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SUMMARY OF THE PROYECT 
This	 thesis	 assesses	 the	 provision	 of	 balancing	 services	 with	 the	 aggregation	 of	 electric	 vehicles	
(EVs).	To	do	so,	 the	behavior	of	an	EV	 fleet	 is	modeled	with	a	deterministic	approach	 for	market	
prices	 to	 determine	 the	 charging	 scheduling	 of	 EVs	 considering:	 the	 day-ahead	 market	 (DAM),	
reserve	market	(RM)	and	balancing	markets	(BM).	

The	 General	 Algebraic	 Modeling	 System	 (GAMS),	 a	 mixed-integer	 linear	 programming	 and	
optimization	software,	is	deployed	to	obtain	the	optimized	charging	schedules	of	EVs	in	the	DAM,	
RM	and	BM.	Input	data,	which	considers	EV	behavior	–connection	availability	and	driving	needs–,	
technical	 features	 –battery	 capacity,	 mínimum	 state	 of	 charge,	 maximum	 rate	 of	 charge	 and	
discharge,	 etc.–	 and	 market	 data	 –prices	 and	 regulatory	 requirements–,	 are	 introduced	 in	 the	
model.	Finally,	the	optimized	results	from	GAMS	are	exported,	managed	and	presented	in	Excel.	

In	 order	 to	 respond	 to	 the	 thesis	 objectives	 different	 case	 studies	 and	 scenarios	 have	 been	
designed.	These	are	the	main	conclusions	extrated	from	the	model	results:		

• Calculate	 the	 value	 of	 reserves	 for	 an	 EV	 fleet.	 The	 participation	 of	 an	 EV	 fleet	 in	 the	 RM	
increase	 the	 income	 obtained	 from	 selling	 reserves	 in	 the	 market	 and	 permits	 that	 EV	
members	 make	 a	 net	 profit	 under	 certain	 market	 circunstances1	 after	 accounting	 for	 he	
charging	costs.	The	value	of	reserves	for	an	EV	fleet	varies	with	the	size	of	the	fleet.	In	fact,	the	
larger	the	EV	fleet	size,	more	reserves	that	EVs	can	offer	and	higher	the	benefit	obtained	from	
it.	The	marginal	benefit	of	aggregation	increases	when	the	EV	fleet	size	 is	small	whereas	the	
marginal	benefit	slowly	restrains	when	it	becomes	larger.	

• Assess	the	minimum	size	of	a	fleet	to	cover	the	minimum	reserve	requirement	to	participate	
in	the	RM.	According	to	the	simulations	carried	out,	 the	minimum	required	reserves,	 in	kW,	
should	not	be	larger	than	150%	of	the	EV	fleet	size.	In	order	to	provide	secondary	reserve	in	
Spain,	where	 10	MW	 is	 the	minimum	 requirement,	 the	 EV	 fleet	 should	 be	 composed	 by	 at	
least	6.700	EVs.	

• Assess	the	vehicle	to	grid	(V2G)	value	of	aggregation	in	DAM,	RM	and	BM.	V2G	together	with	
the	direct	participation	in	the	wholesale	market	can	achieve	very	relevant	saving	with	respect	
to	only	grid-to-vehicle	(G2V).	Only	considering	the	DAM,	V2G	could	attain	a	saving	of	39%	of	
G2V	 costs.	 For	 EVs	 it	 may	 be	 very	 interesting,	 if	 regulation	 permits	 so,	 to	 provide	 only	
downward	reserves	as,	indeed,	that	would	mean	offering	storage	capacity	and	even	charging	
EVs	for	lower	prices	if	finally	they	are	dispatched.	However,	these	results	are	very	sensible	to	
market	prices	and	regulation.	

• Analyze	the	effect	of	imbalance	prices:	Dual	price/Single	price.	With	single	imbalance	prices	
the	average	daily	benefit	is	almost	2	times	greater	than	with	dual	ones.	Single	imbalance	cost	
only	reduces	15%	the	daily	benefit	from	RM	whereas	dual	pricing	almost	55%;	in	other	words,	
dual	imbalance	costs	are	almost	4	times	larger	than	with	single	imbalance	prices.	

• Assess	 the	 impact	 of	 different	 regulatory	 regimes	 for	 the	 provision	 of	 reserves	 by	 EVs.	
According	 to	 the	 results	 extracted,	 the	 relation	 established	 between	 the	 upward	 and	
downward	reserve,	which	may	vary	 in	 function	of	 the	 regulatory	 regime,	could	significantly	
affect	the	economical	performance	of	EVs	not	only	in	the	RM	but	also	in	the	BM.	On	the	
other	 hand,	 it	 has	 been	 demonstrated	 that	 with	 no	 restriction	 between	 the	 upward	 and	
downward	reserve	that	must	be	provided	to	participate	in	the	RM	the	incomes	in	this	market	
can	increase	almost	a	20%	but	balancing	costs	are	also	much	more	bigger	in	those	cases.	

																																																													
1	 An	 fleet	 of	 200	 EVs	 and	 considering	 purchasing	 and	 selling	wholesale	 prices	 in	 Spain	 (2015)	 for	 the	
DAM	and	dual	imbalance	prices	also	in	Spain	(2015)	for	the	BM.		
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RESUMEN DEL PROYECTO	
Este	proyecto	evalúa	la	prestación	de	servicios	de	balance	y	de	reserva	por	medio	de	la	agregación	de	
vehículos	eléctricos	(VEs).	Para	ello,	se	modela	y	simula	el	comportamiento	una	flota	de	VEs,	por	medio	
de	un	analísis	 determinista	de	 los	precios	de	 los	mercado,	para	determinar	 la	programación	de	 carga	
teniendo	 en	 cuenta:	 el	mercado	 diario	 (MD),	 el	mercado	 de	 reserva	 (MdR)	 y	 el	mercado	 de	 balance	
(MdB).	

Se	 utiliza	 el	 Sistema	 General	 Algebraico	 de	 Modelado	 (GAMS),	 un	 programa	 de	 optimización	 lineal	
entera	mixta,	para	obtener	el	programa	optimizado	de	carga	y	descarga	de	los	vehículos	eléctricos	en	el	
MD,	MdR	y	MdB.	Como	datos	de	entrada	se	consideran	el	comportamiento	de	 los	VEs	–conexión	a	 la	
red	y	conducir	de	movilidad–,	características	técnicas	–capacidad	de	la	batería,	mínimo	estado	de	carga,	
capacidad	de	recarga,	etc.	–	datos	de	los	mercados	–precios	y	requisitos	regulatorios–	y	se	 introducen	
en	 los	 modelos	 de	 GAMS	 utilizando	 macros	 de	 Visual	 Basic.	 Por	 último,	 los	 resultados	 de	 GAMS	 se	
exportan,	gestionen	y	se	representan	en	Excel	de	nuevo.	

Se	han	diseñado	varios	casos	de	estudio	el	fin	de	responder	a	los	objetivos	del	proyecto.	A	continuación	
se	resumen	las	principales	conclusiones	extraídas:		

• Calcular	el	valor	de	las	reservas	para	una	flota	de	VEs.	La	participación	de	una	flota	de	VEs	en	el	
MdR	aumenta	los	beneficios	obtenidos	gracias	a	la	venta	de	reserva	y	permite	que	los	VEs	tengan	
ganancias	 netas	 en	 ciertas	 condiciones1	 de	mercado	 y	 tras	 contabilizar	 los	 costes	 de	 balance.	 El	
valor	de	 las	reservas	para	una	flota	de	VEs	varía	con	el	tamaño	de	ésta.	De	hecho,	cuanto	mayor	
sea	el	 tamaño	de	 la	 flota,	mayor	es	 también	 la	 reserva	diaria	que	 los	VEs	pueden	ofrecer	 y,	por	
tanto,	 el	 beneficio.	 El	 beneficio	marginal	 de	 la	 agregación	 aumenta	 rapidamente	 cuando	ésta	 es	
pequeña,	en	cambio,	conforme	crece	el	tamaño	de	la	flota,	se	va	frenando	el	benefio	marginal	de	
la	agregación.		

• Evaluar	 el	 tamaño	 mínimo	 de	 la	 flota	 de	 VEs	 para	 cubrir	 el	 requisito	 mínimo	 de	 reserva	 y	
participar	en	el	MdR.	Se	observa	un	comportamiento	lineal	entre	el	crecimiento	del	tamaño	de	la	
flota	de	VEs	 y	 el	 del	 requisito	mínimo	de	potencia	para	participar	 en	 la	RM.	De	acuerdo	 con	 las	
simulaciones	realizadas,	las	reservas	mínimas	requeridas,	en	kW,	no	deben	de	ser	superior	al	150	%	
del	 tamaño	 de	 la	 flota	 de	 VEs.	 Por	 ejemplo,	 para	 poder	 proveer	 reserva	 secundaria	 en	 España,	
donde	el	requisito	mínimo	es	de	10	M,	la	flota	debe	de	estar	compuesta	por	al	menos	6.700	VEs.	

• Evaluar	el	valor	del	V2G	(vehicle-to-grid)	en	el	MD,	MdR	y	MdB.	El	V2G,	junto	con	el	acceso	a	los	
precios	del	mercado	mayorista,	permite	conseguir	un	ahorro	de	costes	muy	relevante	con	respecto	
al	G2V.	Considerando	exclusivamente	el	MD,	 se	 logra	alcanzar	un	ahorro	del	39%	 frente	al	G2V.	
Para	 los	 VEs,	 puede	 ser	 muy	 interesante,	 suponiendo	 que	 lo	 permitiera	 la	 regulación,	 poder	
proporcionar	únicamente	reservas	a	bajar,	ya	que	se	cargarían	los	coches	a	unos	precios	más	bajos	
que	 los	 del	 mercado	 diario.	 Sin	 embargo,	 estos	 resultados	 son	 muy	 sensibles	 a	 los	 precios	 del	
mercado	y	a	la	regulación.	

• Analizar	 el	 efecto	 de	 los	 precios	 de	 desvío:	 precio	 doble/	 precio	 único.	 Con	 el	 precio	 único	 de	
desvío	el	beneficio	medio	diario	es	casi	2	veces	mayor	que	con	el	precio	de	desvío	doble.	Los	costes	
únicos	de	desvío	 reducen	un	15%	el	beneficio	diario	procedente	del	MdR	mientras	que	el	doble	
precio	casi	un	55	%.	Es	decir,	los	costes	de	desvío	con	precio	doble	son	casi	4	veces	superiores	a	los	
de	precio	único.	

• Evaluar	el	impacto	de	diferentes	regímenes	regulatorios	para	la	provisión	de	reservas	por	parte	
de	VEs.	Conforme	a	los	resultados,	la	relación	establecida	por	la	regulación	entre	la	reserva	a	subir	
y	a	bajar,	podría	afectar	 significativamente	al	 rendimiento	económico	de	 los	VEs	en	el	MdR.	Por	
otro	lado,	se	ha	demostrado	que	sin	una	restricción	acerca	de	la	relación	entre	la	reserva	a	subir	y	
a	bajar	para	participar	en	el	MdR	los	ingresos	en	este	mercado	pueden	aumentar	casi	un	20%	pero,	
en	cambio,	los	costes	de	desvío	son	aún	mayores	que	dicho	beneficio.	

																																																													
1	Una	flota	de	200	VEs	considerando	los	precios	de	compra	y	de	venta	del	mercado	mayorista	en	España	
(2015)	para	el	MD	y	precios	dobles	de	desvío	también	de	España	(2015)	para	el	MdB.	
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Chapter	1: Introduction	
	

1.1. Context	

The	Electric	Vehicle	(EV)	is	called	to	become	one	of	the	biggest	technological	achievements	of	
humanity	of	the	last	century.		

Transportation	has	been	evolving	 since	 the	beginning	of	human	existence.	 Firstly,	 it	was	 the	
discovery	 of	 the	 wheel,	 then,	 animal-drawn	 wheeled	 vehicles	 and	 afterwards	 the	 Roman	
Empire	developed	and	extended	roads.	 It	was	at	end	of	the	18th	century	and	during	the	First	
Industrial	 Revolution,	 that	 the	 first	 steam	 machine	 appeared	 and	 then	 followed	 the	 rail	
transport	 systems.	 Also	 at	 that	 time,	 thanks	 to	 the	 discovery	 of	 hydrogen	 gas,	 the	 first	
hydrogen	balloons	were	 invented.	A	 little	bit	 later,	 after	 several	attempts,	 in	1886	Karl	Benz	
created	the	first	gasoline-powered	vehicle.	Henry	Ford,	introducing	the	assembly	line	concept,	
started	mass	production	in	the	first	decades	of	the	20th	century.	Since	so,	as	like	as	sea,	air	and	
land	transportation,	car	industry	has	not	stopped	innovating.				

Right	 now,	 as	 batteries	 development	 keeps	 progressing	 and	 thus	 vehicles	 performance,	 EVs	
sales	 are	 expected	 to	 continue	 growing	 in	 the	 following	 years.	 They	 have	 already	 increased	
considerably	in	the	last	4	years,	as	shown	in	Figure	1.	

	

Figure	1.	Global	EV	sales.	[1]	

The	 Electric	 Vehicles	 Initiative	 (EVI),	 a	 multi-government	 policy	 forum	 dedicated	 to	
accelerating	the	introduction	of	electric	vehicles	worldwide,	sets	by	2020	a	target	of	20	million	
EVs	on	road.		
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Figure	2.	EV	deployment	and	EVI	targets	[2]	

As	EV	penetration	will	not	but	continue	increasing	in	the	next	years,	lots	of	works	have	focused	
on	the	wide	range	of	services	that	aggregation	of	EVs	could	provide	to	the	network	and	power	
utilities,	 i.e.	 peak	 shaving,	 valley	 filling,	 storage	 and	 ancillary	 services.	 All	 of	 this	 settles	
aggregators	 in	 the	 spotlight	 of	 countless	 research	 studies,	 papers,	 thesis,	 energy	bodies	 and	
companies.		

The	European	Commission’s	Directive	2009/28/EC	established	a	mandatory	national	target	of	a	
20%	 share	 of	 RES-E	 in	 final	 energy	 consumption.	 This	 legislation	 has	 already	 caused	 a	
significant	 penetration	 of	 wind	 power.	 A	 substantial	 increase	 of	 wind	 power	 in	 the	 overall	
generation	 portfolio	 requires	 more	 effort	 to	 balance	 the	 electricity	 systems	 due	 to	 the	
variability	and	limited	predictability	of	wind	power	[3].	

This	thesis	assesses	the	provision	of	balancing	services	with	the	aggregation	of	EVs.	The	focus	
is	 on	 the	 value	 of	 aggregated	 smart	 charging	 of	 EVs	 considering	 both	 energy	 injections	 and	
withdrawals	 from	 the	 grid	 and	 the	 participation	 in	 the	 day-ahead	 (DAM),	 reserve	 (RM)	 and	
balancing	markets	(BM).		

Aggregation	 benefits	 in	 the	 balancing	 market	 (BM)	 are	 always	 equal	 or	 higher	 than	 the	
charging	strategy	without	any	aggregator	[4].	This	stands	by	the	fact	that	when	charging	each	
vehicle	 independently	 without	 any	market	 signals,	 there	 is	 no	 chance	 to	 compensate	 other	
imbalances	and	hence	this	results	much	more	inefficient	for	the	client	or	for	the	whole	system.	

Indeed,	 the	 larger	 the	 size	 of	 the	 aggregator’s	 fleet,	 the	 larger	 the	 associate	 aggregation	
benefit	as	that	diminishes	imbalance	costs	[5]	due	to	netting	of	energy	imbalances.	

Finally,	 in	the	last	years	the	greenhouse	effect	and	climate	change	issue,	already	proved	by	a	
large	number	of	scientific	works,	placing	renewable	energies	and	EVs	in	a	key	strategic	position	
towards	the	handle	of	this	very	serious	worldwide	problem.		

