

𝑃തௗ௧
ୈ  

ሾMWሿ 

𝑅ௗ
ୈ,୙ 

൤
MW

h
൨ 

െ𝑅ௗ
ୈ,ୈ 

൤
MW

h
൨ 

𝑝ௗ଴
ୈ  

ሾMWሿ 

1  100  10  6  6  6 

2  100  10  6  6  6 

3  500  70  40  40  30 

4  600  70  45  45  26 

5  1200  150  100  100  78 

6  1000  150  90  90  79 

7  1500  200  110  110  89 

 

Table A-3  Demand minimum, [169] 

Time  𝑃ଵ௧
ୈ   𝑃ଶ௧

ୈ   𝑃ଷ௧
ୈ   𝑃ସ௧

ୈ   𝑃ହ௧
ୈ   𝑃଺௧

ୈ   𝑃଻௧
ୈ  

h  ሾMWሿ  ሾMWሿ  ሾMWሿ  ሾMWሿ  ሾMWሿ  ሾMWሿ  ሾMWሿ 
1  0  0  0  0  0  0  0 

2  0  0  0  0  0  0  0 

3  0  0  0  0  0  0  0 

4  0  0  0  0  0  0  0 

5  0  0  0  0  0  0  0 

6  0  0  0  0  0  0  0 

7  0  0  0  0  10  20  20 

8  0  0  0  0  10  20  20 

9  0  0  0  0  10  20  20 

10  0  0  0  0  10  20  20 

11  0  0  0  0  10  20  20 

12  0  0  0  0  10  20  20 

13  0  0  0  0  10  20  20 

14  0  0  0  0  20  40  40 

15  0  0  0  0  20  40  40 

16  1  1  2  2  20  40  40 

17  1  1  2  2  20  40  40 

18  1  1  2  2  20  40  40 
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Time  𝑃ଵ௧
ୈ   𝑃ଶ௧

ୈ   𝑃ଷ௧
ୈ   𝑃ସ௧

ୈ   𝑃ହ௧
ୈ   𝑃଺௧

ୈ   𝑃଻௧
ୈ  

19  1  1  2  2  20  40  40 

20  1  1  2  2  20  40  40 

21  1  1  2  2  20  40  40 

22  1  1  2  2  10  20  20 

23  1  1  2  2  10  20  20 

24  0  0  0  0  0  0  0 
 

Table A-4  Utility data, [169] 

Demand  Load ሾMWሿ  Utility [$/MWh] 

1  2.5,2.5,2.5,2.5  50,49,38,37 
2  2.5,2.5,2.5,2.5  51,50,38,37 
3  17.5,17.5,17.5,17.5  57,55,50,46 
4  17.5,17.5,17.5,17.5  57,54,49,45 
5  37.5,37.5,37.5,37.5  63,58,55,53 
6  37.5,37.5,37.5,37.5  64,59,56,54 
7  50,50,50,50  61,57,54,51 

 

Table A-5  Hourly utility data 1 

Hour 

Demand  1  2  3 

Load #  1  2  3  4  5  6  7  8  9  10  11  12 

Load (MW)  2.5  2.5  2.5  2.5  2.5  2.5  2.5  2.5  17.5  17.5  17.5  17.5 

Base Utility  50  49  38  37  51  50  38  37  57  55  50  46 

1  Utility ($/MWh)  40  39.2  30.4  29.6  40.8  40  30.4  29.6  45.6  44  40  36.8 

2  Utility ($/MWh)  40  39.2  30.4  29.6  40.8  40  30.4  29.6  45.6  44  40  36.8 

3  Utility ($/MWh)  40  39.2  30.4  29.6  40.8  40  30.4  29.6  45.6  44  40  36.8 

4  Utility ($/MWh)  40  39.2  30.4  29.6  40.8  40  30.4  29.6  45.6  44  40  36.8 

5  Utility ($/MWh)  40  39.2  30.4  29.6  40.8  40  30.4  29.6  45.6  44  40  36.8 

6  Utility ($/MWh)  40  39.2  30.4  29.6  40.8  40  30.4  29.6  45.6  44  40  36.8 

7  Utility ($/MWh)  40  39.2  30.4  29.6  40.8  40  30.4  29.6  45.6  44  40  36.8 

8  Utility ($/MWh)  40  39.2  30.4  29.6  40.8  40  30.4  29.6  45.6  44  40  36.8 

9  Utility ($/MWh)  50  49  38  37  51  50  38  37  57  55  50  46 

10  Utility ($/MWh)  50  49  38  37  51  50  38  37  57  55  50  46 

11  Utility ($/MWh)  50  49  38  37  51  50  38  37  57  55  50  46 

12  Utility ($/MWh)  50  49  38  37  51  50  38  37  57  55  50  46 

13  Utility ($/MWh)  50  49  38  37  51  50  38  37  57  55  50  46 

14  Utility ($/MWh)  50  49  38  37  51  50  38  37  57  55  50  46 

15  Utility ($/MWh)  50  49  38  37  51  50  38  37  57  55  50  46 

16  Utility ($/MWh)  50  49  38  37  51  50  38  37  57  55  50  46 

17  Utility ($/MWh)  60  58.8  45.6  44.4  61.2  60  45.6  44.4  68.4  66  60  55.2 

18  Utility ($/MWh)  60  58.8  45.6  44.4  61.2  60  45.6  44.4  68.4  66  60  55.2 
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Hour 

Demand  1  2  3 

Load #  1  2  3  4  5  6  7  8  9  10  11  12 

Load (MW)  2.5  2.5  2.5  2.5  2.5  2.5  2.5  2.5  17.5  17.5  17.5  17.5 

Base Utility  50  49  38  37  51  50  38  37  57  55  50  46 

19  Utility ($/MWh)  60  58.8  45.6  44.4  61.2  60  45.6  44.4  68.4  66  60  55.2 

20  Utility ($/MWh)  60  58.8  45.6  44.4  61.2  60  45.6  44.4  68.4  66  60  55.2 

21  Utility ($/MWh)  60  58.8  45.6  44.4  61.2  60  45.6  44.4  68.4  66  60  55.2 

22  Utility ($/MWh)  60  58.8  45.6  44.4  61.2  60  45.6  44.4  68.4  66  60  55.2 

23  Utility ($/MWh)  60  58.8  45.6  44.4  61.2  60  45.6  44.4  68.4  66  60  55.2 

24  Utility ($/MWh)  60  58.8  45.6  44.4  61.2  60  45.6  44.4  68.4  66  60  55.2 

 