According	to	the	International	Energy	Agency	(IEA),	about	25%	of	worldwide	CO2	emissions	are	
attributable	to	transport	[6].	In	fact,	cars	and	trucks	generate	three	quarters	of	these	transport	
emissions	as	it	is	shown	at	Figure	3	(road	freight	and	road	passenger).		
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Several	 studies	 reflect	 that	 energy	 use	 in	 transport	may	double	 by	 2050,	which	 implies	 that	
urgent	and	effective	policies	must	be	taken	in	place	in	order	to	hold	off	this	enormous	threat	
for	environment	and	humanity.		

	

Figure	3.	World	transport	energy	use	by	mode,	1971-2006	[6]	

Electric	vehicles,	in	partnership	with	renewable	energies,	have	shown	to	represent	a	powerful	
solution	to	fight	against	this	big	problem.	High	efficiency,	sustainability	and	competiveness	are	
some	of	the	key	factors	of	this	revolutionary	new	milestone	for	transport.		

All	of	 this	economical,	demand-side	 flexibility	and	environmental	benefits	of	electric	vehicles	
aggregation	are	the	main	motivations	of	this	master	thesis.	It	does	not	start	from	scratch	but,	
indeed,	 from	 a	 very	 advantageous	 position	 thanks	 to	 the	 deep	 and	 useful	 work	 of	 Pierre-
Emmanuel	Peslier,	Ilan	Mombers	and	Daniel	de	la	Hera,	my	predecessors	and	colleagues	from	
IIT-Comillas.	Their	previous	work	is	used	as	the	main	base	and	starting	point	of	this	project,	in	
addition	to	[7],	which	is	the	preliminary	part	of	this	second	master	thesis.		

This	master’s	thesis	is	part	of	the	Utility	of	the	Future	project	(MIT	-	COMILLAS),	which	is	a	joint	
project	 between	 IIT-Comillas	 and	MIT	 seeking	 to	 address	 the	 challenge	 of	 the	 future	 of	 the	
provision	of	electricity	services.		

	

1.2. Motivation	

As	 it	 can	 be	 deduced	 from	 the	 introduction,	 EVs	 aggregation	 in	 partnership	with	 renewable	
energies	 are	 called	 to	 play	 a	 key	 role	 in	 this	 new	 era	 for	 transportation	 and	 electric	 power	
systems.	Therefore,	it	is	a	great	privilege	to	be	able	to	invest	part	of	the	technical	knowledge	
acquired	 along	 these	 years	 of	 intense	 training	 as	 well	 as	 time	 and	 personal	 efforts	 in	 the	
subject.		

In	 general,	 EVs	 and,	 particularly,	 aggregation	 of	 EVs	 is	 becoming	 a	 very	 trending	 topic.	 The	
integration	of	EVs	 in	 the	electricity	market,	 taking	 into	account	 the	 large	set	of	 services	 that	
they	 could	provide,	 on	one	hand,	 to	 consumers	 and,	 also,	 to	 the	electric	 system	as	 a	whole	
(ancillary	 services,	 demand	 peak	 shaving,	 etc.),	 is	 a	 great	 challenge	 and	 really	 worth	 of	
tremendous	research.	
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As	already	mentioned,	the	penetration	of	renewables	such	as	solar	or	wind	power	demands	a	
higher	 support	 from	balancing	and	ancillary	 services.	 Large	EV	 fleets	could	play	a	key	 role	 in	
this	 issue	 working	 as	 backup	 batteries	 for	 the	 system.	 To	 do	 so,	 it	 is	 needed	 an	 efficient	
management	of	data	as	well	as	powerful	forecasting	model	and	R&D.			

In	a	previous	 thesis	 to	 this	work,	 it	 is	demonstrated	 that	under	a	deterministic	approach	 for	
market	prices	and	EVs	behavior	there	is	 little	margin	of	 improvement	from	EV	aggregation	in	
regards	with	individual	smart	charging	[7].	However,	in	that	analysis	the	provision	of	ancillary	
reserves	by	the	EV	fleet	was	not	contemplated.	Therefore,	it	would	be	interesting	to	compare	
those	results	with	the	performance	of	an	EV	fleet	participating	in	the	RM.	

As	 Peslier	 states	 at	 [4],	 aggregation	 benefits	 in	 the	BM	are	 always	 equal	 or	 higher	 than	 the	
charging	strategy	without	any	aggregator.	Furthermore,	this	benefit	increases	with	the	size	of	
the	 aggregator’s	 fleet.	 Also	 in	 [7]	 is	 observed	 that	 the	 saturation	 limit	 of	 aggregation	 is	
achieved	quite	 soon:	 increasing	 the	 fleet	 size	above	100	EVs	does	not	 imply	necessarily	new	
benefits	 apart	 from,	 in	 some	 cases,	 improving	 demand	 forecasting,	 developping	 more	
advanced	models	and	resources	of	optimization,	etc.	On	the	other	hand,	in	order	to	be	able	to	
participate	 in	 the	 RM,	 regulation	 requires	 that	 agents	 or	 generators	 provide	 a	 minimum	
amount	of	upward	or	downward	 reserves.	 This	minimum	 requirement	 can	 clearly	become	a	
barrier	for	aggregators	if	EV	fleets	do	not	reach	a	considerable	size	that	permits	them	to	offer	
such	upward	or	downward	power.	In	addition,	it	would	also	be	interesting	to	analyze	how	this	
minimum	affects	 to	EV	performance	and	what	 is	 the	value	of	 reserves	 in	 function	of	 the	EV	
fleet	size.	

Whenever	arbitrage	between	markets	–DAM	and	BM	for	instance–	or	between	different	hours	
of	 the	day	 is	economically	worthy,	 it	has	been	shown	 that	giving	access	 to	EVs	 to	wholesale	
purchasing	and	selling	prices,	it	is	possible	to	reach	very	relevant	saving	costs	through	V2G	in	
comparison	with	only	G2V	 [7].	Now,	V2G	offers	 in	addition	 the	possibility	of	participating	 in	
the	RM	so,	a	priori,	this	benefit	should	increase	even	more.		

Single	imbalance	pricing	will	always	result	more	economical	than	dual	pricing	for	EVs	charging	
strategies	 [7].	Combining	access	 to	wholesale	market	prices,	 reserve	participation	and	 single	
imbalance	prices,	there	may	not	be	a	more	favorable	scenario	for	the	aggregation	of	EVs.				

Finally,	as	already	said,	there	are	key	issues,	such	as	price,	regulation,	etc.,	whose	variation	is	
crucial	for	the	viability	of	aggregation	of	EVs.	Developing	a	model	that	assesses	the	sensibility	
of	EV	aggregation	to	these	variables	is	also	one	of	the	main	motivations	of	this	work.	

	

	

	



UNIVERSIDAD PONTIFICIA DE COMILLAS 

 ESCUELA TÉCNICA SUPERIOR DE INGENIERÍA (ICAI) 

 MASTER IN THE ELECTRIC POWER INDUSTRY 

 

	 5	

1.3. Thesis	objectives	

As	 already	 stated,	 the	main	 objective	 of	 this	 project	 is	 assessing	 the	 provision	 of	 balancing	
services	 with	 the	 aggregation	 of	 electric	 vehicles	 (EVs),	 scheduling	 the	 charging	 of	 EVs	 as	
flexible	loads	in	a	collective	way.		

To	do	so,	and	 taking	 into	account	 the	mentioned	motivations	 for	carrying	out	 this	work,	 the	
following	objectives	are	set:	

• Calculate	the	value	of	reserves	for	an	EV	fleet	

• Assess	 the	 minimum	 size	 of	 a	 fleet	 to	 cover	 the	 minimum	 reserve	 requirement	 to	
participate	in	the	RM		

• Assess	the	V2G	value	of	aggregation	in	DAM,	RM	and	BM	

• Analyze	the	effect	of	imbalance	prices:	Dual	price/Single	price	

• Assess	the	impact	of	different	regulatory	regimes	for	the	provision	of	reserves	by	EVs	

	

1.4. Approach	

The	 behavior	 of	 an	 EV	 fleet	 is	 modeled	 with	 a	 deterministic	 approach	 for	market	 prices	 to	
determine	the	charging	scheduling	of	EVs	considering:	 the	day-ahead	market	 (DAM),	 reserve	
market	(RM)	and	balancing	markets	(BM).	

In	Figure	4	the	interaction	among	inputs	and	outputs	of	the	model	is	shown.	

	

	

	

Figure	4.	Input	&	output	scheme	of	the	reference	model.	

Excel	 and	macros	 programmed	 at	 Visual	 Basic	 are	 used	 as	 interface	 to	 introduce	 the	model	
inputs	and	run	simulations.		

In	 a	 second	 step,	 the	 General	 Algebraic	 Modeling	 System	 (GAMS),	 a	 mixed-integer	 linear	
programming	 and	 optimization	 software	 widely	 expanded	 for	 economic	 modeling,	 receives	
input	data	from	Excel	and	solves	the	optimization	problem.		

Inputs	
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-	Balancing	market	
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Finally,	results	are	exported,	managed	and	presented	through	Excel	again.		

	

1.5.	 Document	organization	

This	document	is	organized	in	7	chapters,	each	of	them	contributing	to	the	research	objectives.	

The	first	chapter	presents	the	context	of	this	master	thesis,	the	motivation,	objectives	and	the	
overall	methodology	followed.	

Chapter	 2,	 containing	 the	 state	 of	 the	 art,	will	 provide	 the	 necessary	 backround	 for	 a	 good	
understanding	of	the	work	conducted:	general	conceptual	ideas	and	key	figures.	

Chapter	 3	 focuses	 on	 the	 explanation,	 methodology	 and	 development	 of	 the	 model.	 It	
describes	 in	 detail	 each	 of	 the	 steps	 followed	 for	 the	 achievement	 of	 the	 thesis	 objectives.	
Firstly,	 the	general	assumption	and	 the	global	process	are	exposed.	Then,	 it	 is	explained	 the	
DAM	 and	 RM	 model,	 describing	 the	 inputs,	 outputs	 and	 mathematical	 formulation.	
Afterwards,	it	is	presented	the	deviation	model	designed	to	simulate	the	unforeseen	changes	
in	 the	preliminary	 schedule.	 Finally	 the	balancing	model	 is	 expounded,	 including	 also	 all	 the	
details	regarding	inputs,	outputs	and	mathematical	formulation.	

Chapter	 4	 is	 composed	 of	 five	 case	 studies	 that	 have	 been	 elaborated	 with	 the	 aim	 of	
responding	to	the	thesis	objectives:	value	of	reserves	for	an	EV	fleet,	minimum	size	of	the	fleet	
to	 cover	 the	minimum	 requirement	 of	 reserve	 to	 participate	 in	 the	 RM,	 impact	 of	 different	
regulatory	regimes	for	the	provision	of	reserves	by	EVs,	V2G	value	of	aggregation	in	DAM,	RM	
and	BM	and	the	effect	of	imbalance	prices:	dual	price/single	price.	

Chapter	 5	 summarises	 the	 conclusions	 from	 the	 case	 studies	 in	 response	 to	 the	 work	
objectives.	At	the	end,	a	set	of	proposals	is	presented	as	future	work.	

Chapter	6	collects	the	references	used	all	along	the	development	of	the	work.	

Chapter	 7	 contains	 two	 appendixes	 that	may	 illustrate	 the	 reader	 to	 better	 understand	 the	
operation	of	the	model.		
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Chapter	2: State	of	the	art	and	EV	General	framework	
	

2.1 Introduction	

Electric	 Vehicles	 (EVs)	 are	 distributed	 energy	 resources	 that	 contrary	 to	 other	 distributed	
technology	 developments	 at	 distribution	 networks,	 would	 increase	 energy	 electricity	
consumption.	 The	 penetration	 of	 EVs	 would	 depend	 on	 a	 large	 number	 of	 factors	 such	 as	
climate	 and	 energy	 policies,	 oil	 prices,	 technology	 development,	 specific	 incentives	 for	 EVs	
(e.g.	direct	economic	incentives,	parking	subsidies),	among	other	factors.	

The	 Electric	 Vehicles	 (EVs)	market	 is	 currently	 undergoing	 a	 period	of	 transformation	 as	 the	
segment	graduates	from	a	niche	into	a	major	part	of	the	automotive	industry.	For	example,	in	
the	 2016	 model	 year,	 consumers	 will	 be	 able	 to	 choose	 from	 around	 seven	 different	 EVs	
models.	

The	term	EVs	is	used	to	define	a	diverse	array	of	vehicles	on	the	market.	Although	often	cast	
with	the	same	stroke	of	conventional	hybrid	vehicles,	what	sets	the	two	apart	is	that	EVs	must	
use	stored	energy	furnished	from	an	external	(not	on-board)	source	for	at	least	a	portion	of	its	
operation	[8].	Conventional	hybrids	can	only	be	recharged	through	energy	produced	on-board,	
either	from	the	Internal	Combustion	Engine	(ICE)	itself	or	through	regenerative	braking.				

EVs	are	 likely	 to	play	an	 important	 role	 in	 the	coming	 future.	Along	with	 reducing	emissions	
and	 fostering	 energy	 efficiency	 to	 meet	 decarbonisation	 objectives	 of	 our	 society,	 EVs	 will	
strongly	interact	with	power	systems	and	reduce	their	impact	on	the	system	through	advanced	
economic	signals	and	charging	controls.	In	a	further	step	of	development,	apart	from	yielding	
environmental	benefits,	advance	developments	in	EVs	technology	could	even	provide	services	
to	power	systems	while	complying	with	the	mobility	needs	of	EVs	owner.	Among	the	different	
services	that	EVs	could	provide,	balancing	and	ancillary	services	have	been	put	forward;	new	
actors	 such	 charging	 aggregators	 or	 advanced	 control	 system	 would	 manage	 the	 charging	
scheduling	of	 EVs	 taking	 into	 account	 the	 information	 regarding	 EVs	owners’	mobility	 needs	
and	connection	schedule	to	the	grid.	

 Drivers	for	EVs	Development	2.1.1

The	mitigation	of	climate	change	and	development	of	alternative	energy	sources	to	fossil	fuels	
have	become	one	of	 the	 greatest	 challenges	 for	 humanity	 in	 recent	 years.	Different	 policies	
have	been	already	adopted	worldwide.	One	of	the	most	recent	progresses	to	overcome	these	
challenge	was	 the	 historical	 agreement	 of	 the	 Paris	 Climate	 Conference	 (COP21)	where	 195	
countries	 adopted	 a	 legally	 binding	 global	 climate	 deal.	 This	 agreement	 expects	 to	 limit	 an	
increase	 of	 global	 temperature	 above	 2°C	 in	 the	 long-term.	 Before	 this	 agreement,	 regions	
such	 as	 the	 European	 Union	 had	 strong	 climate	 and	 energy	 policies	 in	 place.	 In	 the	 2020	
horizon,	the	European	Directive	2009/28/EC	[9]	established	mandatory	national	targets	of	20%	
of	energy	consumption	from	renewable	sources,	a	20%	reduction	of	greenhouse	gas	emissions	
from	1990	levels	and	20%	headline	target	on	energy	efficiency.	For	the	2030	horizon,	the	EU	
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has	 agreed	 on	more	 ambitious	 targets	which	 includes:	 reduction	 of	 40%	 of	 greenhouse	 gas	
emissions,	27%	of	RES-E,	27%	of	energy	efficiency,	with	a	possibility	to	increase	it	to	30%	[10].	

The	transportation	sector	was	responsible	of	24.3%	of	the	greenhouse	gas	emissions	in	the	EU	
in	2012	[11]	and	27%	in	US	in	2013	[12],	being	in	both	regions	the	second	largest	contributor	
sector	of	 total	 greenhouse	 gas	 emissions,	 after	 the	energy	 sector.	Within	 the	 transportation	
sector,	road	transportation	accounts	for	almost	three-quarters	are	road	transport	[11].	

Besides	greenhouse	gas	emissions,	there	are	other	local	pollutants	that	are	caused	mainly	by	
road	 transportations	 such	 as	 NOx,	 CO,	 non-methane	 volatile	 organic	 compounds,	 lead	
emissions,	among	others	[13].	These	pollutants	have	negative	impacts	on	climate,	ecosystems	
as	well	as	human	health.		

The	potential	benefits	of	EVs	are	diverse,	for	instance,	EVs	are	more	efficient	than	ICE	and	less	
polluting.	 Indeed,	 electric	 motor	 are	 between	 80%	 and	 85%	 more	 efficient	 than	 an	 ICE.	
According	to	the	US	Department	of	Energy	[14],	only	between	14%	and	30%	of	the	fuel	is	put	
to	use	for	moving	the	vehicle,	the	rest	being	lost	mainly	due	to	inefficiencies	of	the	engine	and	
the	drivetrain.	Diesel	engines	are	doing	a	bit	better	with	a	23%	average	but	still	far	worse	than	
electric	motors.	Indeed,	still	according	to	the	US	Department	of	Energy	[15],	the	efficiency	of	
electric	 vehicles	 is	 between	59%	and	62%	 (electricity	 to	wheels	 power).	With	 respect	 to	 the	
impact	 on	 emissions,	 it	 would	 significantly	 depend	 on	 the	 generation	 mix	 as	 EVs	 may	 be	
moving	emissions	from	tailpipes	to	electricity	plants.	Back	in	2008,	WWF	published	a	life	cycle	
analysis	of	electric	vehicles	versus	 ICE	vehicles	[16],	 the	conclusion	of	that	study	was	already	
that	 “even	 based	 on	 today’s	 relatively	 carbon-intensive	 energy	 mix,	 the	 electrification	 of	
automotive	 transport	 can	 deliver	 an	 immediate	 reduction	 of	 greenhouse	 gases,	 an	
improvement	 in	 urban	 air	 quality	 and	 noise	 levels,	 and	 significantly	 lower	 operating	 costs.”		
Since	then,	the	power	sector	is	becoming	greener	and	greener,	and	thus	the	impact	of	EVs	on	
emissions	will	come	greater.		

As	 cars	are	parked	most	of	 the	 time,	electric	 vehicles	 can	potentially	become	a	 flexible	 load	
which	can	be	controlled	and	changed	whenever	is	more	convenient	for	the	system.	In	this	way,	
EVs	can	contribute	to	the	integration	of	intermittent	renewable	energy	resources,	such	as	solar	
PV	[17]	or	wind	power	[18].		

 Main	EVs	Challenges		2.1.2

Electric	vehicles	are	still	an	immature	technology	with	some	shortcomings,	the	main	one	being	
batteries:	 technology	 costs,	 charging	 time	 and	batteries	 life	 duration.	Hydrocarbon	 fuels	 are	
much	more	energy	dense	than	the	better	batteries	developed	and	a	tank	can	be	filled	almost	
instantly.	Currently,	the	best	Tesla’s	electric	cars	can	handle	around	450	km	autonomy	which	is	
not	bad	despite	the	longer	charging	time	than	using	fuel.	An	interesting	statistic	delivered	by	
Eurostat	revealed	that	Europeans	do	an	average	of	30km	to	40km	per	day	across	all	modes	of	
transport.	This	survey	 is	thus	demonstrating	that	most	of	the	mobility	requirements	for	daily	
transportation	needs	are	perfectly	achievable	with	electric	vehicles.		
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The	development	of	 charging	 infrastructure	 is	 a	 key	enabler	 for	EVs	deployment	and	 lack	of	
charging	points	is	a	barrier	for	EVs	adoption.	This	infrastructure	is	required	in	places	where	EVs	
are	parked:	buildings,	public	parking,	as	well	as	charging	stations	on	roads.		

Low	oil	prices	are	one	of	the	main	barriers	for	EVs	deployment	as	the	opportunity	costs	of	EVs	
increases.	Oil	prices	are	also	one	of	 the	main	 sources	of	uncertainties	as	 it	delays	 consumer	
adoption	as	well	as	manufacturers	investments.	

 History	of	EV	Technology	Advancement	[19]	2.1.3

Modern	 EVs	 can	 be	 considered	 to	 start	 in	 1996,	 EVs	 began	 to	 make	 their	 return	 to	 the	
mainstream	market	when	General	Motors	released	the	EV1.	It	quickly	gained	a	cult	following	
among	people	looking	for	environmentally	friendly	and	economical	forms	of	transport.	While	
the	EV1	did	not	have	long-term	success,	it	did	not	deter	companies	from	trying	new	alternative	
energy	methods.	 In	 2000,	 Toyota	 released	 the	 Prius	 worldwide.	 It	 became	 the	 world’s	 first	
mass	produced	hybrid	electric	vehicle.	Tesla	was	created	in	2006	and	announced	its	intent	to	
improve	 electric	 vehicles.	 Their	 success	 motivated	 other	 companies	 to	 move	 forward	 with	
electric	vehicle	research	and	production	to	avoid	missing	out	on	a	new	market.	Between	2009	
and	 2013,	 the	 US	 Department	 of	 Energy	 began	 investing	 in	 a	 nationwide	 charging	
infrastructure	 for	 EVs	 in	 order	 to	 make	 them	 a	 more	 viable	 product	 for	 the	 mainstream	
consumer.	 In	 2010,	 GM	 released	 the	 Chevy	 Volt,	 a	 new	 plug	 in	 electric	 vehicle.	 Around	 the	
same	time,	Nissan	released	the	Nissan	LEAF,	an	all-electric	EV	that	quickly	gained	popularity.	In	
2013,	some	more	of	the	investments	made	by	the	Department	of	Energy	began	to	pay	off	and	
the	 price	 of	 EV	 batteries	 began	 to	 decrease.	 There	 are	 currently	 23	 plug	 in	 vehicles	 and	 36	
hybrid	vehicles	available	for	consumers	[20].	

 Types	of	Plug-in	Electric	Vehicles	2.1.4

The	types	of	EVs	are	further	distinguished	by	the	presence	of	absence	of	an	on-board	power	
source	 in	the	form	of	an	 internal	combustion	engine	(ICE).	 	The	United	States	Environmental	
Protection	 Agency	 (EPA)	 defines	 two	 categories	 of	 EVs:	 Battery	 Electric	 Vehicles	 (BEVs)	 and	
Plug-In	Hybrid	Electric	Vehicles	(PHEVs).		

 Battery	Electric	Vehicles	(BEVs)	2.1.4.1

BEV’s,	often	marketed	as	“pure	electric	vehicles”,	are	vehicles	that	only	use	potential	energy	
stored	in	a	battery	for	propulsion.	The	propulsion	system	and	drivetrain	of	these	vehicles	are	
fully	 electric.	Additionally,	 BEVs	do	not	use	 range-extenders	 such	 as	 an	on-board	 ICE	or	 fuel	
cells	to	recharge	their	own	batteries	[8].		

 Plug-In	Hybrid	Electric	Vehicles	2.1.4.2

These	vehicles	use	a	battery	in	conjunction	with	an	internal	combustion	engine	(or	fuel	cell)	for	
operation.	This	category	 is	 further	divided	into	two	strata:	Extended	Range	E.V.s	(EREVs)	and	
Parallel	PHEVs	[8].	
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 	Parallel	and	Series	Drivetrains	 2.1.4.3

The	 subset	 of	 Plug-In	 Hybrid	 Electric	 Vehicles	 is	 further	 divided	 on	 the	 basis	 of	 the	 type	 of	
drivetrain	 in	 the	 vehicle.	 The	 two	 categories	 are	denoted	 as	 Parallel	Hybrid	 Electric	Vehicles	
(PHEVs)	and	Extended	Range	Electric	Vehicles	(EREVs)	[21].	

 Parallel	Hybrid	Electric	Vehicles	(PHEVs)	2.1.4.4

Parallel	drivetrains	use	an	electric	motor	in	conjunction	with	an	internal	combustion	engine	to	
convey	 the	 vehicle.	 	 That	 is,	 both	 an	 ICE	 and	 an	 electric	 motor	 propel	 the	 vehicle.		
Manufactures	 have	 developed	 numerous	 parallel	 configurations	 with	 multiple	 modes	 of	
operation	 [21].	 On	 some	 vehicles	 such	 as	 the	 Prius	 Plug-In	 Hybrid,	 a	 clutch	 assembly	 and	 a	
system	of	planetary	gears	is	used	to	mate	the	electrical	and	mechanical	drivetrains.	On	other	
vehicles,	 such	as	 the	BMW	 i8,	 an	electric	motor	 is	used	 to	drive	 the	 front	 transaxle,	while	 a	
conventional	ICE-transmission	assembly	is	used	to	propel	the	aft	transaxle	[22].	

 Extended	Range	Electric	Vehicles	(EREVs)	2.1.4.5

Extended	Range	Electric	Vehicles	 like	the	Chevy	Volt,	use	an	 ICE	 in	series	with	a	 fully-electric	
power	conversion	system	and	drivetrain.	In	these	vehicles,	the	on-board	ICE	is	used	solely	as	a	
generator	 to	 recharge	 the	 battery.	 The	 ICE	 exists	 independently	 from	 the	 drivetrain	 of	 the	
vehicle,	and	the	vehicle	is	only	propelled	by	a	system	of	electric	motors	[21].	

Plug-in	Electric	Vehicles	(PEVs):		

Plug-in	 electric	 vehicles	 (PEVs)	 are	 defined	 as	 vehicles	 that	 use	 energy	 collected	 and	
stored	from	an	external	electrical	source	for	a	portion	of	its	operation.		

	

Battery	 Electric	
Vehicles:	

	

Vehicles	 that	 do	 not	
have	 an	 onboard	 ICE	
and	 use	 energy	
stored	in	a	battery	as	
the	 sole	 source	 of	
kinetic	energy.		

	

Plug-in	Hybrid	Electric	Vehicles:	

These	 vehicles	 use	 a	 battery	 in	 conjunction	 with	 an	 internal	
combustion	 engine	 (or	 fuel	 cell)	 for	 operation.	 This	 category	 is	
further	divided	into	two	strata:	Extended	Range	E.V.s	(EREVs)	and	
Parallel	PHEVs.		

EREVs:		These	vehicles	use	an	
on-board	 ICE	 as	 a	 generator	
to	 recharge	 the	 battery.	 The	
ICE	 exists	 independently	
from	 the	 drivetrain	 of	 the	
vehicle.	

Parallel	 PHEVs:	 These	 vehicles	
use	 a	 combination	 of	 an	 ICE	
and	 an	 electric	 motor	 for	
conveyance.				

 

Table	1.	Types	of	PEVS	
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2.2 Technology	development	

The	 type	 of	 battery	 used	 and	 the	 charging	 system	 in	 place	 are	 two	 of	 the	 biggest	 defining	
factors	 for	 an	 EV,	 as	 they	 are	 determinants	 of	 the	 cost	 and	 practicality	 of	 the	 EV.	 Knowing	
where	 the	 technology	 stands	currently	and	what	advances	are	 in	 the	 foreseeable	 future	can	
help	you	to	understand	how	EVs	will	grow	in	market	popularity.		

 

 Batteries	2.2.1

 Lead-acid	Battery	2.2.1.1

Lead-acid	batteries	are	more	common	 in	older	EVs	as	 it	 is	an	older	 technology	and	has	seen	
more	 years	 of	 research.	 They	 are	 very	 cheap	 to	 produce	 and	 were	 previously	 the	 leading	
battery	technology.	One	of	their	main	drawbacks	is	that	discharging	below	50%	could	decrease	
the	battery’s	long-term	lifespan	[23].		

	

 	The	Ultra-Battery	2.2.1.2

The	ultra-battery	combines	a	super	capacitor	with	a	 lead-acid	battery	 to	gain	 the	benefits	of	
both	 devices.	 The	 super	 capacitor	 acts	 as	 buffer	 for	 lead-acid	 battery	 during	 charging	 and	
discharging,	 which	 increases	 power	 and	 lifespan	 of	 battery.	 Current	 tests	 show	 the	 ultra-
battery	has	50%	higher	 charge	and	discharge	power	 than	other	batteries	and	 that	 the	ultra-
battery	lasts	3	times	as	long	as	other	batteries.	

	

 	Lithium-ion	Battery	2.2.1.3

The	lithium	ion	battery	is	commonly	used	in	newer	EVs.	Recent	versions	of	it	charge	faster	and	
have	a	longer	lifespan	than	most	lead-acid	batteries.	A	certain	amount	of	energy	storage	was	
sacrificed	in	order	to	make	these	batteries	safer	for	both	the	consumer	and	the	environment,	
as	there	had	previously	been	issue	with	the	battery’s	propensity	for	flammability	[24].	

	

 	Nickel	Metal	Hydride	Battery		2.2.1.4

The	Nickel	metal	hydride	battery	(NiMH)	is	a	relatively	older	technology.	It	was	created	for	the	
EV1	and	implemented	into	the	second	generation	of	these	cars.	It	has	a	higher	charge	capacity	
than	the	Lead-acid	battery,	weighs	less,	and	typically	has	a	longer	lifespan	[24].	
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Type of 
Battery 

Cost 
($/kWh) 

Weight 

 
Charge 
capacity 

Life cycle 

 Examples in vehicles 

Lead-Acid	 250	
25-50%	of	

vehicle	mass	
(594	kg	in	EV1)	

30-40	
Wh/kg	

3	years	(if	deep	
cycle)	

1st	generation	EV1,	
older	Toyota	RAV4EVs	

Nickel	
metal	
hydride	

350	 (513	kg	in	EV1)	
30-80	
Wh/kg	

Considerably	
longer	than	Lead-

acid*	

2nd	generation	EV1,	
NiMH	RAV4EVs,	Honda	
Civic,	Nissan	Altima	

Lithium	
ion	

200-300	
	

200+	
Wh/kg	

Under	a	few	
thousand	cycles	

Tesla	Roadster,	Tesla	
Model	S,	Chevy	Volt	

Table	2	Battery	Types	Comparison	[25][26]	

	

2.3 Electric	Vehicle	Charging	Aggregators	
The	EV	market	is	currently	split	between	Utility	vs.	Non-Utility	EVSA	service	providers	(Electric	
Vehicle	 Supplier	 Aggregators).	 The	 suppliers	 may	 be	 non-regulated;	 these	 suppliers	 are	
companies	 that	 sell	 energy	 to	 customers	 and	 buy	 from	 utility	 company	 Distribution	 Service	
Operators	 (DSOs)	 and	 pay	 for	 grid	 services	 and	 system	 costs.	 EVSA	 locations	 likely	 have	 a	
Charging	 Point	 Manager	 (CPM)	 who	 regulates	 the	 energy	 consumption	 and	 mediates	 the	
transaction	 between	 the	 utilities	 agents	 and	 consumers.	 The	 CPM	will	 decide	 how	 they	 are	
compensated	for	the	energy	and	decide	who	is	eligible	to	access	their	charging	points	[27].	The	
CPM	 handles	 maintenance	 and	 promotion	 while	 the	 service	 operator	 handles	 payment	
processing.	 The	 regulated	 agents	 (TSOs	 and	 DSOs)	work	 for	 utilities	 companies	 and	 provide	
network	services	in	regulated	monopolies	[28].		

As	 of	 June	 2013,	 the	 US	 hosted	 7794	 public	 charging	 locations	 (199	 DC,	 7519	 Level	 II).	
According	 to	 California	 DSOs,	 upgrading	 transformers	 for	 stations	 is	within	 normal	 costs	 for	
utilities	systems	[29].	Fast	charging	stations,	however,	have	 installation	costs	projected	to	be	
greater	than	$40K.		