Table A-6  Hourly utility data 2 

Hour 

Demand  4  5 

Load #  13  14  15  16  17  18  19  20 

Load (MW)  17.5  17.5  17.5  17.5  37.5  37.5  37.5  37.5 

Base Utility  57  54  49  45  63  58  55  53 

1  Utility ($/MWh)  45.6  43.2  39.2  36  69.3  63.8  60.5  58.3 

2  Utility ($/MWh)  45.6  43.2  39.2  36  69.3  63.8  60.5  58.3 

3  Utility ($/MWh)  45.6  43.2  39.2  36  69.3  63.8  60.5  58.3 

4  Utility ($/MWh)  45.6  43.2  39.2  36  69.3  63.8  60.5  58.3 

5  Utility ($/MWh)  45.6  43.2  39.2  36  69.3  63.8  60.5  58.3 

6  Utility ($/MWh)  45.6  43.2  39.2  36  69.3  63.8  60.5  58.3 

7  Utility ($/MWh)  45.6  43.2  39.2  36  69.3  63.8  60.5  58.3 

8  Utility ($/MWh)  45.6  43.2  39.2  36  69.3  63.8  60.5  58.3 

9  Utility ($/MWh)  57  54  49  45  56.7  52.2  49.5  47.7 

10  Utility ($/MWh)  57  54  49  45  56.7  52.2  49.5  47.7 

11  Utility ($/MWh)  57  54  49  45  56.7  52.2  49.5  47.7 

12  Utility ($/MWh)  57  54  49  45  56.7  52.2  49.5  47.7 

13  Utility ($/MWh)  57  54  49  45  56.7  52.2  49.5  47.7 

14  Utility ($/MWh)  57  54  49  45  56.7  52.2  49.5  47.7 

15  Utility ($/MWh)  57  54  49  45  56.7  52.2  49.5  47.7 

16  Utility ($/MWh)  57  54  49  45  56.7  52.2  49.5  47.7 

17  Utility ($/MWh)  68.4  64.8  58.8  54  63  58  55  53 

18  Utility ($/MWh)  68.4  64.8  58.8  54  63  58  55  53 

19  Utility ($/MWh)  68.4  64.8  58.8  54  63  58  55  53 

20  Utility ($/MWh)  68.4  64.8  58.8  54  63  58  55  53 

21  Utility ($/MWh)  68.4  64.8  58.8  54  63  58  55  53 

22  Utility ($/MWh)  68.4  64.8  58.8  54  63  58  55  53 

23  Utility ($/MWh)  68.4  64.8  58.8  54  63  58  55  53 

24  Utility ($/MWh)  68.4  64.8  58.8  54  63  58  55  53 
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Table A-7  Hourly utility data 3 

Hour 

Demand  6  7 

Load #  21  22  23  24  25  26  27  28 

Load (MW)  37.5  37.5  37.5  37.5  50  50  50  50 

Base Utility  64  59  56  54  61  57  54  51 

1  Utility ($/MWh)  70.4  64.9  61.6  59.4  67.1  62.7  59.4  56.1 

2  Utility ($/MWh)  70.4  64.9  61.6  59.4  67.1  62.7  59.4  56.1 

3  Utility ($/MWh)  70.4  64.9  61.6  59.4  67.1  62.7  59.4  56.1 

4  Utility ($/MWh)  70.4  64.9  61.6  59.4  67.1  62.7  59.4  56.1 

5  Utility ($/MWh)  70.4  64.9  61.6  59.4  67.1  62.7  59.4  56.1 

6  Utility ($/MWh)  70.4  64.9  61.6  59.4  67.1  62.7  59.4  56.1 

7  Utility ($/MWh)  70.4  64.9  61.6  59.4  67.1  62.7  59.4  56.1 

8  Utility ($/MWh)  70.4  64.9  61.6  59.4  67.1  62.7  59.4  56.1 

9  Utility ($/MWh)  57.6  53.1  50.4  48.6  54.9  51.3  48.6  45.9 

10  Utility ($/MWh)  57.6  53.1  50.4  48.6  54.9  51.3  48.6  45.9 

11  Utility ($/MWh)  57.6  53.1  50.4  48.6  54.9  51.3  48.6  45.9 

12  Utility ($/MWh)  57.6  53.1  50.4  48.6  54.9  51.3  48.6  45.9 

13  Utility ($/MWh)  57.6  53.1  50.4  48.6  54.9  51.3  48.6  45.9 

14  Utility ($/MWh)  57.6  53.1  50.4  48.6  54.9  51.3  48.6  45.9 

15  Utility ($/MWh)  57.6  53.1  50.4  48.6  54.9  51.3  48.6  45.9 

16  Utility ($/MWh)  57.6  53.1  50.4  48.6  54.9  51.3  48.6  45.9 

17  Utility ($/MWh)  64  59  56  54  61  57  54  51 

18  Utility ($/MWh)  64  59  56  54  61  57  54  51 

19  Utility ($/MWh)  64  59  56  54  61  57  54  51 

20  Utility ($/MWh)  64  59  56  54  61  57  54  51 

21  Utility ($/MWh)  64  59  56  54  61  57  54  51 

22  Utility ($/MWh)  64  59  56  54  61  57  54  51 

23  Utility ($/MWh)  64  59  56  54  61  57  54  51 

24  Utility ($/MWh)  64  59  56  54  61  57  54  51 

 

Table A-8  Storage data 

Capacity 200 MWh 

Initial Energy 200 MWh 

Charging/ discharging efficiency 90%/90% 

Maximum charge power 100 MW 

Maximum discharge power 100 MW 
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Table A-9  Main grid and market data 

Max. power exchange with main grid 

from/to 
400 MW/ 400 MW 

Max. power sold to the Day-ahead and 

real-time markets 
300 MW 

Max. power purchased from the Day-

ahead and real-time markets 
200 MW 

 

Table A-10  Conventional generator data 

Startup cost 1500 $/h 

Shut down cost 100 $/h 

Maximum production level 294 MW 

Minimum production level 112 MW 

Ramp up rate 60 MW/h 

Ramp down rate 50 MW/h 

Initial status off 

Initial power output 0 MW 

Fixed production cost 824 $/h 

Startup ramp limit 170 MW/h 

Shut down ramp limit 160 MW/h 

Minimum up time 4 h 

Minimum down time 4 h 
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Table A-11  Conventional generator variable cost 

Block # Cost Slope ($/MWh) Power (MW) 

1 35.5 130 

2 36.5 148 

3 38 166 

4 39 184 

5 40.5 202 

6 42 220 

7 43 238 

8 44.5 256 

9 46 274 

10 46.5 294 

 

Table A-12  Wind Power scenarios 

Hou
r 

Scenario 1 
(MW) 

Scenario 2 
(MW) 

Scenario 3 
(MW) 

Scenario 4 
(MW) 

Scenario 5 
(MW) 

1  0.04  0.00  0.00  0.00  0.00 

2  0.19  0.00  0.03  0.00  0.02 

3  0.58  0.11  0.57  0.51  0.18 

4  0.61  0.13  0.52  0.39  0.25 

5  0.20  0.13  0.19  0.10  0.04 

6  0.07  0.11  0.10  0.07  0.06 

7  0.00  0.01  0.02  0.00  0.03 

8  0.05  0.13  0.15  0.54  0.15 

9  0.05  0.06  0.06  0.71  0.12 

10  0.50  0.18  0.81  2.31  0.95 

11  0.26  0.08  0.80  1.77  0.31 

12  0.03  0.01  0.16  1.04  0.09 

13  0.01  0.00  0.19  1.05  0.07 

14  0.10  0.00  0.39  1.59  0.15 

15  0.09  0.00  0.32  1.14  0.09 

16  0.27  0.01  0.39  0.78  0.10 
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Hou
r 

Scenario 1 
(MW) 

Scenario 2 
(MW) 

Scenario 3 
(MW) 

Scenario 4 
(MW) 

Scenario 5 
(MW) 

17  0.09  0.01  0.35  0.86  0.23 

18  0.04  0.07  0.20  0.71  0.07 

19  0.07  0.06  0.30  1.42  0.13 

20  0.05  0.01  0.84  3.89  0.23 

21  0.10  0.15  1.40  5.55  0.82 

22  0.00  0.01  0.63  3.01  0.38 

23  0.01  0.03  1.21  2.69  0.61 

24  0.05  0.05  0.84  3.58  0.67 

 

Table A-13  Actual DA market prices 

Hour  Actual Lambda DA ($/MWh) 

1  33.72 

2  29.88 

3  28.94 

4  27.94 

5  28.4 

6  31.79 

7  36.9 

8  38.03 

9  39.12 

10  41.16 

11  43.7 

12  45.64 

13  48.55 

14  48.42 

15  45.67 

16  47.95 

17  48.1 

18  48.13 

19  47.41 

20  43.95 

21  45.66 

22  42.32 

23  36.65 

24  34.04 
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Table A-14  DA market prices scenarios 

Ho
ur 

Scenario 1 
($/MWh) 

Scenario 2 
($/MWh) 

Scenario 3 
($/MWh) 

Scenario 4 
($/MWh) 

Scenario 5 
($/MWh) 