Equipment	Type	 Cost	
Level	I	Equipment	Costs	 $400-$800	
Level	II	Equipment	Costs	 $800-$3000	
Installation	Costs	 $2000-$10,000	
Maintenance	Costs	 $300	per	year	
Electricity	 $0.09	-	$0.56	per	KWH	

Table	3.	Station	Equipment	Costs	[28]	

	 	
As	far	as	non-residential	stations,	location	is	a	large	factor	in	whether	or	not	the	station	will	be	
profitable.	Profitability	is	likely	at	sites	with	high	utilization,	high	markup	and	extended	time	of	
use.	Workplace	stations	where	people	can	easily	leave	their	cars	for	8	hours	exhibit	a	positive	
net	present	value.	However,	the	workplace	charging	points	are	more	likely	to	be	profitable	 if	
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site	owners	secure	long-term	contracts	with	customers.	 	Locations	where	customers	are	only	
making	 short-term	 stops	 exhibit	 negative	 NPVs.	 This	 analysis	 was	 only	 for	 Level	 I	 chargers	
demonstrating	 that	 the	 slow	 charge	 time	 is	 a	 disadvantage	 on	 station	 profitability.	 This	
suggests	 a	 need	 for	 fast	 charging	 infrastructure	 at	 short-term	 locations.	 Public	 stations	may	
charge	 based	 on	 time,	 may	 charge	 a	 monthly	 subscription	 fee,	 they	 may	 charge	 based	 on	
energy	or	for	the	sake	of	deployment	the	charging	point	may	be	free.	In	some	cases,	the	EVSAs	
get	the	fixed	fee	while	site	owners	only	receive	the	variable	fee,	which	is	based	on	usage	time.	
With	this	model,	site	owners	seem	to	have	little	profit	without	guaranteed	high	turnover	[28].	
Consumers’	willingness	to	pay	is	also	unclear,	the	market	does	not	have	clear	price	points	and	
they	may	not	be	high	enough	to	be	profitable	if	many	have	home	charging	options.	

	

 Charging	Infrastrature	2.3.1

 Multiple	Tariff	Charging		2.3.1.1

In	a	multiple-tariff	charging	system,	the	EVSE	can	be	programed	to	restrict	charging	to	specific	
times	where	 domestic	 energy	 is	 the	 cheapest.	 In	 some	 systems,	 the	 low	 tariff	 hours	 can	 be	
entered	into	the	EVSE	manually,	allowing	the	EVSE	to	conduct	charging	on	a	set	schedule.	With	
this	type	of	system,	energy	companies	can	set	 lower	tariffs	during	off	peak	times	 in	order	to	
encourage	EV	owners	 to	charge	 their	vehicles	during	hours	of	 lower	energy	demand	 [30].	 In	
many	 vehicles	 such	 as	 the	 Tesla	 Model	 S,	 owners	 can	 use	 a	 smartphone	 app	 to	 receive	
information	on	local	tariff	rates	and	control	the	time	the	vehicle	begins	and	ends	charging	[26].	

	

 Smart	Charging	2.3.1.2

With	 Smart	 Charging,	 the	 EVSE	 actively	 manages	 the	 charging	 rate	 in	 order	 to	 take	 full	
advantage	of	 the	 lower	energy	costs,	and	 favorable	grid	 conditions.	 	 In	one	system	of	 smart	
charging,	the	EVSE’s	software	continuously	monitors	local	transformer	loading	conditions	using	
the	protocols	shown	in	Table	4.	With	access	to	a	historical	and	current	loading	data,	the	EVSE	
uses	a	“valley	filling”	algorithm	to	optimize	the	EV’s	charging	schedule	[31].		

	

 Vehicle	to	Grid	(V2G)	Charging	2.3.1.3

V2G	charging,	stored	energy	within	EV	batteries	can	be	sold	back	to	the	grid	during	the	peak	
hours	of	the	day	[30].	This	method	is	the	most	grid-friendly	way	to	charge	an	EV.		When	used	
extensively,	it	can	drastically	attenuate	hourly	fluctuation	within	the	energy	demand	curve	and	
actually	improve	the	resiliency	of	the	energy	network	by	sensing	grid	emergencies	and	acting	
accordingly	[32].				

	

 EVSE	to	Grid	Comunication	2.3.2

By	 communicating	 with	 the	 energy	 infrastructure,	 EVSEs	 equipped	 with	 “smart	 charging”	
technology	help	reduce	the	total	load	on	the	energy	grid	and	save	the	user	on	charging	costs.	
Smart	chargers	are	able	 to	provide	 these	benefits	as	 they	 restrict	charging	 to	off-peak	hours	
for	 energy	 usage.	 	 For	 optimal	 operation,	 smart	 charging	 capable	 EVSEs	 must	 be	 able	 to	
communicate	 with	 the	 vehicle	 and	 receive	 data	 from	 the	 local	 energy	 grid.	 EVSE	 to	 grid	
communication	is	also	done	by	two	different	methods.	
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 The	Road	Ahead	2.3.2.1

	 There	 are	many	breakthroughs	 in	 technology	 that	 could	 eventually	 improve	EVs	 and	
their	batteries.	Companies	and	universities	are	investing	in	battery	technology	to	create	better	
and	 cheaper	 batteries	 for	 electric	 vehicles.	 One	 of	 these	 breakthroughs	 out	 of	 MIT	 is	 the	
Carbon	 Nanotube	 Electrode	 Lithium	 battery.	 Carbon	 Nanotube	 Electrode	 Lithium	 can	 hold	
more	 positive	 ions	 than	 standard	 lithium	 batteries.	Colorado	 State	 University	 created	 the	
Copper	Nanowire	Cathode	 Lithium	battery.	 This	battery	 is	 also	able	 to	 store	more	 ions	 than	
your	 standard	 lithium	 battery.	 IBM	 is	 researching	 lithium	 air	 batteries	 and	 Northwestern	
University	is	looking	into	Lithium	Silicon	batteries,	all	with	the	goal	of	increasing	power	storage	
and	therefore	increasing	the	range	that	the	EV	will	have	on	a	single	charge.	This	seems	to	be	
the	current	primary	goal	with	EV	battery	research	and	should	lead	to	very	interesting	results	in	
the	coming	years	[25].	

	

Cloud	Based	Data	Acquisition	

	 Some	 Smart	 EVSEs	 use	 an	 internet-
based	 method	 to	 gather	 the	 information	
required	 to	manage	 EV	 charging.	 In	many	 of	
these	 systems,	 EVSEs	 are	 connected	 to	 a	
Home	 Energy	 Management	 System	 (HEMS)	
HEMS	 receive	 energy	 pricing	 and	 demand	
information	 provided	 by	 utility	 companies	
through	 the	 internet	 [33].	Many	 systems	 are	
packages	 offered	 by	 automakers	 in	
conjunction	 with	 equipment	 manufacturers	
and	appliance	manufacturers.		

Local	Demand	Monitoring			

	 While	 some	 smart	 charging	 systems	
use	 data	 collected	 directly	 from	 the	 utility,	
other	 systems	 monitor	 energy	 consumption	
locally	to	optimize	usage	for	small	portions	of	
a	 larger	 energy	 network.	 One	 such	 system	
employs	a	control	system	that	can	receive	an	
input	from	a	Current	Transformers.	These	CTs	
are	 mounted	 on	 the	 main	 line	 connecting	 a	
house,	 subdivision	 or	 neighborhood	 to	 the	
larger	 power	 distribution	 network.	 The	 CTs	
are	 connected	 to	 the	 EVSE’s	 control	 system	
using	 serial	 wire	 allowing	 local	 energy	
consumption	 to	be	gauged	 in	 real	 time	using	
specifically	designed	software.	

	 Open	 source	 software	 and	 hardware	
packages	 for	 this	 type	 of	 control	 system	 are	
available	 to	 researchers,	 companies	 and	
individuals	who	wish	to	optimize	this	platform	
for	various	EV	smart	charging	application.	

Table	4.	Mechanisms	for	EVSE	to	Grid	Communication	

	

 Charging	modes	[4][5]	2.3.3

A	 brief	 description	 concerning	 charging	 modes	 is	 exposed	 in	 the	 next	 section.	 This	 will	 be	
important	because	aggregators	may	use	different	strategies	to	manage	vehicles	fleet	charging.	
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Figure	5.	Charging	modes	[5]	

	

As	shows		

Figure	5,	 there	are	mainly	 two	charging	modes:	Uncontrolled	charging	 (UCO)	and	Controlled	
charging	(CCO).		Uncontrolled	charging	is	the	conventional	way	of	charging	devices,	i.e.	plug-in	
a	device	and	directly	start	withdrawing	energy	from	the	grid.	It	is	also	called	dumb	charging.	It	
is	 assumed	 that	 there	 is	 no	 incentive	 whatsoever	 to	 drive	 the	 way	 of	 charging	 an	 electric	
vehicle	 in	 an	 efficient	 way	 for	 the	 system	 (no	 price	 differentiation	 along	 the	 day	 or	 other	
signals).		

On	the	contrary,	controlled	charging	refers	to	a	“smart”	way	of	charging	vehicles	by	controlling	
when	and	how	much	to	charge.	CCO	are	divided	into	two	subgroups:	Indirect	load	control	and	
direct	 load	 control.	 Technically	 speaking,	 a	 mere	 controllable	 switch	 would	 do	 the	 job	 for	
cutting	the	load	when	required.	

• Indirect	load	control	(ILC)	

ILC	 commonly	 refers	 to	 a	 price	 signal	 mechanism	 that	 drives	 the	 charging	
schedule	of	a	vehicle	 in	 response	to	 those	prices.	This	 is	beneficial	 for	power	
systems	since	charging	during	high	prices	hours	 (meaning	higher	 loads	 in	 the	
network)	would	be	avoided	and	thus	network	reinforcements	and	investments	
will	 be	 lower.	 Conversely,	 low	 prices	 hours,	 which	 technically	 are	 off-peak	
hours,	will	be	preferred	for	charging	vehicles.	

• Direct	load	control	(DLC)	

DLC	is	directly	setting	the	load	to	charge	at	a	given	moment	with	a	controller.	
This	could	be	used	 to	 respond	to	DSOs’	needs	 to	 reduce	 loads	 in	given	areas	
and	 adapting	 the	 charging	 to	 the	 system.	 Aggregators	 could	 also	 use	DLC	 to	
optimize	the	charging	of	a	portfolio	of	EVs.	

	

 Types	of	aggregators	[4][5]	2.3.4

When	dealing	with	 controlled	 charging	 (CCO)	 in	 function	of	 the	energy	management	 system	
regarding	the	elements	to	be	aggregated,	two	main	types	of	aggregators	can	be	distinguished.	
In	fact,	the	first	type,	virtual	aggregation,	will	be	implemented	in	the	first	section	of	this	master	
thesis	and	the	second,	physical	aggregation,	in	the	other	main	section	of	the	project.	

ILC	

CCO	UCO	

Charging	modes	

DLC	
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 Virtual	aggregator	2.3.4.1

It	 refers	 to	 a	 vehicle	 fleet	 that	may	provide	 ancillary	 services	 to	 the	power	network	 such	as	
secondary	frequency	regulation	or	participation	in	the	market	capacity.		

 Physical	aggregator	2.3.4.2

This	 classification	 it	 refers	 to	 situations	 in	 which	 the	 EVs	 are	 connected	 to	 an	 integrated	
management	of	a	greater	size	building.	In	addition	to	the	energy	management	system	in	V2H	
(vehicle-to-home)	this	may	compose	of	an	integrated	control	with	local	 loads	and	even	other	
distributed	energy	resources	(DER),	 low	voltage	distributed	generation	(DG),	from	e.g.,	small-
scale	combined	heat	and	power	(CHP)	units,	solar	photovoltaic	panels	(solar-PV	or	simply	PV),	
or	distributed	storage	(DS)	devices.	

At	this	work	we	will	focus	on	the	study	of	the	virtual	aggregator.	 	
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Chapter	3: Description	of	the	model	
	

In	this	section	is	presented	the	methodology	and	tools	used	to	model	the	EV	charging	model	
interacting	in	the	DAM,	RM	and	the	BM.		

	

3.1 Reference	model	

 General	assumptions	3.1.1

The	main	assumptions	are	the	following:	

-	 The	 value	 of	 aggregation	 is	 estimated	 considering	 the	 DAM,	 RM	 and	 the	 BMs.	 Intraday	
markets	have	not	been	considered	 in	 this	 thesis.	DAM	and	RM	model	are	 run	 in	a	 first	 step,	
then	 a	 deviation	model	 simulates	 unforeseen	 changes	 in	 the	 EVs	 schedule	 and	 finally	 those	
imbalances	are	optimally	managed	in	the	BM	model.	

-	 Deterministic	 approach:	 market	 prices	 and	 daily	 behavior	 of	 EVs	 are	 perfectly	 known	 in	
advance.	In	reality,	everything	must	be	forecasted	or,	at	least,	communicated	during	or	before	
real-time,	 so	 that	 the	 aggregator	 can	 reduce	 imbalance	 cost	 through	 cancellations.	
Nevertheless,	 after	 the	 day-ahead,	 and	 instead	 of	 revealing	 the	 real-time	 EV’s	 behavior	 and	
market	 prices	 along	 the	 day,	 it	 is	 considered	 that	 all	 the	 information	 is	 known	 from	 the	
beginning	of	the	day.	

-	Either	the	EV	owners	charging	without	aggregator	as	wells	as	the	aggregator	are	price	takers.	
The	sizes	of	the	fleets	taken	are	not	big	enough	to	 impact	market	prices.	Actually,	 the	 larger	
fleet	of	500	EVs	corresponds	to	an	overall	daily	consumption	of	about	5	MWh	or	a	maximum	
instantaneous	 demand	 of	 1,5	MW;	 whereas	 the	 national	 demand	 in	 Spain	 hardly	 descends	
from	20.000	MW.	

-	 Even	 if	 this	 may	 change	 for	 each	 case	 study,	 arbitrage	 is	 permitted	 in	 all	 markets	 an	 in	
between	 them:	DAM,	RM	and	BM.	Therefore,	 if	 there	exist	periods	where	 selling	or	 reserve	
prices	 are	 higher	 than	 purchasing	 ones,	 EV	 owners	 can	 very	well	 take	 advantage	 of	 that	 to	
make	profits.		

-	EVs	belonging	to	an	aggregated	fleet	can	exchange	energy,	either	in	the	DAM	or	in	the	BM,	
from	 one	 battery	 to	 another	 without	 incurring	 on	 a	 financial	 transaction.	 There	 are	 not	
network	constraints	or	congestions	that	prevent	it.		

-	The	 final	dispatch	of	 reserves	 is	not	considered	 in	 this	study,	only	 the	allocation	of	upward	
and/or	downward	reserves	range.	Anyway,	the	model	must	ensure	that	any	EV	could	provide	
the	full	amount	of	reserves	offered	in	the	RM	if	demanded	by	the	operator.		
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 Global	process	3.1.2

The	 process	 implemented	 to	 assess	 the	 value	 of	 aggregation	 in	 the	 provision	 of	 balancing	
services	is	represented	in	the	following	scheme.	First,	as	it	is	fully	explained	in	section	3.2,	the	
DAM	and	RM	model	search	for	obtaining	an	initial	charging	schedule	where	arbitrage	between	
both	 markets	 is	 permitted.	 In	 a	 second	 step,	 unforeseen	 events,	 which	 cause	 the	
unfulfillement	 of	 the	 program,	 take	 place.	 Finally,	 imbalances	 need	 to	 be	 either	 paid	 or	
compensated	by	other	EVs	of	the	fleet.	This	last	model	is	fully	described	in	3.4.	

	
Figure	6.	Global	scheme	implemented	by	the	model	

There	may	be	 several	possible	 strategies	 for	programming	 the	charging	 schedule	of	EVs.	 For	
instance,	 in	 [7]	 a	 deep	 analysis	 is	 shown	 in	 order	 to	 assess	 the	 benefit	 of	 smart	 charging	
compared	 with	 dumb	 charging.	 The	 provision	 of	 reserves	 is	 impossible	 with	 an	 individual	
approach,	 unless	 regulation	 sets	 very	 low	 or	 even	 zero	 minimum	 requirements	 for	 the	
participation	 of	 agents	 in	 RMs.	 Indeed,	 one	 of	 the	 case	 studies	 focuses	 on	 this	 topic:	 the	
impact	of	having	different	minimum	requirements	of	reserve	provision	to	participate	in	the	RM	
for	an	EV	fleet.	Therefore,	aggregation	of	EVs	is	the	only	feasible,	furthermore	efficient,	way	of	
providing	balancing	services	to	SO.		

The	 “aggregator”,	 who	 is	 an	 external	 agent,	 has	 the	 ability	 to	 send	 signals	 to	 the	 EVs	 that	
compose	the	fleet	in	order	to	maximize	the	total	profits	–in	case	of	being	able	to	inject	energy	
in	the	grid–	or	to	reduce	the	total	energy	purchases	costs.		

As	aforementioned,	it	is	considered	perfect	knowledge	of	market	prices	–in	DAM,	RM	and	BM–	
as	well	as	connection	availability	into	the	grid	and	EV	owners’	displacements.	In	reality,	all	this	
information	should	be	forecasted.	Nowadays,	thanks	to	new	apps	and	big-data	development,	
Google	Maps,	for	instance,	is	working	on	models	to	predict	travel	journeys	duration	with	days	
or	weeks	in	advance.	The	app,	based	on	millions	of	traffic	data	that	receives	from	customers,	
permits	 selecting	 among	 several	 routes	 whose	 time	 duration	 is	 continuously	 updated	 in	
function	of	predicted	traffic	or,	if	close	to	real-time,	current	traffic	[34].	

1)	DAM		
&		
RM	

2)	Deviayon	
model	 3)	BM	
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The	following	sections	explain	the	exact	methodology	carried	out	to	model	the	behavior	of	the	
EVs,	which	belong	to	the	fleet,	as	well	as	the	markets	considered.		
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3.2 Day-ahead	and	reserve	models	

In	this	section	it	is	explained	the	development,	functioning	and	implementation	of	the	models	
elaborated	to	study	the	behavior	of	EVs	in	the	DAM	and	RM.	

As	 reminder,	 the	 objective	 of	 this	 thesis	 consists	 of	 assessing	 the	 provision	 of	 balancing	
services	by	EV	aggregation.		

Before	 entering	 into	more	detail	with	 each	of	 the	blocks,	 the	next	 scheme	 shows:	 the	main	
data	that	the	model	requires	for	solving	the	optimization	problem	(inputs)	and	the	outcomes	
obtained	(outputs).		

	

Figure	7.	DAM	&	RM	input-output	scheme.	

 Inputs	3.2.1

According	to	the	previous	scheme,	it	is	possible	to	differentiate	among	the	following	inputs:	

• EV	owner	behavior:	includes	every	issue	related	with	the	EV	owner’s	habits.	
	

o Connection	 availability:	 common	 ability	 to	 charge	 the	 EV	 into	 the	 grid.	 It	 is	
expressed	 in	 binary	 language:	 1	 (connected)	 or	 0	 (disconnected).	 It	 is	
important	to	remark	that	this	parameter	just	refers	to	an	“a	priori	capacity”	to	
charge	or	discharge	 the	EV.	 In	a	 second	step	 the	model	must	 rule	 if,	 indeed,	
the	EV	 takes	advantage	of	 that	 “connection	availability”	 to	charge,	discharge	
or	 any	 other	 possible	 action	 contemplated,	 such	 as	 providing	 secondary	
reserve	for	instance.		

o Driving	needs:	 in	accordance	with	the	user’s	 lifestyle	the	usage	of	the	EV	will	
differ.	It	is	expressed	in	energy	consumed	per	hour	(kWh).	Depending	on	their	
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daily	 displacements	 to	 go	 to	work,	 an	 EV	 owner	may	 require	 the	 vehicle	 to	
drive	for	10	km	per	day	or	50	km.	In	addition,	it	is	not	the	same,	for	optimizing	
the	charging	strategy,	 if	those	driving	needs	are	going	to	take	place	at	6	a.m.	
that	 at	 10	 a.m.	 All	 this	 information	 needs	 to	 be	 inserted	 in	 the	 model:	
expected	 battery	 consumption	 and	 the	 moment	 of	 the	 day	 when	 this	 will	
happen.		

	
Table	5.	Interface	look	of	the	expected	driving	needs	along	a	day	of	5	different	EV	types	expressed	in	kWh	(left)	
and	in	km	(right).	In	the	bottom,	the	total	daily	consumption	in	both	units	as	well:	kWh	and	km.	

o Initial	&	 final	 state	of	 charge:	 set	 of	mandated	 kWh	 in	 the	battery	 at	 0:00h	
and	at	23:59h.	The	model	operates	in	chronological	and	hourly	basis	from	0:00	
to	23:59	and	is	designed	to	find	the	optimal	charging	schedule	for	a	day.	Thus,	
it	 is	a	basic	requirement	to	 let	 it	know	what	the	 initial	state	of	 the	battery	 is	
and	what	it	should	be	at	the	end	of	the	day.				
		

• Reserve	requirements:	Every	national	regulation	should	dictate	the	minimum	amount	
of	 power	 that	market	 agents	 or	 generators	must	 offer	 in	 order	 to	 participate	 in	 the	
RM.	For	instance,	in	Spain	this	is	set	in	10	MW,	which	is	quite	high	for	a	fleet	of	EVs.	In	
this	 thesis	 it	 is	 taken	 as	 default	 value	 the	 established	 requirement	 in	 PJM:	 0,1	MW.	
Case	study	4.2	seeks	to	assess	the	impact	of	this	input	for	EVs	and	EV	aggregators.	
	

• Market	data:	as	already	mentioned,	it	is	considered	that	there	is	perfect	knowledge	of	
hourly	market	prices.		

o Purchasing	 and	 selling	 prices	 in	 the	 DAM:	 Since	 the	 liberalization	 of	 the	
electricity	 sector,	 in	many	 countries	 exists	 competition	 in	 supply.	 Therefore,	
depending	 on	 regulation,	 the	 user	 may	 have	 access	 to	 a	 wide	 spectrum	 of	
supply	offers	and	prices.	Besides,	and	once	again	in	function	of	the	established	
regulation,	energy	 injection	 in	 the	grid	can	be	remunerated.	 In	 this	 last	case,	



UNIVERSIDAD PONTIFICIA DE COMILLAS 

 ESCUELA TÉCNICA SUPERIOR DE INGENIERÍA (ICAI) 

 MASTER IN THE ELECTRIC POWER INDUSTRY 

 

	 22	

apart	from	purchasing	prices	in	€/MWh,	selling	prices,	in	€/MWh	too,	must	be	
included.	In	this	work,	all	the	case	studies	are	done	taking	historical	wholesale	
market	prices	in	Spain	in	2015.	Thus,	unless	the	contrary	is	said,	it	is	generally	
considered	that	regulation	allows	EV	aggregators	to	have	access	to	wholesale	
prices	and	there	is	V2G.	

o Upward	and	downward	reserve	prices:	the	aggregator	can	and	does	arbitrate	
between	DAM	and	RM	prices.	Prices	 introduced	belong	to	the	historical	ones	
of	Spain	in	the	year	2015	too.	

	
• Battery	characteristics:	as	it	is	widely	known,	there	exists	plenty	kinds	of	EV	batteries.	

In	fact,	this	is	a	key	issue,	as	batteries	have	been	evaluating	seen	they	were	invented	
and,	 by	 the	 time,	 it	 follows	 that	 there	 is	 still	 great	 room	 for	 innovation	 and	
improvement.	Anyway	and	in	spite	of	the	battery	type	(lithium-ion	phosphate,	lithium-
manganese,	etc.)	there	is	a	set	of	common	technical	features	to	be	defined:	

o Maximum	 rate	 of	 charge/discharge:	 defined	 in	 MWh,	 represents	 the	
maximum	power	that	the	battery	is	able	to	receive	or	deliver	in	hourly	bases.	

o Maximum	 capacity:	 defined	 in	 kWh,	 is	 the	 maximum	 of	 energy	 that	 the	
battery	is	able	to	store.	This	is	a	very	technical	feature	that,	again,	depends	on	
the	battery	materials,	 fabricant,	etc.	Tesla	S,	which	 is	 top-range	model,	has	a	
capacity	 of	 85	 kWh.	 BMW	 i3,	 a	 medium/high-range	 model,	 22	 kWh	 and	
Chevrolet	Volt,	 closer	 to	 a	medium-range	model,	 has	 10,4	 kWh,	 for	 instance	
[35].	 So,	 it	 can	 be	 concluded	 that	 it	 is	 a	 quite	 variable	 parameter.	However,	
when	 obtaining	 the	 optimal	 charging	 schedule	 and	 supposing	 a	 daily	 driving	
consumption	 range	 between	 15	 and	 75	 km	 (3	 to	 15	 kWh),	 the	 maximum	
capacity	rarely	is	a	binding	constraint.	Therefore,	considering	that	it	is	not	the	
most	determinant	parameter	to	care	of,	85	kWh	is	the	value	commonly	used	
for	the	case	studies.	

o Minimum	 state	 of	 charge:	 defined	 in	 kWh,	 it	 is	 a	 constraint	 that	 forces	 the	
model	 to	 assure	 a	 certain	 amount	of	 battery	 reserve	 at	 specified	hours.	 The	
aim	of	this	parameter	consists	of	 increasing	the	security	and	reliability	of	the	
optimized	 charging	 schedule.	 Therefore,	 it	 works	 as	 an	 additional	 service	
offered	to	EV	owners,	protecting	themselves	against	unpredicted	events	with	
the	 certainty	of	having	kept	a	 security	 reserve	of	battery.	 Table	6	 shows	 the	
typical	values	established	for	the	5	EVs	categories	during	the	working	days.		On	
the	 other	 hand,	 Table	 7	 contains	 the	 minimum	 state	 of	 charged	 used	 for	
weekends	and	holydays.	

o Battery	 degradation:	 expressed	 in	 p.u.	 This	 parameter	 tries	 to	 reflect	 the	
effect	 that	 batteries	 experience	 with	 time	 due	 to	 charging	 and	 discharging	
cycles.	 Right	 now,	 unfortunately,	 there	 are	 not	 eternal	 batteries.	 Being	
realistic,	 it	 is	 necessary	 to	 include	 the	 effect	 of	 degradation	 in	 the	 objective	
function.	 Otherwise,	 the	 model	 may	 schedule	 batteries	 charging	 and	
discharging	in	excess,	without	taking	into	account	that	their	efficiency	reduces	
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in	 long-term,	 in	 order	 to	 maximize	 profits	 in	 the	 day-ahead	 market,	 for	
instance.		

o Charging	 and	 discharging	 efficiency:	 expressed	 in	 p.u.	 It	 represents	 energy	
losses	 during	 EV	 charging	 or	 discharging.	 This	 prevents	 EVs	 to	 charge,	 for	
example,	the	complete	amount	of	energy	bought	in	the	market	or	to	insert	in	
the	 network	 all	 the	 electricity	 discharged	 from	 the	 battery,	 supposing	 that	
regulation	contemplates	that	action.					

	
Table	6.	Interface	look	of	the	hourly	minimum	state	of	charge	constraint	for	working	days	of	5	different	EV	types	

expressed	in	kWh	(left)	and	in	km	(right).	

	

	
Table	7.	Interface	look	of	the	hourly	minimum	state	of	charge	constraint	for	weekends	and	holydays	of	5	different	

EV	types	expressed	in	kWh	(left)	and	in	km	(right).	
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 Outputs	3.2.2

All	 the	models	 presented	 in	 this	 section,	 no	matter	 their	 characterists,	 seek	 to	 obtain	 a	 24	
hours	charging	schedule	for	each	EV	that	composes	the	fleet	considering	DAM	and	RM	prices.		

Therefore,	 each	 EV,	 is	 identied	 with	 a	 set	 letter	 v,	 according	 to	 the	 EVs’	 owners	 needs	
(connection	availability,	driving	needs,	etc.)	should	know	in	time	terms,	here	defined	as	hours,	
h,	 what	 is	 the	 energy	 to	 be	 charged	 or	 discharged	 –this	 only	 if	 regulation	 permits	 so–,	 in	
addition	to	the	energy	offered	 for	 reserves	provision,	along	the	day.	 Indeed,	 the	DAM	&	RM	
model	that	is	presented	hereafter	gives	as	outputs	the	following	variables,	as	shown	in	Figure	
7:	

• 𝑒!,!↓!":	Energy	bought	in	the	DA	during	the	period	h	for	the	vehicle	v	
• 𝑒!,!↑!":	Energy	sold	from	the	battery	in	the	DA	during	the	period	h	for	the	vehicle	v	
• 𝑏!,! :	Battery	state	of	charge	at	the	end	of	period	h	of	the	vehicle	v	

• 𝑅!,!↑!":	Upward	reserve	offered	during	the	period	h	by	the	vehicle	v	
• 𝑅!,!↓!":	Downward	reserve	offered	during	the	period	h	by	the	vehicle	v	

	

 The	value	of	aggregation	in	the	DAM	3.2.3

There	is	a	key	technical	and	regulatory	issue	that	fully	conditions	the	implementation	of	what	
it	 is	 exposed	 in	 this	 section:	 the	 ability	 of	 EVs	 to	 inject	 electricity	 in	 the	 grid	 and,	 this	way,	
transfer	 it	 to	other	EVs,	which	are	member	of	 the	aggregation	 fleet,	 in	order	 to	charge	 their	
batteries	 at	 more	 competitive	 prices.	 What	 is	 to	 say,	 the	 possibility	 of	 having	 bidirectional	
power	flows	in	the	network,	 indeed,	commonly	defined	as:	grid-to-vehicle	(G2V)	and	vehicle-
to-grid	(V2G)	connections.	

G2V	and	V2G,	appart	from	giving	the	ability	of	selling	energy	in	the	market,	could	permit	EVs	
to	provide	 ancilliary	 services	 to	 electric	 power	 systems	as	well	 as	 support	 the	 integration	of	
renewable	 electricity	 resourses	 [5][36][37].	 Case	 study	 4.3	 seeks	 to	 show	 the	 additional	
benefits	of	providing	ancilliary	services	in	regards	with	V2G	without	that	option.	

Figure	 8	 tries	 to	 enlighten	 how	 aggregation	 can	 redistribute	 charging	 costs	 among	 fleet	
members.	 It	 is	worth	 to	 remark	 that	 this	does	not	add	 to	much	value	 to	EV	aggregation.	On	
one	hand,	there	are	EVs	taking	advantage	of	aggregation	for	 lowering	their	costs	while	there	
are	others	who	may	be	reducing	their	individual	benefit	in	order	to	reduce	the	total	charging	
costs	of	the	whole	fleet	and	increase	the	benefit	of	selling	energy	back	to	the	grid.	Therefore,	
unless	 aggregaton	 provides	 additional	 benefits	 for	 those	 EVs	 who	 may	 be	 sacrifing	 so	 that	
others	have	access	to	lower	prices	an	individual	smart	strategy	could	interest	them	more.	
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Figure	8.	Tranfer	of	energy	among	EV	fleet	members	in	the	DAM	

As	it	is	seen,	the	reduced	connection	availability	of	EV2	is	not	an	obstacle	to	let	its	EV	owner	to	
have	 access	 to	 low	 prices.	 Another	 EV	 fleet	member,	 EV1,	 who	 has	 larger	 connectivity	 and	
battery	margin	enough	to	store	part	of	the	energy	shared	afterwards	with	EV2,	can	easily	help	
the	affected	EV	to	take	advantage	of	more	competitive	hourly	prices.	Notice	that	this	strategy	
in	order	to	become	more	attractive	would	strongly	depend	on	the	imbalance	prices	in	place	as	
later	explained	in	this	thesis.	

According	 to	 the	 formulation	 that	 is	 shown	 at	 the	 end	 of	 this	 section,	𝜀!,!!!"	 represents	 the	
energy	transferred	from	vehicle	v	during	period	h,	 in	the	DAM,	to	another/other	EV(s)	of	the	
fleet	that	has/have	more	need	of	it.	In	the	case	of	Figure	8,	𝜀!"#,!"!!!" 	corresponds	to	the	energy	
that	EV1	is	transferring	to	EV2	between	8	p.m.	and	9	p.m	(yellow	arrow).		

Likewise,	the	general	variable	𝛾!,!!!"	 is	used	to	define	the	energy	received	for	vehicle	v	during	
period	h,	in	the	DAM,	from	another/other	EV(s)	of	the	fleet	that	is	used	to	charge	the	battery	
at	a	cheaper	price	that	the	one	from	the	market.	Here,	supposing	that	if	all	the	energy	that	is	
being	transferred	from	EV1	is	for	EV2,	then:	𝜀!"#,!"!!!" = 𝛾!"#,!"!!!" 	(green	arrow	on	the	top	right).	