1  35.74  36.09  35.74  35.99  35.28 

2  35.19  35.26  34.88  35.54  35.11 

3  33.84  33.59  33.95  34.16  33.62 

4  33.15  32.98  32.69  33.33  32.78 

5  33.08  32.91  32.96  33.01  33.31 

6  33.42  33.16  33.11  33.12  33.57 

7  34.09  33.76  34.25  33.93  34.05 

8  37.12  36.73  36.90  37.72  37.60 

9  39.76  39.06  39.33  39.93  40.12 

10  42.80  42.06  42.48  43.44  43.53 

11  44.70  43.96  44.34  44.87  45.28 

12  45.29  45.14  45.12  45.81  46.27 

13  45.81  44.92  45.65  46.08  46.22 

14  46.22  45.59  46.01  46.58  46.78 

15  45.59  45.16  45.30  45.64  46.04 

16  47.04  46.24  46.98  47.24  47.49 

17  48.15  47.44  47.63  48.17  48.44 

18  46.94  46.84  46.50  47.07  47.26 

19  42.70  42.61  42.55  43.54  43.29 

20  42.94  43.40  43.29  43.68  43.32 

21  49.86  50.03  50.12  50.52  50.52 

22  42.08  41.72  41.87  42.36  42.39 

23  37.19  37.06  36.40  37.54  38.00 

24  36.42  36.76  36.30  37.06  37.35 

 

Table A-15  DA market scenarios parameters 

Scenario  Probability 

Number of WP scenarios  5 

Probability of each scenario  0.2 

Number of DA price scenarios  5 

Probability of each scenario  0.2 

Number of RT prices scenarios  5 

Probability of each scenario  0.2 

Total Number of scenarios  5*5*5=125 

Probability of each scenario  0.2*0.2*0.2=0.008 
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Table A-16  Residual RT market prices Scenarios 

Ho
ur 

Scenario 1 
($/MWh) 

Scenario 2 
($/MWh) 

Scenario 3 
($/MWh) 

Scenario 4 
($/MWh) 

Scenario 5 
($/MWh) 

1  4.63  3.16  0.93  3.03  3.56 

2  0.43  3.78  ‐0.72  2.90  4.48 

3  ‐4.39  0.15  ‐1.30  ‐4.72  4.23 

4  7.19  6.39  2.72  1.28  4.04 

5  13.92  9.36  6.18  1.25  5.20 

6  5.77  3.51  0.20  ‐3.72  ‐1.26 

7  7.95  3.90  8.86  3.23  8.38 

8  8.12  4.83  3.64  1.51  5.95 

9  6.78  6.95  0.58  4.62  4.57 

10  5.89  5.35  ‐1.67  ‐1.40  3.45 

11  3.53  ‐0.99  ‐4.39  ‐4.67  ‐2.95 

12  ‐0.51  ‐4.44  ‐6.35  ‐6.22  ‐4.30 

13  ‐2.39  2.05  ‐4.34  0.42  ‐5.29 

14  ‐4.85  ‐2.96  ‐4.14  ‐1.45  ‐12.57 

15  ‐6.79  ‐8.71  ‐3.67  0.74  ‐12.58 

16  ‐7.43  ‐8.90  ‐10.05  ‐2.65  ‐14.22 

17  ‐4.52  ‐7.62  ‐4.89  ‐5.57  ‐9.06 

18  ‐2.69  ‐12.51  ‐7.08  ‐4.79  ‐8.87 

19  ‐9.41  ‐15.63  ‐8.55  ‐9.69  ‐7.50 

20  ‐6.46  ‐0.53  ‐5.14  ‐1.67  ‐3.61 

21  ‐8.85  ‐4.26  ‐6.10  ‐3.34  ‐6.90 

22  ‐9.41  ‐5.95  ‐5.43  ‐5.05  ‐7.48 

23  ‐2.69  ‐2.68  2.92  ‐0.40  ‐0.17 

24  ‐3.05  ‐3.58  ‐0.80  ‐2.40  ‐0.50 

 

Table A-17  Actual wind power output 

Hour  WP (MW) 

t1  1.832401 

t2  0.852928 

t3  0 

t4  0.691312 

t5  0 

t6  0 

t7  0 

t8  1.248419 

t9  0.359618 

t10  0 

t11  5.707968 
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Hour  WP (MW) 

t12  3.623629 

t13  5.645126 

t14  8.520023 

t15  8.838736 

t16  7.009819 

t17  12.5091 

t18  14.74199 

t19  9.638999 

t20  6.66968 

t21  3.111116 

t22  10.02581 

t23  11.10124 

t24  11.26059 

 

Table A-18  Actual RT market prices 

Hour  Price ($/MWh) 

t1  30.96 

t2  30.15 

t3  30.21 

t4  30.39 

t5  32.36 

t6  32.07 

t7  39.63 

t8  35.51 

t9  34.48 

t10  34.79 

t11  36.01 

t12  44.69 

t13  47.75 

t14  40.52 

t15  35.02 

t16  34.92 

t17  35.99 

t18  49.49 

t19  37.64 

t20  43.24 

t21  37.73 

t22  34.37 

t23  35.1 

t24  35.09 
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Table A-19  RT market scenarios 

Scenario  Probability 

Number of WP scenarios  5 

Probability of each scenario  0.2 

Number of RT prices scenarios  5 

Probability of each scenario  0.2 

Total Number of scenarios  5*5=25 

Probability of each scenario  0.2*0.2=0.04 

 

Table A-20  Wind power scenarios, first hour 

Hou
r 

Scenario 1 
(MW) 

Scenario 2 
(MW) 

Scenario 3 
(MW) 

Scenario 4 
(MW) 

Scenario 5 
(MW) 

1  0.14  0.14  0.14  0.14  0.14 

2  1.53  1.41  1.35  0.39  5.24 

3  4.11  3.34  6.35  0.87  3.20 

4  4.99  3.53  3.07  0.46  2.42 

5  3.57  2.76  1.50  0.15  1.10 

6  1.55  3.52  0.93  0.12  0.00 

7  1.42  5.03  1.33  0.70  0.81 

8  1.42  2.09  0.55  0.58  0.14 

9  2.60  3.60  0.31  0.93  1.21 

10  3.60  8.11  0.85  1.33  2.94 

11  8.91  14.35  3.16  3.78  6.36 

12  27.94  26.23  18.34  7.24  13.85 

13  25.14  31.92  10.58  2.12  9.74 

14  21.44  36.83  14.81  5.72  18.09 

15  25.96  54.38  17.36  10.01  33.37 

16  16.47  33.73  7.77  6.81  31.02 

17  21.06  23.79  4.96  3.07  33.25 

18  18.18  17.70  9.23  3.38  34.64 

19  7.48  12.70  6.50  0.95  23.80 

20  5.43  13.34  3.36  1.36  33.13 

21  3.67  10.90  3.37  2.02  33.31 

22  2.91  6.63  2.01  1.74  38.69 

23  3.52  3.60  2.22  1.48  36.37 

24  3.79  2.76  2.26  1.08  35.28 
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Table A-21  Residual based RT market prices scenarios, first hour 

Ho
ur 

Scenario 1 
($/MWh) 

Scenario 2 
($/MWh) 

Scenario 3 
($/MWh) 

Scenario 4 
($/MWh) 

Scenario 5 
($/MWh) 