Therefore,	 the	 main	 requirements	 that	 EV1	 must	 fulfill	 in	 order	 to	 be	 able	 to	 provide	 this	
service	to	EV2	or	any	other	EV	of	the	fleet	are:	

• Access	 to	 lower	 prices	 in	 the	market	 than	 the	 EV2	 owner,	 to	 whom	 it	 will	 transfer	
some	of	its	stored	energy.	

• Sufficient	capacity	storage	to	contain	the	energy	that	the	EV1	needs	for	itself	and	the	
energy	that	will	transfer	to	the	needy	EV2.	
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• At	 least,	 the	 needed	 coincident	 connection	 hours	 with	 EV2,	 in	 order	 to	 avoid	
imbalances	in	the	system	and	be	able	to	transfer	to	EV2	the	energy	that	it	requests.	

• Similar	 rate	 of	 discharge	 to	 the	maximum	 rate	 of	 charge	 of	 EV2.	 Indeed,	 the	 higher	
both	rates	are,	discharge	for	EV1	and	charge	for	EV2,	the	greater	amount	of	energy	in	
less	time	the	EVs	will	be	able	to	exchange.		

Appart	from	the	redistribution	of	costs	that	an	aggregator	can	reach	among	fleet	EV	members,	
for	instance,	in	the	example	before,	EV1	would	transfer	the	costs	of	EV2’s	energy	to	the	needy	
EV,	 lowering	 the	 electricity	 costs	 that	 EV2	 would	 have	 paid	 by	 its	 own;	 another	 benefit	 of	
aggregation	 in	 the	 DAM	 that	 has	 not	 been	 quantified	 in	 this	 study	 is	 the	 larger	 degree	 of	
intelligence	that	an	aggregator	could	achieve	in	comparison	with	a	smart	individual	approach.		

Thanks	to	the	amounts	of	data	received	from	the	EVs	that	form	the	fleet	and	the	management	
of	 a	 big	 portfolio	 of	 EVs,	 an	 aggregator	 could	 improve	 significantly	 demand	 forecasting,	
prediction	 of	 market	 prices,	 development	 of	 more	 advanced	 models	 and	 resources	 of	
optimization,	etc.		

	

 The	value	of	aggregation	in	the	RM	3.2.4

In	this	section	is	explained	the	modeling	implemented	of	the	RM.	Case	study	4.1	and	0	seek	to	
assess	in	economical	terms	the	provision	of	reserve	services	by	EV	aggregation.		

Figure	 9	 and	 Figure	 10	 show	 the	 allocation	 of	 upward	 and	 downward	 reserves	 to	 EVs.	 As	
represented	 in	 the	 second	 figure,	 the	 reserves	 offered	 are	 constrained	 by	 the	 charging	 and	
discharging	capacity	in	addition	to	the	maximum	and	minimum	stored	capacity	of	the	battery.	
In	other	words,	an	EV	cannot	offer	reserves	that	will	not	be	provided	if	it	is	finally	dispatched.	
Equations		(	3	),	(	4	)	and	(	14	)	assure	that	this	is	fulfilled.		

	

	

Figure	9.	Allocation	of	upward	and	downward	reserve	
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𝑅!,!↑!"	represents	the	upward	reserve	offered	during	the	period	h	by	the	vehicle	v	and	𝑅!,!↓!"	 is	
the	downward	reserve	offered	during	the	period	h	by	the	vehicle	v.	K	is	the	relation	between	
the	 ranges	 of	 upward	 and	 downward	 reserves	 that	 regulation	 establishes	 in	 order	 to	
participate	in	the	RM.	The	charge	and	discharge	capacity,	𝑅!,	is	affected	by	the	grid-to-battery	
and	battery-to-grid	efficiency,	𝜂!.		

	

	

Figure	10.	Individual	reserve	capacity	constraint		

Usually,	national	regulations	establish	what	is	the	minimum	reserve	that	agents	or	generators	
should	be	able	to	offer	 in	order	to	participate	in	the	RM.	This	a	key	issue	that	 is	discussed	in	
case	study	0.	Nevertheless,	 the	minimum	value	of	upward	or	downward	reserves	required	 is	
rarely	below	100	kW,	which	 is	huge	 for	an	 individual	EV.	Therefore,	 the	only	way	 for	EVs	 to	
provide	 ancilliary	 services	 is	 through	 aggregation	 in	 order	 to	 reach	 a	 total	 capacity	 high	
enough.	

Finally,	 Figure	11	depicts	 the	 impact	of	 the	V2G	and	G2V	efficiency.	 The	grey	parts	with	 the	
title	“losses”	represents	the	lost	capacity	due	to	the	lack	of	efficiency.		As	it	 is	observed,	G2V	
strategy	 means	 that	 the	 energy	 flow	 heads	 from	 the	 grid	 to	 the	 battery,	 so	 part	 of	 the	
purchased	energy,	𝑒!,!↓!!,	sent	energy	from	another	EV,	𝛾!,!!!",	or	downward	reserve,			𝑅!,!↓!",	are	
lost	 along	 the	 path	 as	 indicated.	 The	 other	 way	 around,	 in	 V2G	 sequence,	 when	 the	 EV	 is	
suppose	to	inject	energy	into	the	grid,	V2G	losses	prevent	that	all	the	energy	discharged	from	
the	battery	 is	 transferred	to	the	grid,	 that	provockes	that,	 indeed,	the	sold	energy, 𝑒!,!↑!",	 the	
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transferred	energy, 𝜀!,!!!",	and	upward	reserve,	𝑅!,!↑!",	provided	are	lower,	or	equal	with	a	100%	
efficiency,	than	the	discharged	energy	from	the	EV	battery.	

	
Figure	11.	EVs’	capacity,	flows	and	losses	of	energy	in	G2V	and	V2G	

Finally,	the	total	amount	of	upward	or	downward	reserves	offered	by	the	EV	fleet	are	the	sum	
of	 the	 individual	 contributions	 of	 EV	members.	 This	 logically	 implies	 that	 the	 larger	 the	 EV	
fleet,	 the	 larger	 the	 reserves	 that	 can	 be	 provided	 and,	 thus,	 the	 higher	 the	 value	 of	
aggregation	in	RM.	

	

 Decision	model:	Day-ahead	and	reserve	schedule	with	aggregation	3.2.5

The	objective	function	for	EVs	charging	seeks	to	maximize	the	total	profits	(	1	)	from	providing,	
upward	 and/or	 downward,	 reserves	 in	 addition	 to	 selling	 energy	 in	 the	 day-ahead	 market	
minus	the	total	cost	of	procuring	the	energy	in	the	market.	 	

𝑀𝑎𝑥  
!,!

𝑅!,!↑!" ·  𝑝!
↑!"#$%& + 𝑅!,!↓!" ·  𝑝!↓!"#$#%&' + 𝑒!,!↑!" ·  𝑝!↑!" − 𝑒!,!↓!" ·  𝑝!↓!"	 (	1	)	

Where	ℎ	is	a	set	that	represents	the	hour	of	the	day,	𝑣	indicates	each	particular	EV.	Depending	
on	the	number	of	EVs	that	are	included	in	the	simulation,	𝑣	can	take	a	value	of	1	or	up	to	nEV	
(total	number	of	EVs).	Thus,	the	objective	function	sums	costs	and	profits:	for	every	EV	and	at	
every	hour	of	the	day.	The	first	term	𝑅!,!↑!"	represents	the	upward	reserve	offered	during	the	

period	h	 by	 the	 vehicle	v,	  𝑝!
↑!"#$%& 	 is	 the	 hourly	 upward	 reserve	 price	 in	 €/kWh.	 Likewise,	

𝑅!,!↓!"	is	the	downward	reserve	offered	during	the	period	h	by	the	vehicle	v	and	 𝑝!↓!"#$#%&' 	is	
the	hourly	downward	reserve	price	 in	€/kWh.	 	 	𝑒!,!↑!"	 	 represents	the	energy	sold	 in	the	DAM	

during	 the	 period	 h	 for	 the	 vehicle	 v,  𝑝!↑!"	 is	 the	 hourly	 day-ahead	 selling	 market	 price	 in	
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€/kWh.	 The	 last	 term,	 introduced	 by	 a	 minus,	 corresponds	 to	 the	 total	 energy	 costs.	
𝑒!,!↓!" stands	for	the	energy	bought	in	the	DAM	during	the	period	h	for	the	vehicle	v	and	 𝑝!↑!"	is	
the	hourly	day-ahead	purchasing	market	price	in	€/kWh.	

The	energy	balance	equation	is	described	in	(	2	).	

∀(ℎ, 𝑣)          𝑏!,! =  𝑏!!!,! +  𝐶ℎ𝑎𝑟𝑔𝑒!,!!" − 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!" −  𝐿!,!
!"#$#%& +  𝑖!!!,!!"# 	 (	2	)	

Where:	   𝑏!,!	 is	the	state	of	the	battery	of	EV	v	at	the	end	of	period	h;	   𝑏!!!,!	 is	the	state	of	
charge	of	v	in	the	previous	period;	𝐶ℎ𝑎𝑟𝑔𝑒!,!!",	in	kWh,	is	defined	as	the	energy	charged	in	EVs’	
battery	 during	 the	 period	 h	 due	 to	 purchases	 in	 DAM	 for	 that	 particular	 EV	 or	 energy	
purchased	 for	 others	 EVs	 of	 the	 fleet.	 On	 the	 other	 hand,	 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!",	 also	 in	 kWh,	
represents	 the	 energy	 discharged	 during	 the	 period	 h	 by	 vehicle	 v	 due	 to	 sales	 in	 DAM	 or	

energy	 transferred	 to	 charge	 other	 EVs	 of	 the	 fleet	 that	 need	 it.	  𝐿!,!
!"#$#%&	 is	 the	 energy	

consumed	due	to	driving	by	vehicle	v	during	period	h	and	𝑖!!"# 	is	the	initial	state	of	the	battery	
of	v.	This	last	term	is	only	considered	for	the	first	period	of	the	day	(h=0)	to	initialize	the	state	
of	the	battery.	

The	 maximal,	𝐵!,	 and	 minimal,	𝐵!,!,	 limits	 of	 the	 battery	 must	 not	 be	 violated	 taking	 into	
account	the	allocation	of	reserves,	as	shown	in	equation	( 3 ):	

∀ ℎ , 𝑣    			   𝐵!,! +
𝑅ℎ,𝑣↑𝐷𝐴 𝜂𝑣 ≤ 𝑏!,! ≤ 𝐵! − 𝜂𝑣 · 𝑅ℎ,𝑣

↓𝐷𝐴			 (	3	)	

Depending	on	 the	 regulation,	 there	may	be	a	 requirement	establishing	 the	 relation	between	
the	ranges	of	upward	and	downward	reserves	that	must	be	fulfilled	in	order	to	participate	in	
the	reserve	market	(RM).	This	factor	is	designed	in	equation	(	4	)	with	letter	K.	For	instance,	in	
PJM	regulation	it	corresponds	to	1.	For	the	modeling	of	the	Spanish	case,	K=4/5	is	the	chosen	
value	because	that	is	what	the	operation	procedure	of	REE	sets	for	the	whole	Spanish	system	
[38].	

∀ ℎ , 𝑣           𝑅!,!↑!" · 𝐾 = 𝑅!,!↓!"		 (	4	)	

It	is	very	common	that	national	regulators	set	minimum	values	for	upward	or	downward	
reserve	that	agents	in	the	RM	must	provide.	 	This	minimum	range	of	upward	reserve	for	
generators	 is	 defined	with	𝑅!↑ .	 The	 impact	 of	 this	 parameter	 is	 analyzed	 in	deep	 in	 case	
study	4.5.	Nevertheless,	100	kW	is	taken	as	standard	value,	just	as	PJM’s	regulation	defines	
for	 the	 minimum	 reserve	 that	 must	 be	 offered.	 Therefore,	 unless	 the	 sum	 of	 all	 the	
individual	 upward	 reserves	 provided	 by	 the	 EVs	 during	 hour	 h	 reaches	𝑅!↑ ,	 the	 binary	
decision	variable	𝑑𝑅!↑ 	will	not	allow	that	any	EV	of	 the	 fleet	offers	upward	reserve.	 	The	
other	 way	 around,	 if	 the	 sum	 of	 all	 the	 upward	 reserves	 𝑅!,!↑!" 	 is	 over	𝑅!↑ ,	 then	 𝑑𝑅!↑!"	
activates	and	EVs	are	allowed	to	participate	in	the	RM.	
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∀ℎ             𝑑𝑅!↑!" · 𝑅!↑!" ≤  𝑅!,!↑!"
!"#

!!!

	
(	5	)	

In	addition,	it	is	necessary	to	add	a	constraint	to	limit	the	maximal	technical	reserve	that	an	EV	
fleet	can	provide.	This	is	done	through	equation	(	6	).	In	case	of	fulfilling	the	minimum	reserve	
requirement	from	equation	(	5	)	so	that	𝑑𝑅!↑!" = 1,	then	the	sum	of	upward	reserve	offered	
by	the	entire	fleet	must	not	exceed	the	sum	of	capacity	rates,	𝑅!,		of	the	connected	EVs.	𝑐!,!!"	is	
a	 binary	 parameter	 that	 states	 the	 connection	 status	 of	 v	 during	 period	 h,	 1	 when	 v	 is	
connected	to	the	grid	during	hour	h	and	0	when	it	is	disconnected.	

∀ℎ             𝑑𝑅!↑!" ·   𝑐!,!!" · 𝑅!

!"#

!!!

≥ 𝑅!,!↑!"
!"#

!!!

	 (	6	)	

For	the	sake	of	analyzing	afterwards	the	hourly	results	of	the	whole	fleet,	 two	new	variables	
are	 defined	 to	 compute	 the	 total	 upward	 (	 7	 )	 and	 downward	 (	 8	 )	 reserve	 that	 is	 being	
provided	by	the	EVs.	Thus,	𝑅!↑!"	is	the	total	upward	reserve	offered	by	the	EV	fleet	during	hour	
h;	as	like	as	𝑅!↓!"	but	with	the	total	hourly	downward	reserve.	

∀ℎ             𝑅!↑!"= 𝑅!,!↑!"
!"#

!!!

	 (	7	)	

∀ℎ             𝑅!↓!"= 𝑅!,!↓!"
!"#

!!!

	 (	8	)	

In	case	of	being	connected	(𝑐!,!!" = 1),	the	energy	bought	in	the	DAM,	𝑒!,!↓!",	must	be	lower	to	
the	maximum	rate	of	charge,	𝑅!,	divided	by	the	grid	efficiency,	𝜂!,	as	seen	at	equation	(	9	).	
Purchasing	would	only	be	possible	if	the	decision	variable	dbuy!,!!"	is	equal	to	1,	which	means	
that	 the	 EV	 buys	 energy	 in	 the	 BM	 during	 period	 h	 is	 the	 maximum	 rate	 of	 charge	 of	 the	
vehicle	v.	Similarly,	𝑑𝑏𝑢𝑦!,!!"	 is	a	binary	decision	variable	that	appoints	if	v	buys	energy	in	the	
day-ahead	during	hour	h.		

∀ ℎ , 𝑣           0 ≤  𝑒!,!↓!"  ≤ !!
!!

· 𝑐!,!!" · 𝑑𝑏𝑢𝑦!,!!" 		 (	9	)	

On	the	other	hand,	if	regulation	contemplates	the	injection	of	energy	into	the	grid	by	EVs	and	
remunerates	for	 it,	the	model	may	opt	to	sell	energy	from	the	battery	to	the	market.	 In	that	
case,	the	energy	sold	in	the	DAM	cannot	exceed	the	maximum	state	of	charge	of	the	battery	
𝐵!.	Of	course,	v	must	be	connected	(𝑐!,!!" = 1)	in	order	to	sell	any	energy.	𝑑𝑠𝑒𝑙𝑙!,!!"	is	a	binary	
decision	variable	that	appoints	if	v	sells	energy,	or	not,	in	the	DAM	during	hour	h.		