1  4.63  3.16  0.93  3.03  3.56 

2  0.43  3.78  ‐0.72  2.90  4.48 

3  ‐4.39  0.15  ‐1.30  ‐4.72  4.23 

4  7.19  6.39  2.72  1.28  4.04 

5  13.92  9.36  6.18  1.25  5.20 

6  5.77  3.51  0.20  ‐3.72  ‐1.26 

7  7.95  3.90  8.86  3.23  8.38 

8  8.12  4.83  3.64  1.51  5.95 

9  6.78  6.95  0.58  4.62  4.57 

10  5.89  5.35  ‐1.67  ‐1.40  3.45 

11  3.53  ‐0.99  ‐4.39  ‐4.67  ‐2.95 

12  ‐0.51  ‐4.44  ‐6.35  ‐6.22  ‐4.30 

13  ‐2.39  2.05  ‐4.34  0.42  ‐5.29 

14  ‐4.85  ‐2.96  ‐4.14  ‐1.45  ‐12.57 

15  ‐6.79  ‐8.71  ‐3.67  0.74  ‐12.58 

16  ‐7.43  ‐8.90  ‐10.05  ‐2.65  ‐14.22 

17  ‐4.52  ‐7.62  ‐4.89  ‐5.57  ‐9.06 

18  ‐2.69  ‐12.51  ‐7.08  ‐4.79  ‐8.87 

19  ‐9.41  ‐15.63  ‐8.55  ‐9.69  ‐7.50 

20  ‐6.46  ‐0.53  ‐5.14  ‐1.67  ‐3.61 

21  ‐8.85  ‐4.26  ‐6.10  ‐3.34  ‐6.90 

22  ‐9.41  ‐5.95  ‐5.43  ‐5.05  ‐7.48 

23  ‐2.69  ‐2.68  2.92  ‐0.40  ‐0.17 

24  ‐3.05  ‐3.58  ‐0.80  ‐2.40  ‐0.50 

 

Table A-22  Wind power scenarios, second hour 

Hou
r 

Scenario 1 
(MW) 

Scenario 2 
(MW) 

Scenario 3 
(MW) 

Scenario 4 
(MW) 

Scenario 5 
(MW) 

1  1.83  1.83  1.83  1.83  1.83 

2  0.85  0.85  0.85  0.85  0.85 

3  7.63  8.57  0.00  0.78  0.00 

4  9.29  6.19  0.00  0.99  0.00 

5  2.14  16.61  0.00  2.45  0.00 

6  0.00  20.43  0.00  3.17  1.20 

7  0.00  24.14  0.00  1.05  3.81 

8  0.40  20.85  0.00  2.15  8.55 
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Hou
r 

Scenario 1 
(MW) 

Scenario 2 
(MW) 

Scenario 3 
(MW) 

Scenario 4 
(MW) 

Scenario 5 
(MW) 

9  4.55  20.80  0.00  4.69  8.80 

10  11.00  12.11  0.00  10.50  6.52 

11  8.85  6.53  0.00  10.24  6.70 

12  4.77  6.21  0.00  8.16  3.71 

13  3.40  25.01  2.71  13.01  6.20 

14  0.00  23.42  2.81  16.27  8.71 

15  0.00  19.18  0.15  15.93  14.32 

16  1.48  18.76  1.85  18.38  7.14 

17  2.04  15.47  0.00  10.95  4.82 

18  5.03  13.13  0.00  5.85  0.00 

19  5.98  8.04  1.15  12.82  0.00 

20  11.15  11.44  0.00  13.58  0.00 

21  14.34  15.24  0.00  16.53  0.00 

22  16.15  5.03  0.00  23.51  0.00 

23  17.48  9.67  0.00  17.41  0.00 

24  19.37  9.62  0.00  8.01  0.00 

 

Table A-23  Residual based RT market prices scenarios, second hour 

Ho
ur 

Scenario 1 
($/MWh) 

Scenario 2 
($/MWh) 

Scenario 3 
($/MWh) 

Scenario 4 
($/MWh) 

Scenario 5 
($/MWh) 

1  30.96  30.96  30.96  30.96  30.96 

2  26.67  30.30  28.85  25.76  28.87 

3  26.57  29.49  32.50  28.03  31.25 

4  30.90  30.70  34.30  31.65  35.00 

5  34.69  36.27  34.98  33.71  40.28 

6  33.87  37.10  37.39  34.41  42.88 

7  44.66  45.27  43.34  44.35  44.80 

8  46.31  46.75  44.45  47.96  49.47 

9  40.33  39.28  37.31  39.53  36.58 

10  44.14  48.81  44.77  46.48  41.01 

11  39.66  43.60  36.34  42.55  35.41 

12  35.69  40.66  29.04  34.06  32.58 

13  36.15  39.53  30.47  37.62  33.86 

14  32.89  36.36  30.16  34.86  28.92 

15  33.60  39.51  37.39  44.04  33.42 

16  30.60  40.43  39.36  40.96  33.80 
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Ho
ur 

Scenario 1 
($/MWh) 

Scenario 2 
($/MWh) 

Scenario 3 
($/MWh) 

Scenario 4 
($/MWh) 

Scenario 5 
($/MWh) 

17  35.22  29.80  35.69  33.38  29.81 

18  42.24  35.33  36.86  40.41  37.07 

19  42.84  36.24  39.58  41.63  46.15 

20  45.22  43.38  43.73  40.13  45.91 

21  39.44  36.79  40.41  34.52  36.10 

22  36.49  35.30  37.82  31.28  35.87 

23  31.86  36.77  35.01  30.53  31.68 

24  23.46  30.61  27.73  26.58  22.35 

 

Table A-24  Wind power scenarios, third hour 

Hou
r 

Scenario 1 
(MW) 

Scenario 2 
(MW) 

Scenario 3 
(MW) 

Scenario 4 
(MW) 

Scenario 5 
(MW) 

1  1.83  1.83  1.83  1.83  1.83 

2  0.85  0.85  0.85  0.85  0.85 

3  0.00  0.00  0.00  0.00  0.00 

4  0.00  0.00  0.00  3.91  0.00 

5  0.00  2.10  0.00  9.75  0.00 

6  0.00  3.47  1.95  5.38  0.00 

7  0.00  0.00  5.16  7.58  0.46 

8  0.00  0.00  5.97  12.25  2.80 

9  0.00  2.99  5.85  8.77  2.03 

10  0.00  4.78  9.50  8.28  11.68 

11  0.00  3.57  9.53  8.55  21.55 

12  0.00  3.14  9.51  11.85  17.57 

13  0.00  0.00  8.96  7.77  12.55 

14  0.00  0.00  4.80  1.81  2.73 

15  0.00  0.00  3.70  0.73  0.00 

16  3.84  0.00  8.70  1.96  0.00 

17  9.26  2.28  8.98  6.94  3.72 

18  9.54  2.26  10.49  9.28  8.07 

19  8.13  4.72  15.73  10.09  9.17 

20  3.20  1.49  8.74  4.89  8.38 

21  0.00  9.19  10.75  0.00  3.76 

22  0.00  3.83  8.89  0.81  2.76 

23  0.00  0.24  6.11  0.00  4.09 

24  0.00  2.28  10.98  0.81  4.33 
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Table A-25  Residual based RT market prices scenarios, third hour 

Ho
ur 

Scenario 1 
($/MWh) 

Scenario 2 
($/MWh) 

Scenario 3 
($/MWh) 

Scenario 4 
($/MWh) 

Scenario 5 
($/MWh) 

1  30.96  30.96  30.96  30.96  30.96 

2  30.15  30.15  30.15  30.15  30.15 

3  36.35  31.51  34.01  30.56  30.74 

4  37.50  33.33  30.76  26.92  28.24 

5  32.86  34.36  30.65  28.31  26.63 

6  34.77  36.15  31.99  34.10  27.41 

7  45.34  45.24  43.40  42.05  39.84 

8  44.84  42.87  40.74  45.07  39.76 

9  34.20  31.26  31.74  27.58  29.63 

10  38.28  37.10  40.53  36.92  44.16 

11  35.25  34.68  33.79  33.24  37.50 

12  33.90  36.95  33.50  32.19  31.17 

13  42.30  46.11  38.82  34.60  38.04 

14  37.37  39.23  38.92  27.81  31.42 

15  39.71  41.11  39.95  34.75  38.50 

16  41.09  38.24  41.04  37.50  35.38 

17  36.47  38.37  38.17  35.41  33.36 

18  34.98  41.81  40.45  42.09  40.42 

19  36.48  37.67  35.60  37.96  39.42 

20  50.42  42.94  38.45  43.13  40.18 

21  41.42  41.17  33.76  38.84  40.71 

22  35.42  40.51  27.73  39.40  42.89 

23  34.94  31.99  27.68  34.36  40.46 

24  33.06  27.27  23.82  25.26  30.31 
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B APPENDIX B 

SIMULATION RESULTS 

B.1 Simulation Results 

This section contains some of the results obtained from simulations. 

 

Table B-1  DA market scheduled power scenarios 

  
Scenario 1 
(MW) 

Scenario 2 
(MW) 

Scenario 3 
(MW) 

Scenario 4 
(MW) 

Scenario 5 
(MW) 

t1  -200  -200  -200  -200  -200 
t2  -200  -200  -200  -200  -200 
t3  300  300  300  300  300 
t4  -200  -200  -200  -200  -200 
t5  -200  -200  -200  -200  -200 
t6  300  300  300  300  300 
t7  -200  -200  -200  -200  -200 
t8  -200  -200  -200  -200  -200 
t9  -200  -200  -200  -200  -200 
t10  -200  -200  -200  -200  -200 
t11  300  300  300  300  300 
t12  300  300  300  300  300 
t13  300  300  300  300  300 
t14  300  300  300  300  300 
t15  300  300  300  300  300 
t16  300  300  300  300  300 
t17  300  300  300  300  300 
t18  300  300  300  300  300 
t19  300  300  300  300  300 
t20  300  300  300  300  300 
t21  300  300  300  300  300 
t22  300  300  300  300  300 
t23  300  300  300  300  300 
t24  300  300  300  300  300 
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Table B-2  DA market scheduled prices scenarios 

  
Scenario 1 
($/MWh) 

Scenario 2 
($/MWh) 

Scenario 3 
($/MWh) 

Scenario 4 
($/MWh) 

Scenario 5 
($/MWh) 

t1  35.74  36.09  35.74  35.99  35.28 
t2  35.19  35.26  34.88  35.54  35.11 
t3  33.84  33.59  33.95  34.16  33.62 
t4  33.15  32.98  32.69  33.33  32.78 
t5  33.08  32.91  32.96  33.01  33.31 
t6  33.42  33.16  33.11  33.12  33.57 
t7  34.09  33.76  34.25  33.93  34.05 
t8  37.12  36.73  36.90  37.72  37.60 
t9  39.76  39.06  39.33  39.93  40.12 
t10  42.80  42.06  42.48  43.44  43.53 
t11  44.70  43.96  44.34  44.87  45.28 
t12  45.29  45.14  45.12  45.81  46.27 
t13  45.81  44.92  45.65  46.08  46.22 
t14  46.22  45.59  46.01  46.58  46.78 
t15  45.59  45.16  45.30  45.64  46.04 
t16  47.04  46.24  46.98  47.24  47.49 
t17  48.15  47.44  47.63  48.17  48.44 
t18  46.94  46.84  46.50  47.07  47.26 
t19  42.70  42.61  42.55  43.54  43.29 
t20  42.94  43.40  43.29  43.68  43.32 
t21  49.86  50.03  50.12  50.52  50.52 
t22  42.08  41.72  41.87  42.36  42.39 
t23  37.19  37.06  36.40  37.54  38.00 
t24  36.42  36.76  36.30  37.06  37.35 

 

Table B-3  RT market scheduled power scenarios, 1 

   g1 (MW)  g2 (MW)  g3 (MW)  g4 (MW)  g5 (MW) 

t3  -200  -200  -200  -200  -200 
t6  -200  -200  -200  -200  -200 
t7  -200  -200  -200  -200  -200 
t8  -200  -200  -200  -200  -200 
t11  -200  -200  -200  -200  -200 
t12  -500  -500  -500  -500  -500 
t13  -421.10  -408.10  -408.10  -408.10  -500 
t14  -500  -500  -500  -500  -500 
t15  -500  -500  -500  -500  -500 
t16  -500  -500  -500  -500  -500 
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   g1 (MW)  g2 (MW)  g3 (MW)  g4 (MW)  g5 (MW) 

t17  -500  -500  -500  -500  -500 
t18  -500  -500  -500  -500  -500 
t19  -500  -500  -500  -500  -500 
t20  -500  -500  -500  -500  -500 
t21  -200  -200  -200  -200  -200 
t22  -500  -500  -500  -500  -500 
t23  -500  -500  -500  -500  -500 
t24  -200  -200  -200  -200  -200 

 

Table B-4  RT market scheduled power scenarios, 2 

   g6 (MW)  g7 (MW)  g8 (MW)  g9 (MW)  g10 (MW) 

t3  -200  -200  -200  -200  -200 
t6  -200  -200  -200  -200  -200 
t7  -200  -200  -200  -200  -200 
t8  -200  -200  -200  -200  -200 
t11  -200  -200  -200  -200  -200 
t12  -500  -500  -500  -500  -500 
t13  -421.10  -408.10  -408.10  -408.10  -500 
t14  -500  -500  -500  -500  -500 
t15  -500  -500  -500  -500  -500 
t16  -500  -500  -500  -500  -500 
t17  -500  -500  -500  -500  -500 
t18  -500  -500  -500  -500  -500 
t19  -500  -500  -500  -500  -500 
t20  -500  -500  -500  -500  -500 
t21  -200  -200  -200  -200  -200 
t22  -500  -500  -500  -500  -500 
t23  -500  -500  -500  -500  -500 
t24  -200  -200  -200  -200  -200 

 

Table B-5  RT market scheduled power scenarios, 3 

   g11 (MW)  g12 (MW)  g13 (MW)  g14 (MW)  g15 (MW) 

t3  ‐200  ‐200  ‐200  ‐200  ‐200 

t6  ‐200  ‐200  ‐200  ‐200  ‐200 

t7  ‐200  ‐200  ‐200  ‐200  ‐200 

t8  ‐200  ‐200  ‐200  ‐200  ‐200 

t11  ‐200  ‐200  ‐200  ‐200  ‐200 

t12  ‐500  ‐500  ‐500  ‐500  ‐500 

t13  ‐421.11  ‐408.11  ‐408.11  ‐408.11  ‐500 
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   g11 (MW)  g12 (MW)  g13 (MW)  g14 (MW)  g15 (MW) 

t14  ‐500  ‐500  ‐500  ‐500  ‐500 

t15  ‐500  ‐500  ‐500  ‐500  ‐500 

t16  ‐500  ‐500  ‐500  ‐500  ‐500 

t17  ‐500  ‐500  ‐500  ‐500  ‐500 

t18  ‐500  ‐500  ‐500  ‐500  ‐500 

t19  ‐500  ‐500  ‐500  ‐500  ‐500 

t20  ‐500  ‐500  ‐500  ‐500  ‐500 

t21  ‐200  ‐200  ‐200  ‐200  ‐200 

t22  ‐500  ‐500  ‐500  ‐500  ‐500 

t23  ‐500  ‐500  ‐500  ‐500  ‐500 

t24  ‐200  ‐200  ‐200  ‐200  ‐200 

 