∀ ℎ , 𝑣           0 ≤  𝑒!,!↑!"  ≤  𝐵! · c!,!!" · 𝑑𝑠𝑒𝑙𝑙!,!!"	 (	10	)	
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The	energy	injected	in	the	grid	from	the	battery	must	be	lower	than	the	state	of	the	battery	at	
the	 previous	 period	 (h-1)	 plus	 the	 initial	 state	 of	 charge	 of	 the	 battery,	 only	 if	 it	 is	 the	 first	
period	of	the	day	(h=0),	as	shown	in	(	11	).	In	other	words,	it	is	not	possible	to	sell	or	provide	as	
upward	reserve	more	energy	that	the	one	stored	in	the	battery	at	the	beginning	of	period	h.	

∀ ℎ , 𝑣          𝑒!,!↑!" + 𝑅!,!↑ ≤   𝑏!!!,! + 𝑖!!!,!!"# 	 (	11	)	

The	 energy	 sold	must	 be	 lower	 than	 the	maximum	 rate	 of	 discharge,	𝑅!,	multiplied	 by	 the	
discharging	efficiency.	Again,	this	option	of	selling	is	only	possible	if	the	EV	is	connected	to	the	
grid	and	the	program	of	optimization	decides	to	sell	 in	the	DAM	(𝑑𝑠𝑒𝑙𝑙!,!!" = 1)	during	period	
h.	Again,	𝜂!	is	the	grid-to-battery	and	battery-to-grid	efficiency	of	v.	

∀(ℎ , 𝑣)          0 ≤  𝑒!,!↑!"  ≤ 𝑅! · 𝜂! · c!,!!" · 𝑑𝑠𝑒𝑙𝑙!,!!"	 (	12	)	

During	a	specific	time	period	is	either	possible	to	buy	or	to	sell	energy	in	the	DAM.	However,	it	
is	not	possible	 for	a	EV	owner	to	do	both	simultaneously:	buying	and	selling.	Equation	 (	13	 )	
assures	that	this	restriction	is	fulfilled.	

∀ ℎ , 𝑣          𝑑𝑏𝑢𝑦!,!!" + 𝑑𝑠𝑒𝑙𝑙!,!!" ≤ 1	 (	13	)	

As	 aforementioned,	 in	 this	 work	 is	 not	 considered	 the	 final	 dispatch	 of	 reserves.	 In	 other	
words,	the	model	assures	that	all	the	reserves	offered	might	be	provided	through	equation	(	
14	)	but	does	not	take	into	consideration	whether	the	EVs	are	required	to	provide	it	at	the	end	
or	not.		

In	 [7]	 is	 explained	much	 in	 detail	 the	 technical	 meaning	 of	 𝛾!,!!!"	 and	 𝜀!,!!!".	 In	 that	 part	 is	
deeply	 exposed	 the	 value	 of	 aggregation	 in	 the	 DAM,	 which	 is	 indeed	 hold	 by	 these	 two	
decision	variables	permitting	exchanges	of	energy	among	EVs	of	the	fleet	taking	advantage	of	
high	 variability	 of	mobility	 patterns	 of	 the	 fleet	 providing	more	 flexibility	 to	 the	 aggregator.	
Indeed,	 𝛾!,!!!"	 is	 the	 energy	 received	 for	 vehicle	 v	 during	 period	 h,	 in	 the	 DAM,	 from	
another/other	EV(s)	of	the	fleet	that	is	used	to	charge	the	battery	at	a	cheaper	price	that	the	
one	 from	 the	market;	whereas	 𝜀!,!!!"	 stands	 for	 the	 nergy	 transferred	 from	 vehicle	 v	 during	
period	h,	in	the	DAM,	to	another/other	EV(s)	of	the	fleet	that	has/have	more	need	of	it.	

Therefore,	the	following	equation	ensures	that	either	EVs	are	allocated	or	not	for	the	provision	
of	upward	or	downward	reserves,	the	transactions	carried	out	in	the	DA	leave	enough	capacity	
to	fulfill	every	final	reserve	assignment.	

∀ ℎ , 𝑣    			   𝑅ℎ,𝑣↑𝐷𝐴 + 𝑒ℎ,𝑣
↑𝐷𝐴 + 𝜀ℎ,𝑣

+𝐷𝐴

𝜂𝑣 + 𝑅ℎ,𝑣
↓𝐷𝐴 + 𝑒ℎ,𝑣↓𝐷𝐴 + 𝛾ℎ,𝑣

+𝐷𝐴 · 𝜂𝑣 ≤ 𝑐ℎ,𝑣𝐷𝐴 · 𝑅𝑣			 (	14	)	

𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!	 is	a	binary	decision	variable	established	to	define	whether	the	EV	charges	or	not	
as	a	function	of	the	transactions	carried	in	the	DAM.	Of	course,	the	EV	can	only	be	charged	if	it	
is	connected	to	the	grid	 𝑐!,!!" = 1 . Therefore,	𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	 is	equal	to	one	only	 if	the	energy	
bought	in	the	DAM,	𝑒!,!↓!",	plus	the	energy	received	from	purchases	initially	planned	for	other	
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EVs	of	the	fleet, 𝛾!,!!!",	 	 is	greater	than	the	energy	sold,	𝑒!,!↑!",	plus	the	transference	of	energy	
from	 v	 to	 other	 EVs	 of	 the	 fleet, 𝜀!,!!!".	 In	 other	 words,	 𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	 is	 equal	 to	 one	 if	 the	

inflows	are	 larger	than	the	outflows.	The	reason	why	 it	appears	multiplied	by	 !!
!!

	 is	 just	 for	

assuring	 that	 whenever	 the	 right	 part	 of	 the	 equation	 is	 positive	 –inflows	 larger	 than	 the	

outflows–,	𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	gets	a	value	of	1	so	that:	
!!
!!

≥  (Inflows –  Outflows). 		

∀ ℎ , 𝑣         𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!" ·
𝑅!
𝜂!

≥ 𝑒!,!↓!" − 𝑒!,!↑!" + 𝛾!,!!!" − 𝜀!,!!!" · 𝑐!,!!"	 (	15	)	

The	 same	 explanation	 is	 given	 that	 for	 the	 equation	 before	 but	 for	 the	 discharge	 process.	
𝑑𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!"	 is	 a	 binary	 variable	 that	 takes	 a	 value	 of	 1	 when	 the	 EV	 is	 connected	 and	
discharges	energy	to	the	grid	taking	into	account	economical	transactions	and	transference	of	
energy	among	the	EVs	of	the	fleet.	

∀ ℎ , 𝑣         𝑑𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!" · 𝑅! · 𝜂! ≥ 𝑒!,!↑!" − 𝑒!,!↓!" − 𝛾!,!!!" + 𝜀!,!!!" · 𝑐!,!!"	 (	16	)	

It	 is	 only	 possible	 to	 either	 charge	 or	 discharge	 at	 a	 specific	moment,	 but	 never	 to	 do	 both	
simultaneously	as	stated	in	the	following	expression:	

∀ ℎ , 𝑣         𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!" + 𝑑𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!" ≤ 1	 (	17	)	

The	maximum	energy	to	be	charged	must	not	exceed	the	energy-charging	rate,	𝑅!.	In	order	to	
charge	the	EV,	 it	must	be	connected	 𝑐!,!!" = 1 	and	the	binary	decision	variable	𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	
be	active	too.	

∀ ℎ , 𝑣         𝐶ℎ𝑎𝑟𝑔𝑒!,!!"  ≤ 𝑅! · 𝑐!,!!" · 𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!" 	 (	18	)	

The	same	reasoning	from	the	previous	equation	is	applied	but	in	this	case	to	discharge:	

∀ ℎ , 𝑣         𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!" ≤ 𝑅! · 𝑐!,!!" · 𝑑𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!"	 (	19	)	

This	 balance	 equation	 assures	 that	𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	 and	𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!"	 take	 the	 exact	 values	 that	
correspond	to	the	transactions	carried	in	the	DAM	as	well	as	the	transference	of	energy	among	
the	EVs	of	the	fleet:	

∀ ℎ , 𝑣         
𝐶ℎ𝑎𝑟𝑔𝑒!,!!"

𝜂!
− 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!" · 𝜂! = 𝑒!,!↓!" − 𝑒!,!↑!" + 𝛾!,!!!" − 𝜀!,!!!" · 𝑐!,!!"	 (	20	)	

The	maximum	amount	of	energy	received	from	other	EVs	of	the	fleet,	𝛾!,!!!",		that	v	can	charge	
must	be	lower	to	the	energy-charging	rate,	𝑅! , divided	by	the	grid-to-battery	efficiency,	𝜂!,	as	
shown	 in	 (	 21	 ).	 In	 order	 to	 charge	 the	 EV,	 it	must	 be	 connected	 𝑐!,!!" = 1 	 and	 the	 binary	
decision	variable	𝑑𝛾!,!!!"	be	active	as	well.	
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∀ ℎ , 𝑣         𝛾!,!!!"  ≤
𝑅!
𝜂!
· 𝑐!,!!" · 𝑑𝛾!,!!!"	 (	21	)	

As	 it	 is	 set	 in	 equation	 (	 22	 ),	 the	maximum	 amount	 of	 energy	 discharged	 by	 one	 EV	 to	 be	
charged	 by	 others	 EVs	 of	 the	 fleet,	 𝜀!,!!!",	 must	 be	 lower	 than	 the	 energy-charging	 rate,	
𝑅! , multiplied	 by	 the	 battery-to-grid	 efficiency	 𝜂!.	 In	 order	 to	 provide	 this	 energy	 it	 is	
mandatory	 that	 the	 EV	 is	 connected	 𝑐!,!!" = 1 	 and	 the	 binary	 decision	 variable	 𝑑𝜖!,!!!"	 is	
activated.	

∀ ℎ , 𝑣         𝜀!,!!!"  ≤ 𝑅! · 𝜂! · 𝑐!,!!" · 𝑑𝜀!,!!!" 	 (	22	)	

Every	 hour	 it	 must	 be	 fulfilled	 that	 the	 total	 amount	 of	 energy	 delivered	 to	 other	 EVs,	
therefore	 discharged	 from	 the	 EV	 batteries	 to	 be	 transferred,	 is	 the	 same	 that	 the	 energy	
received	by	those	EVs	of	the	fleet	that	need	it.	Equation	(	23	)	checks	in	hourly	terms	that	the	
EV	fleet	meets	the	constraint.	

∀ℎ              𝛾!,!!!"
!"#$

!!!

= 𝜀!,!!!"
!"#$

!!!

	 (	23	)	

During	a	specific	period	of	time	h,	a	EV	v	can	either	transfer	energy	to	other	EVs	of	the	fleet	or	
receive	it;	nevertheless	it	is	not	allowed	to	do	both	at	the	same	time	as	defined	in	(	24	).	

∀ ℎ , 𝑣         𝑑𝛾!,!!!" + 𝑑𝜀!,!!!"  ≤ 1	 (	24	)	

Finally,	in	order	to	avoid	a	senseless	cancellation	of	flows:	equation	(	25	)	prevents	than	an	EV	
buys	energy	in	the	DAM	at	the	same	time	that	transfers	it	to	another	EV	of	the	fleet.	Similarly,	
equation	 (	 26	 )	 impedes	 v	 to	 sell	 energy	 in	 the	 DAM	 and	 receive	 it	 from	 another	 EV	
simultaneously.	

∀ ℎ , 𝑣         𝑑𝜀!,!!!" + 𝑑𝑏𝑢𝑦!,!!"  ≤ 1	 (	25	)	

∀ ℎ , 𝑣         𝑑𝛾!,!!!" + 𝑑𝑠𝑒𝑙𝑙!,!!"  ≤ 1	 (	26	)	
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3.3 Deviation	model	and	simulation		

As	time	goes	by,	it	is	not	strange	that	some	deviations	take	place	in	EVs’s	charging	and	driving	
programs.	Even	 if	having	plenty	historical	data	of	EVs	behaviour,	 it	 is,	 for	sure,	 impossible	to	
make	 sure	 that	every	EV	will	 fulfill	 its	program,	 such	as	 the	one	estabished	 for	 the	DAM	 for	
instance.		

So	somehow,	it	is	necessary	to	model	and	consider	the	effect	of	these	unpredicted	deviations	
that	certainly	appear	in	real-time.	In	fact,	on	the	system	operator’s	(SO)	side,	this	is	the	aim	of	
balancing	markets	(BMs).	As	 like	as,	consumers,	generators,	and	other	electric	power	system	
players	 can	 deviate	 from	 their	 schedule	 and,	 therefore,	 be	 penalized	 by	 the	 SO:	 EVs	 should	
cope	the	penalties	assigned	to	them	due	to	the	imbalances	produced	in	the	system.			

Logically,	 if	 nobody	 deviates	 from	 its	 preliminar	 schedule,	 there	 would	 be	 not	 need	 of	
balancing	markets,	 neither	 of	 ancilliary	 services	with	 perfect	 reliability.	 However,	 this	 is	 not	
real.	BMs	are	not	dispensable.	

As	 said,	 if	 EVs	 did	 not	 deviate	 and,	 in	 such	 a	 way,	 they	 did	 not	 provoke	 imbalances	 in	 the	
system,	 the	DA	schedules	obtained	 in	 section	0	would	be	always	valid	and,	 indeed,	 studying	
the	benefit	of	aggregation	in	the	BM	would	not	make	any	sence.	However,	this	is	not	the	case.	
EVs	 do	 deviate	 in	 real	 life	 and	 it	 is	 fully	 relevant	 to	 assess	 the	 impact	 that	 this	 has	 on	 the	
system,	either	with	or	without	aggregator.	

Two	kinds	of	deviations,	which	have	been	modeled,	can	be	distinguished:	

• Unpredicted	connections	or	disconnections:	an	EV	may	be	connected	at	an	hour	where	
initially	it	was	not	planned	to	be.	In	that	case,	this	deviation	would	make	him	possible	
to	participate	in	the	BM:	buying	or	selling	energy,	transferring	energy	to	other	EVs	or	
reciving	it,	etc.	Actually,	and	only	if	there	were	aggregation,	this	would	allow	the	EV	to	
compensate	 deviations	 from	 other	 EVs	 of	 the	 fleet.	 On	 the	 hand,	 the	 opposite	 is	
always	possible:	a	EV	may	be	disconnected	during	a	period	when	it	was	scheduled	that	
it	 will	 buy	 or	 sell	 electricity,	 for	 instance.	 	 Then,	 either	 a	 positive	 or	 a	 negative	
imbalance	will	take	place	if	it	is	not	bypassed	by	any	way.	

• Emergence	of	unpredicted	trips	or	cancellation	of	them:	the	daily	driving	consumption	
needs	 of	 a	 EV	 may	 increase	 or	 decrease	 easily	 with	 regard	 to	 the	 initial	 planning	
whenever	there	 is	an	unforeseen	trip	or	a	predicted	one	 is	reduced	or	cancelled.	For	
sure,	this	may	imply	changes	in	the	charging	schedule	as,	according	to	the	preliminary	
schedule,	the	driving	consumption	was	going	to	be	lower	or	greater	than	the	real	one.	
Therefore,	 the	EV	owner	may	 run	out	of	battery	 if	 it	had	not	previewed	reserves	or,	
the	 other	 way	 around,	 may	 find	 that	 now	 it	 could	 be	 worthy	 to	 sell	 in	 the	 BM	 or	
transfer	to	a	more	needy	EV	the	extra	energy	that	it	has.	

The	procedure	 implemented	 to	allocate	 the	deviations	 is	 fully	described	 in	 [4].	Thus,	a	quite	
short	 summary	 is	 exposed	 down	 below	 in	 order	 to	 avoid	 repetition.	 The	main	 difference	 in	
regards	 with	 the	 deviation	 model	 of	 [1]	 is	 that,	 there,	 the	 deviation	 parameter	 𝛼,	 which	
defines	the	percentage	of	hours	where	deviations	will	take	place,	was	the	same	for	the	whole	
fleet.	In	this	work,	conversely,	it	is	applied	a	different	𝛼	for	each	of	the	EV	types.	This	is	done	



UNIVERSIDAD PONTIFICIA DE COMILLAS 

 ESCUELA TÉCNICA SUPERIOR DE INGENIERÍA (ICAI) 

 MASTER IN THE ELECTRIC POWER INDUSTRY 

 

	 35	

because	 it	 is	considered	that	the	“deviation	parameter”	can	highly	vary	 in	function	of	the	EV	
owner.	 There	may	 be	 owners	with	 a	 larger	 tendency	 to	 deviate	 than	 others.	 Therefore,	 the	
same	way	 that	 each	 EV	 type	 has	 unlike	 connection	 availavility,	 driving	 needs,	 etc.	Deviation	
can	also	be	part	of	the	owner’s	character	or	characteristics.	