Table B-6  RT market scheduled power scenarios, 4 

   g16 (MW)  g17 (MW)  g18 (MW)  g19 (MW)  g20 (MW) 

t3  ‐200  ‐200  ‐200  ‐200  ‐200 

t6  ‐200  ‐200  ‐200  ‐200  ‐200 

t7  ‐200  ‐200  ‐200  ‐200  ‐200 

t8  ‐200  ‐200  ‐200  ‐200  ‐200 

t11  ‐200  ‐200  ‐200  ‐200  ‐200 

t12  ‐500  ‐500  ‐500  ‐500  ‐500 

t13  ‐421.11  ‐408.11  ‐408.11  ‐408.11  ‐500 

t14  ‐500  ‐500  ‐500  ‐500  ‐500 

t15  ‐500  ‐500  ‐500  ‐500  ‐500 

t16  ‐500  ‐500  ‐500  ‐500  ‐500 

t17  ‐500  ‐500  ‐500  ‐500  ‐500 

t18  ‐500  ‐500  ‐500  ‐500  ‐500 

t19  ‐500  ‐500  ‐500  ‐500  ‐500 

t20  ‐500  ‐500  ‐500  ‐500  ‐500 

t21  ‐200  ‐200  ‐200  ‐200  ‐200 

t22  ‐500  ‐500  ‐500  ‐500  ‐500 

t23  ‐500  ‐500  ‐500  ‐500  ‐500 

t24  ‐200  ‐200  ‐200  ‐200  ‐200 

 

Table B-7  RT market scheduled power scenarios, 5 

   g21 (MW)  g22 (MW)  g23 (MW)  g24 (MW)  g25 (MW) 

t3  ‐200  ‐200  ‐200  ‐200  ‐200 

t6  ‐200  ‐200  ‐200  ‐200  ‐200 

t7  ‐200  ‐200  ‐200  ‐200  ‐200 

t8  ‐200  ‐200  ‐200  ‐200  ‐200 
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   g21 (MW)  g22 (MW)  g23 (MW)  g24 (MW)  g25 (MW) 

t11  ‐200  ‐200  ‐200  ‐200  ‐200 

t12  ‐500  ‐500  ‐500  ‐500  ‐500 

t13  ‐421.11  ‐408.11  ‐408.11  ‐408.11  ‐500 

t14  ‐500  ‐500  ‐500  ‐500  ‐500 

t15  ‐500  ‐500  ‐500  ‐500  ‐500 

t16  ‐500  ‐500  ‐500  ‐500  ‐500 

t17  ‐500  ‐500  ‐500  ‐500  ‐500 

t18  ‐500  ‐500  ‐500  ‐500  ‐500 

t19  ‐500  ‐500  ‐500  ‐500  ‐500 

t20  ‐500  ‐500  ‐500  ‐500  ‐500 

t21  ‐200  ‐200  ‐200  ‐200  ‐200 

t22  ‐500  ‐500  ‐500  ‐500  ‐500 

t23  ‐500  ‐500  ‐500  ‐500  ‐500 

t24  ‐200  ‐200  ‐200  ‐200  ‐200 

 

Table B-8  RT market scheduled price scenarios, 1 

   g1 ($/MWh)  g2 ($/MWh)  g3 ($/MWh)  g4 ($/MWh)  g5 ($/MWh) 

t1  30.50  30.85  33.55  35.01  33.27 

t2  26.67  30.30  28.85  25.76  28.87 

t3  36.35  31.51  34.01  30.56  30.74 

t4  33.12  25.78  30.24  31.53  29.03 

t5  29.99  28.32  31.05  33.52  36.22 

t6  36.80  36.45  33.34  34.48  34.65 

t7  36.94  41.42  43.62  41.96  36.20 

t8  44.81  38.49  46.10  40.15  37.23 

t9  35.82  30.20  30.50  28.34  34.43 

t10  43.49  44.66  46.54  43.89  41.42 

t11  34.58  33.20  31.84  37.57  34.13 

t12  39.68  34.07  33.74  36.22  38.02 

t13  49.91  50.32  50.32  50.33  47.64 

t14  33.98  40.81  39.49  39.50  41.43 

t15  36.92  40.20  46.68  35.13  40.41 

t16  38.96  38.05  38.55  40.40  36.49 

t17  29.27  39.73  35.65  28.04  30.52 

t18  35.30  29.89  39.63  35.53  37.53 

t19  50.65  51.17  50.39  45.95  47.83 

t20  41.11  37.41  40.67  40.78  42.00 

t21  37.74  37.58  40.21  39.68  38.47 

t22  40.20  41.12  41.56  34.97  40.49 

t23  28.99  29.73  33.12  25.90  32.19 
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   g1 ($/MWh)  g2 ($/MWh)  g3 ($/MWh)  g4 ($/MWh)  g5 ($/MWh) 

t24  24.63  25.77  25.86  25.05  29.53 

 

Table B-9  RT market scheduled price scenarios, 2 

   g6 ($/MWh)  g7 ($/MWh)  g8 ($/MWh)  g9 ($/MWh)  g10 ($/MWh) 

t1  30.50  30.85  33.55  35.01  33.27 

t2  26.67  30.30  28.85  25.76  28.87 

t3  36.35  31.51  34.01  30.56  30.74 

t4  33.12  25.78  30.24  31.53  29.03 

t5  29.99  28.32  31.05  33.52  36.22 

t6  36.80  36.45  33.34  34.48  34.65 

t7  36.94  41.42  43.62  41.96  36.20 

t8  44.81  38.49  46.10  40.15  37.23 

t9  35.82  30.20  30.50  28.34  34.43 

t10  43.49  44.66  46.54  43.89  41.42 

t11  34.58  33.20  31.84  37.57  34.13 

t12  39.68  34.07  33.74  36.22  38.02 

t13  49.91  50.32  50.32  50.33  47.64 

t14  33.98  40.81  39.49  39.50  41.43 

t15  36.92  40.20  46.68  35.13  40.41 

t16  38.96  38.05  38.55  40.40  36.49 

t17  29.27  39.73  35.65  28.04  30.52 

t18  35.30  29.89  39.63  35.53  37.53 

t19  50.65  51.17  50.39  45.95  47.83 

t20  41.11  37.41  40.67  40.78  42.00 

t21  37.74  37.58  40.21  39.68  38.47 

t22  40.20  41.12  41.56  34.97  40.49 

t23  28.99  29.73  33.12  25.90  32.19 

t24  24.63  25.77  25.86  25.05  29.53 

 

Table B-10  RT market scheduled price scenarios, 3 

   g11 ($/MWh)  g12 ($/MWh)  g13 ($/MWh)  g14 ($/MWh)  g15 ($/MWh) 

t1  30.50  30.85  33.55  35.01  33.27 

t2  26.67  30.30  28.85  25.76  28.87 

t3  36.35  31.51  34.01  30.56  30.74 

t4  33.12  25.78  30.24  31.53  29.03 

t5  29.99  28.32  31.05  33.52  36.22 

t6  36.80  36.45  33.34  34.48  34.65 

t7  36.94  41.42  43.62  41.96  36.20 

t8  44.81  38.49  46.10  40.15  37.23 
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   g11 ($/MWh)  g12 ($/MWh)  g13 ($/MWh)  g14 ($/MWh)  g15 ($/MWh) 

t9  35.82  30.20  30.50  28.34  34.43 

t10  43.49  44.66  46.54  43.89  41.42 

t11  34.58  33.20  31.84  37.57  34.13 

t12  39.68  34.07  33.74  36.22  38.02 

t13  49.91  50.32  50.32  50.33  47.64 

t14  33.98  40.81  39.49  39.50  41.43 

t15  36.92  40.20  46.68  35.13  40.41 

t16  38.96  38.05  38.55  40.40  36.49 

t17  29.27  39.73  35.65  28.04  30.52 

t18  35.30  29.89  39.63  35.53  37.53 

t19  50.65  51.17  50.39  45.95  47.83 

t20  41.11  37.41  40.67  40.78  42.00 

t21  37.74  37.58  40.21  39.68  38.47 

t22  40.20  41.12  41.56  34.97  40.49 

t23  28.99  29.73  33.12  25.90  32.19 

t24  24.63  25.77  25.86  25.05  29.53 

 

Table B-11  RT market scheduled price scenarios, 4 

   g16 ($/MWh)  g17 ($/MWh)  g18 ($/MWh)  g19 ($/MWh)  g20 ($/MWh) 

t1  30.50  30.85  33.55  35.01  33.27 

t2  26.67  30.30  28.85  25.76  28.87 

t3  36.35  31.51  34.01  30.56  30.74 

t4  33.12  25.78  30.24  31.53  29.03 

t5  29.99  28.32  31.05  33.52  36.22 

t6  36.80  36.45  33.34  34.48  34.65 

t7  36.94  41.42  43.62  41.96  36.20 

t8  44.81  38.49  46.10  40.15  37.23 

t9  35.82  30.20  30.50  28.34  34.43 

t10  43.49  44.66  46.54  43.89  41.42 

t11  34.58  33.20  31.84  37.57  34.13 

t12  39.68  34.07  33.74  36.22  38.02 

t13  49.91  50.32  50.32  50.33  47.64 

t14  33.98  40.81  39.49  39.50  41.43 

t15  36.92  40.20  46.68  35.13  40.41 

t16  38.96  38.05  38.55  40.40  36.49 

t17  29.27  39.73  35.65  28.04  30.52 

t18  35.30  29.89  39.63  35.53  37.53 

t19  50.65  51.17  50.39  45.95  47.83 

t20  41.11  37.41  40.67  40.78  42.00 

t21  37.74  37.58  40.21  39.68  38.47 
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   g16 ($/MWh)  g17 ($/MWh)  g18 ($/MWh)  g19 ($/MWh)  g20 ($/MWh) 

t22  40.20  41.12  41.56  34.97  40.49 

t23  28.99  29.73  33.12  25.90  32.19 

t24  24.63  25.77  25.86  25.05  29.53 

 

Table B-12  RT market scheduled price scenarios, 5 

   g21 ($/MWh)  g22 ($/MWh)  g23 ($/MWh)  g24 ($/MWh)  g25 ($/MWh) 

t1  30.50  30.85  33.55  35.01  33.27 

t2  26.67  30.30  28.85  25.76  28.87 

t3  36.35  31.51  34.01  30.56  30.74 

t4  33.12  25.78  30.24  31.53  29.03 

t5  29.99  28.32  31.05  33.52  36.22 

t6  36.80  36.45  33.34  34.48  34.65 

t7  36.94  41.42  43.62  41.96  36.20 

t8  44.81  38.49  46.10  40.15  37.23 

t9  35.82  30.20  30.50  28.34  34.43 

t10  43.49  44.66  46.54  43.89  41.42 

t11  34.58  33.20  31.84  37.57  34.13 

t12  39.68  34.07  33.74  36.22  38.02 

t13  49.91  50.32  50.32  50.33  47.64 

t14  33.98  40.81  39.49  39.50  41.43 

t15  36.92  40.20  46.68  35.13  40.41 

t16  38.96  38.05  38.55  40.40  36.49 

t17  29.27  39.73  35.65  28.04  30.52 

t18  35.30  29.89  39.63  35.53  37.53 

t19  50.65  51.17  50.39  45.95  47.83 

t20  41.11  37.41  40.67  40.78  42.00 

t21  37.74  37.58  40.21  39.68  38.47 

t22  40.20  41.12  41.56  34.97  40.49 

t23  28.99  29.73  33.12  25.90  32.19 

t24  24.63  25.77  25.86  25.05  29.53 

 

 Table B-13  Demand bus 1 

 Hour  L1 (MW)  L2 (MW)  L3 (MW)  L4 (MW) 

t1         
t2         
t3         
t4         
t5         
t6         
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 Hour  L1 (MW)  L2 (MW)  L3 (MW)  L4 (MW) 

t7         
t8         
t9  1.5  1.5     
t10  2.5  2.5  0.33   
t11  2.5  2.5  1.54  0.5 

t12  2.5  2.5  0.63  2 

t13  2.5  1    0.5 

t14  2.5  2.5     
t15  2.5  2.5  1.5  1 

t16  2.5  2.5  1  1 

t17  2.5  2.5  2.5  2.5 

t18  2.5  2.5  2.5  2.5 

t19  2.5  2.5  2.5  2.5 

t20  2.5  2.5  2.5  2.5 

t21  2.5  2.5  2.5  2.5 

t22  2.5  2.5  2.5  2.5 

t23  2.5  2.5  2.5  2.5 

t24  1  1  2.5  2.5 

 

Table B-14  Demand bus 2 

Hour   L5 (MW)  L6 (MW)  L7 (MW)  L8 (MW) 

t1         
t2         
t3         
t4         
t5         
t6         
t7         
t8         
t9  1.5  1.5     
t10  2.5  2.5     
t11  2.5  2.5    0.5 

t12  2.5  2.5  1.5  2 

t13  2.5  2.5    0.5 

t14  2.5  2.5  0.5  0.5 

t15  2.5  2.5  2  0.5 

t16  2.5  2.5  1  1 

t17  2.5  2.5  2.5  2.5 

t18  2.5  2.5  2.5  2.5 

t19  2.5  2.5  2.5  2.5 
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Hour   L5 (MW)  L6 (MW)  L7 (MW)  L8 (MW) 

t20  2.5  2.5  2.5  2.5 

t21  2.5  2.5  2.5  2.5 

t22  2.5  2.5  2.5  2.5 

t23  2.5  2.5  2.5  2.5 

t24  2.5  1  2.5  2.5 

 

Table B-15  Demand bus 3 

  
L9 

(MW) 
L10 
(MW) 

L11 
(MW) 

L12 
(MW) 

L13 
(MW) 

L14 
(MW) 

L15 
(MW) 

L16 
(MW) 

t1                 
t2                 
t3                 
t4                 
t5                 
t6                 
t7                 
t8  7.5        5.25       
t9  17.5  10  10    16.50  11.25  11.25   
t10  17.5  17.5  17.5  17.5  17.5  17.5 

t11  17.5  17.5  17.5  17.5  17.5  17.5 

t12  17.5  17.5  17.5    17.5  17.5  17.5  3.75 

t13  17.5  17.5  17.5    17.5  17.5  6.25   
t14  17.5  17.5  17.5    17.5  17.5  17.5   
t15  17.5  17.5  17.5    17.5  17.5  17.5   
t16  17.5  17.5  17.5  0.5  17.5  17.5  17.5  6.25 

t17  17.5  17.5  17.5  10.5  17.5  17.5  17.5  17.5 

t18  17.5  17.5  17.5  17.5  17.5  17.5  17.5  17.5 

t19  17.5  17.5  17.5  17.5  17.5  17.5  17.5  17.5 

t20  17.5  17.5  17.5  17.5  17.5  17.5  17.5  17.5 

t21  17.5  17.5  17.5  17.5  17.5  17.5  17.5  17.5 

t22  17.5  17.5  17.5  17.5  17.5  17.5  17.5  17.5 

t23  17.5  17.5  17.5  17.5  17.5  17.5  17.5  17.5 

t24  17.5  17.5  7.5  9  17.5  17.5  6.25  17.5 

 

Table B-16  Demand bus 4 

  
L17 
(MW) 

L18 
(MW) 

L19 
(MW) 

L20 
(MW) 

L21 
(MW) 

L22 
(MW) 

L23 
(MW) 

L24 
(MW) 

t1  37.5  37.5  37.5  37.5  37.5  37.5  37.5  37.5 

t2  37.5  37.5  37.5  37.5  37.5  37.5  37.5  37.5 

t3  37.5  37.5  37.5  37.5  37.5  37.5  37.5  37.5 
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L17 
(MW) 

L18 
(MW) 

L19 
(MW) 

L20 
(MW) 

L21 
(MW) 

L22 
(MW) 

L23 
(MW) 

L24 
(MW) 

t4  37.5  37.5  37.5  37.5  37.5  37.5  37.5  37.5 

t5  37.5  37.5  37.5  37.5  37.5  37.5  37.5  37.5 

t6  37.5  37.5  37.5  37.5  37.5  37.5  37.5  37.5 

t7  37.5  37.5  37.5  37.5  37.5  37.5  37.5  37.5 

t8  37.5  37.5  37.5  37.5  37.5  37.5  37.5  37.5 

t9  37.5  37.5  37.5  12.5  37.5  37.5  37.5  27.5 

t1
0  37.5  37.5  37.5  2.5  37.5  37.5  37.5  5 

t1
1  37.5  37.5  37.5  2.5  37.5  37.5  37.5  27.17 

t1
2  37.5  37.5  37.5  2.5  37.5  37.5  37.5  15 

t1
3  37.5  37.5  12.5  2.5  37.5  37.5  37.5  5 

t1
4  37.5  37.5  37.5  5  37.5  37.5  37.5  27.5 

t1
5  37.5  37.5  37.5  5  37.5  37.5  37.5  32.5 

t1
6  37.5  37.5  37.5  5  37.5  37.5  37.5  25.26 

t1
7  37.5  37.5  31.01  5  37.5  37.5  37.5  10 

t1
8  37.5  37.5  26.24  5  37.5  37.5  37.5  10 

t1
9  37.5  37.5  21.14  5  37.5  37.5  37.5  10 

t2
0  37.5  37.5  18.17  5  37.5  37.5  37.5  10 

t2
1  37.5  37.5  14.61  5  37.5  37.5  37.5  10 

t2
2  37.5  37.5  37.5  2.5  37.5  37.5  37.5  5 

t2
3  37.5  37.5  37.5  2.5  37.5  37.5  37.5  7.60 

t2
4  37.5  12.5  12.5    37.5  15  15   

 

Table B-17  Demand bus 4, continued 

   L25 (MW)  L26 (MW)  L27 (MW)  L28 (MW) 

t1  49.75  49.75  49.75  22.58 

t2  50.00  50.00  50.00  50.00 

t3  50.00  50.00  50.00  50.00 

t4  50.00  50.00  50.00  45.54 
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   L25 (MW)  L26 (MW)  L27 (MW)  L28 (MW) 

t5  50.00  50.00  50.00  44.00 

t6  50.00  50.00  50.00  44.00 

t7  50.00  50.00  50.00  44.00 

t8  50.00  50.00  50.00  32.50 

t9  50.00  50.00  41.86  5.00 

t10  50.00  50.00  41.17  5.00 

t11  50.00  50.00  22.50  5.00 

t12  50.00  50.00  25.25  5.00 

t13  50.00  50.00  5.00  5.00 

t14  50.00  50.00  19.02  10.00 

t15  50.00  50.00  10.34  10.00 

t16  50.00  50.00  10.00  10.00 

t17  50.00  50.00  10.00  10.00 

t18  50.00  50.00  10.00  10.00 

t19  50.00  50.00  10.00  10.00 

t20  50.00  50.00  10.00  10.00 

t21  50.00  50.00  10.00  10.00 

t22  50.00  50.00  6.53  5.00 

t23  50.00  50.00  5.00  5.00 

t24  27.01  22.50 

 

Table B-18  DA market power 

 
Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

1 ‐200.00 ‐200.00 ‐200.00 

2 ‐200.00 ‐200.00 ‐200.00 

3 300.00 0.00 0.00 

4 ‐200.00 ‐200.00 ‐200.00 

5 ‐200.00 ‐200.00 ‐200.00 

6 ‐200.00 ‐200.00 0.00 

7 ‐200.00 0.00 0.00 

8 ‐200.00 0.00 0.00 
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Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

9 ‐200.00 ‐200.00 ‐200.00 

10 ‐200.00 ‐200.00 ‐200.00 

11 ‐200.00 0.00 0.00 

12 300.00 300.00 300.00 

13 300.00 300.00 300.00 

14 300.00 300.00 300.00 

15 300.00 300.00 300.00 

16 300.00 300.00 300.00 

17 300.00 300.00 300.00 

18 300.00 300.00 300.00 

19 300.00 300.00 300.00 

20 300.00 300.00 300.00 

21 300.00 0.00 0.00 

22 300.00 300.00 300.00 

23 300.00 300.00 300.00 

24 300.00 0.00 0.00 

 

Table B-19  RT market power 

 
Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

1 0.00 0.00 0.00 
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Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

2 0.00 0.00 0.00 

3 ‐500.00 ‐200.00 ‐200.00 

4 0.00 0.00 0.00 

5 0.00 0.00 0.00 

6 0.00 0.00 ‐200.00 

7 0.00 ‐200.00 ‐200.00 

8 0.00 ‐200.00 ‐200.00 

9 0.00 0.00 0.00 

10 0.00 0.00 0.00 

11 0.00 ‐200.00 ‐200.00 

12 0.00 0.00 0.00 

13 ‐426.73 ‐424.73 ‐421.10 

14 0.00 ‐500.00 ‐500.00 

15 ‐500.00 ‐500.00 ‐500.00 

16 ‐500.00 ‐500.00 ‐500.00 

17 0.00 ‐500.00 ‐500.00 

18 0.00 0.00 0.00 

19 ‐500.00 ‐500.00 ‐500.00 

20 0.00 0.00 0.00 

21 ‐500.00 ‐200.00 ‐200.00 

22 ‐500.00 ‐500.00 ‐500.00 
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Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

23 0.00 0.00 0.00 

24 0.00 0.00 0.00 

 

Table B-20  Total demand 

 
Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

1 465.93 471.83 471.83 

2 494.18 500.00 500.00 

3 490.00 498.14 500.00 

4 500.00 494.69 495.54 

5 500.00 496.71 494.00 

6 499.27 494.00 494.00 

7 500.00 494.00 494.00 

8 495.25 495.25 495.25 

9 494.36 494.36 494.36 

10 494.00 494.00 494.00 

11 499.71 499.71 499.71 

12 497.62 497.62 497.62 

13 426.37 424.37 420.75 

14 502.52 502.52 502.52 

15 502.84 502.84 502.84 
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Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

16 501.01 501.01 501.01 

17 506.51 506.51 506.51 

18 508.74 508.74 508.74 

19 503.64 503.64 503.64 

20 500.67 500.67 500.67 

21 497.11 497.11 497.11 

22 504.03 504.03 504.03 

23 505.10 505.10 505.10 

24 505.26 305.26 305.26 

 

Table B-21  Total generation 

 
Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

1 265.93 271.83 271.83 

2 294.18 300.00 300.00 

3 290.00 298.14 300.00 

4 300.00 294.69 295.54 

5 300.00 296.71 294.00 

6 299.27 294.00 294.00 

7 300.00 294.00 294.00 

8 295.25 295.25 295.25 
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Deterministic 

(MW) 

Stochastic (no risk) 

(MW) 

Stochastic with risk 

(MW) 

9 294.36 294.36 294.36 

10 294.00 294.00 294.00 

11 299.71 299.71 299.71 

12 297.62 297.62 297.62 

13 299.65 299.65 299.65 

14 302.52 302.52 302.52 

15 302.84 302.84 302.84 

16 301.01 301.01 301.01 

17 306.51 306.51 306.51 

18 308.74 308.74 308.74 

19 303.64 303.64 303.64 

20 300.67 300.67 300.67 

21 297.11 297.11 297.11 

22 304.03 304.03 304.03 

23 305.10 305.10 305.10 

24 305.26 305.26 305.26 

 

Table B-22  Profit 

 Deterministic ($) 
Stochastic (no risk) 

($) 

Stochastic with risk 

($) 

DA market profit 
113,301.00  104,435.00  110,793.00 
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 Deterministic ($) 
Stochastic (no risk) 

($) 

Stochastic with risk 

($) 

Utility and RT Profit 
374732.9  323,152.90  316,735.82 

Total Profit 
488,033.92  427,587.90  427,528.82 
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