First,	in	the	light	of	the	foregoing,	each	of	the	EV	types	(maximum	5,	as	it	can	be	seen	in	Figure	
30)	 receives	 a	 fix	 deviation	 parameter	 𝛼.	 Afterwards,	 the	 model	 internaly	 estimates	 the	
number	of	hour	that	may	be	affected	and	which	ones.	Of	course,	it	is	not	equally	likely	that	a	
deviation	takes	place	at	7:00	p.m.	that	at	3:00	a.m.	The	model	takes	this	into	account	assigning	
different	probability	distributions	along	the	day,	as	shown	in	Figure	12.	

Another	novelty	concerning	 [4]	 consist	of	 the	new	the	possibility	of	having	either	positive	or	
negative	deviation	in	electricity	consumption.	In	other	words,	previously	it	was	only	possible	to	
increase	the	EV’s	daily	consumption	due	to	deviations.	Nevertheless,	in	reality,	both	situations	
can	arise:	an	EV	can	consume	more	or	lower	than	expected.	

The	manner	of	pursueing	this	is	quite	simple:	

• If	 an	 EV	 disconnects	 during	 a	 period	when	 it	 was	 foreseen	 to	 be	 connected:	 3kWh	
increase	of	consumption	is	allocated	to	the	EV.	Indeed,	this	was	already	done	before	
in	[4].	The	reason	why	it	was	chosen	to	discharge	3kWh	is	because	this	corresponds	to	
a	15km	half	an	hour	trip,	quite	reasonable.		

• If	 an	 EV	 connects	 during	 a	 period	when	 it	 was	 foreseen	 to	 be	 disconnected:	 3kWh	
decrease	of	consumption	is	allocated	to	the	EV.	In	such	a	way	deviations	can	spring	up	
in	both	senses,		

	

Figure	12.	Deviation	distribution	through	the	day	[1]	

	

Finally,	in	Figure	13	represents	the	schema	implemented	for	the	deviation	model.	In	first	place,	
the	model	receives	the	aforementioned	data	from	the	DA	model.	Then,	according	to	deviation	
parameter	𝛼,	it	is	obtained	the	final	schedule	for	the	real-time.	The	new	connection	availability	
schedule	and	driving	needs	are	introduced	as	part	of	the	input	data	for	the	BM	together	with:	
battery	 characterists,	market	data	 from	DAM	and	BM	and	 the	economical	 transactions	 from	
the	 DAM.	 All	 this	 information	 is	 required	 by	 the	 balancing	 models	 –without	 and	 with	
aggregator–in	order	to	carry	out	the	optimization	problems	that	will	be	explained	next.	

3h	 6h	 9h	 12h	 15h	 18h 21h

1%	 5%	 15%	 30%	 25%	 18%	 5%	
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Figure	13.	Deviation	simulation	and	input	data	for	balancing	models	
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3.4 Balancing	model	with	aggregation	

Once	the	deviation	model	has	been	 implemented,	assuming	again	perfect	 information	about	
consumer’s	 behavior	 and	 market	 data,	 it	 is	 time	 to	 elucidate	 what	 is	 going	 to	 be	 the	 final	
schedule.		

Figure	 14	 illustrates	 the	 input-outputs	 scheme	 of	 the	model.	 It	 is	 highlighted	 in	orange	 the	
data	coming	from	the	DA	model	optimization.	In	blue	it	is	shown	the	specific	data	for	the	BM:	
consumer’s	 behavior	 and	 market	 data.	 Lastly,	 in	 the	 green	 box	 appear	 the	 EVs’	 technical	
features.	 The	main	outputs	 that	 the	model	obtain	 are:	 the	evolution	of	 EVs’	 state	of	 charge	
along	the	day	𝑏!,! 	and	the	financial	transactions	carried	out	in	the	BM:	hourly	energy	bought	

in	the	BM	𝑒!,!↓!"	and	the	hourly	energy	sold	in	the	BM	𝑒!,!↑!".	

	
Figure	14.	Input-output	scheme	of	the	BM	with	aggregator	model.	

In	 section	 3.4.1	 the	 variables,	 ecuations	 and	 objective	 function	 of	 the	 balancing	model	with	
aggregator	are	included.		

Figure	 15,	 Figure	 16	 and	 Figure	 17	 illustrate	 the	 benefit	 of	 aggregation	 when	 dealing	 with	
either	negative	of	positive	deviations.	These	three	cases	clearly	show	how	through	aggregation	
imbalances	costs	 can	be	 reduced	 in	 regards	with	an	 individual	approach.	Nevertheless,	 in	all	
this	cases	it	is	important	to	remark	that	dual	imbalance	prices	are	considered;	in	case	study	0	is	
assessed	the	importance	of	dual	pricing	towads	aggregation.	

The	 next	 figures	 portray	 the	 saving	 gained	 thanks	 to	 a	 collective	 strategy,	 where	 individual	
members	benefit	from	it.	

In	 Figure	15,	 EV1	buys	energy	 in	 the	DAM	–𝑒!",!"!↓!" –.	 Time	goes	by	 and	EV1	 fails	 to	 connect	
during	that	concrete	period.	At	the	same	time,	EV2,	who	belongs	to	the	same	aggregation	fleet	
than	EV1,	is	fully	available	either	to	compensate	a	positive	or	a	negative	imbalance.	As	it	is	not	
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very	economic	for	the	fleet	as	a	whole	that	EV1	has	to	compensate	the	deviation	selling	that	
same	amount	of	energy	in	the	BM,	EV2	offers	its	connectivity	and	available	capacity	to	avoid	
incurring	 on	 innacesary	 balancing	 costs.	 Therefore,	 EV1	would	 have	 two	 possible	 options	 to	
restablish	the	equilibrium	due	to	its	positive	devation	in	the	BM:	

Ø Sell	all	or	part	of	the	energy	bought	in	the	DAM,	𝑒!",!"!↓!" ,	in	the	BM:	𝑒!",!"!↑!" ≤ 𝑒!",!"!↓!" .	

Ø Transfer	all	or	part	of	the	energy	bought	in	the	DAM,	𝑒!",!"!↓!" ,	to	another	EV	of	the	fleet	
that	 is	 available	 to	 for	 charging	 that	 amount	 during	 that	 hour	 in	 the	 real-time:	
𝜀!",!"!!!" ≤ 𝑒!",!"!↓!" .	 As	 it	 can	 be	 deduced,	 𝜀!",!"!!!" 	 represents	 the	 positive	 deviation	
created	by	EV1	during	hour	9	that	is	transferred	to	other	EVs	of	the	fleet.		

Anyway,	whatever	 option	 to	model	 selects,	 or	 even	 both,	 the	 following	 expression	must	 be	
fulfilled:	𝜀!",!"!!!" + 𝑒!",!"!↑!" = 𝑒!",!"!↓!" .	This	condition	is	stated,	for	any	EV	or	time	period,	in	(	43	
).	

Figure	15	is	drawn	as	if	all	the	energy	bought	in	the	DAM	by	EV1	was	transferred	to	EV2.	By	the	
way:	𝜀!",!"!!!" = 𝑒!",!"!↓!" 	and	𝑒!",!"!↑!" = 0.	Indeed,	EV2	charges	in	real-time 𝛾!",!"!!!" ,	which	in	this	

particular	case	coincides	with	𝑒!",!"!↓!" 	and		𝜀!",!"!!!" .	However,	it	could	have	been	the	case	that	
EV2	was	compensating	several	positive	deviations,	for	instance:	𝛾!",!"!!!" =𝜀!",!"!!!" + 𝜀!",!"!!!" +…	
Thus,	the	general	formulation	for	EV1	and	EV2	is	fulfilled:	𝛾!",!"!!!" ≤ 𝜀!",!"!!!" ≤ 𝑒!",!"!↓!" .	

The	benefit	of	aggregation	is	obtained	as	the	saving	of	cost	achieved.	Or,	said	in	another	way,	
as	the	difference	between	the	total	cost	with	aggregator	and	the	total	cost	without	aggregator	
[7].	

	
Figure	15.	Representative	example	to	show	the	benefit	of	aggregation	with	a	positive	deviation	in	the	BM	
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Figure	16	represents	the	other	possible	situation	that	can	arise	a	positive	deviation	in	the	BM.	
Instead	 of	 having	 bought	 energy	 in	 the	 DAM,	 EV1	 was	 supposed	 to	 receive	 energy	 from	
another	EV	of	 the	 fleet.	As	 it	has	been	exposed	 in	 section	3.2.3,	especially	 through	Figure	8,	
aggregation	 may	 permit	 that	 EVs	 exchange	 energy	 from	 one	 battery	 to	 another.	 This	 is	
particularly	 interesting	 for	 EVs	 that	 have	 limited	 connection	 availability.	 Let	 us	 imagine	 that	
that	is	the	case	of	EV1	by	the	way	that,	according	to	the	DAM,	it	is	planned	to	receive	energy	
from	another	EV	–EV3,	for	instance–	between	9	p.m.	and	10	p.m.,	when	purchasing	prices	are	
high.		

If	sudently	EV1	does	not	connect,	EV3	had	already	scheduled	to	inject	the	energy	into	the	grid	
and,	unless,	some	solution	 is	 found,	a	positive	deviation	–extra	of	energy	 in	the	system–	will	
arise.	According	to	the	principle	of	causality,	EV1,	as	main	responsible	of	the	deviation,	must	
compensate	the	umbalance.	Therefore,	as	like	as	in	the	previous	case	from	Figure	15,	EV1	can	
either	 sell	 the	 energy	 in	 the	BM,	 transfer	 it	 to	 another	 EV	of	 the	 fleet	 that	may	 take	better	
advantage	of	it	or	a	combination	of	both.	

Whatever	option	is	selected,	it	should	always	be	fulfilled	that:	𝜀!"#,!"!!!" + 𝑒!"#,!"!↑!" = 𝛾!"#,!"!!!" .	
It	could	have	been	in	another	way,	but	in	Figure	16:	𝜀!"#,!"!!!" = 𝛾!"#,!"!!!" = 2,5 𝑘𝑊ℎ	and	
𝑒!"#,!"!↑!" = 0;	so	EV2	finally	charges	the	energy	initially	dispatched	to	EV1.		

	
Figure	16.	Positive	deviation	in	the	BM	with	aggregator	provoked	by	an	EV	who	was	going	to	receive	energy	from	

another	EV	of	the	fleet	in	the	DAM	

Similarly,	Figure	17	shows	a	case	with	a	negative	deviation.	Now,	EV1	sells	energy	in	the	DAM	
during	hour	21;	𝑒!"#,!"!↑!" = 1,5 𝑘𝑊ℎ.	In	addition,	EV1	has	planned	in	the	in	DAM	to	share	and	
transfer	part	of	 its	battery	with	another	EV	of	 the	 fleet.	 In	his	case,	𝜀!"#,!"!!!" = 1 𝑘𝑊ℎ.	Once	
again,	an	unpredicted	event	prevents	EV1	 from	delivering	 into	 the	grid	 the	energy	arranged.	
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Therefore,	 unless	 another	 available	 EV	 offers	 to	 cover	 part	 or	 the	 complete	 deviation,	 EV1	
would	be	forced	to	buy	𝑒!"#,!"!↑!" + 𝜀!"#,!"!!!" 	at	BM	prices.		

So,	thanks	to	aggregation,	EV1	would	have	two	possible	options,	or	a	mix	of	them,	to	restablish	
the	equilibrium	due	to	its	negative	devation	in	the	BM:	

Ø Buy	 all	 or	 part	 of	 the	 energy	bought,	𝑒!"#,!"!↑!" ,	 and	planned	 to	be	 transferred	 in	 the	

DAM,	𝜀!"#,!"!!!" ,	in	the	BM:	𝑒!"#,!"!↓!" ≤ 𝑒!"#,!"!↑!" + 𝜀!"#,!"!!!" 	

Ø Buy	 all	 or	 part	 of	 the	 energy	bought,	𝑒!"#,!"!↑!" ,	 and	planned	 to	be	 transferred	 in	 the	
DAM,	𝜀!"#,!"!!!" ,	to	another/other	EV(s)	of	the	fleet	that	is/are	available	for	discharging	

that	amount	during	that	hour	in	the	real-time:	𝜀!"#,!"!!!" ≤ 𝑒!"#,!"!↑!" + 𝜀!"#,!"!!!" .	As	it	can	
be	deduced,	𝜀!",!"!!!" 	represents	the	negative	deviation	created	by	EV1	during	hour	21	
that	is	transferred	to	other	EVs	of	the	fleet.		

In	 summary,	 as	 equation	 (	 42	 )	 states,	 whenever	 a	 disconnection	 takes	 place,	 the	 negative	
umbalanced	produced	by	a	particular	 EV	must	 solved:	buying	 the	energy	 in	 the	BM,	making	
another/others	EV(s)	 to	assume	 the	deviation	or	 through	a	mixture	of	both.	Always	 fulfilling	
the	expression:	𝑒!,!↑!" + 𝜀!,!!!" = 𝑒!,!↓!" + 𝜀!,!!!".	

	
Figure	17.	Representative	example	to	show	the	benefit	of	aggregation	with	a	negative	deviation	in	the	BM	

	

Fortunatelly,	EV2,	as	like	as	in	the	example	before,	can	fully	charge	the	umbalance	injecting	in	
the	real-time	the	same	amount	that	was	sold	and	transferred	by	EV1	in	the	DAM.	As	shown	in	
Figure	 17,	 for	 this	 particular	 case,	 EV2	 assumes	 exclusively	 and	 completely	 the	 negative	
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deviation	 created	 by	 EV1,	 therefore:	 𝛾!"#,!"!!!" = 𝜀!"#,!"!!!" = 𝑒!"#,!"!↑!" + 𝜀!"#,!"!!!" = 1,5 + 1 =
2,5 𝑘𝑊ℎ.	

 Decision	model:	BM	with	aggregator	3.4.1

When	 approaching	 real-time,	 deviations	 in	 the	 schedule	 of	 consumers	 and	 market	 players	
arise.	The	aim	of	the	balancing	market	lies	in	the	compensation	of	these	deviations.		

The	objective	function	of	the	model	seeks	to	maximize	the	profits	of	the	EV	owners	(	27	).	As	
stated	in	(	1	),	regulation	may	permit	that	EVs	make	revenues	by	selling	energy	in	the	market.	
If	not,	 the	model	will	merely	minimize	cost.	 In	 this	case,	 it	 is	 considered	 that	EV	owners	can	
arbitrage:	taking	advantage	of	the	difference	between	buying	and	selling	prices	 in	the	BM	as	
well	 as	 the	 one	 between	 day-ahead	 and	 balancing	 prices.	 For	 example,	 an	 EV	 may	 have	
interest	 in	selling	 in	the	BM	at	a	higher	price	energy	bought	 in	the	DAM.	Therefore,	after	DA	
schedule	and	the	appearance	of	deviations,	a	new	scheduling	is	needed.		

𝑅!,!↑!",𝑅!,!↓!", 𝑒!,!↑!",	𝑒!,!↓!", 𝑝!
↑!"#$%& ,  𝑝!↓!"#$#%&' ,  𝑝!↑!"	and	 𝑝!↓!"	have	already	been	explained	in	

equation	 (	 1	 ),	 where	 they	 were	 obtained	 as	 output	 of	 the	 optimization	 process.	 Here,	
contrary,	are	entered	as	inputs.		

Through	analogy	from	the	DAM	variables	it	can	be	deduced	that	𝑒!,!↑!",	in	kWh,	represents	the	

energy	 sold	 in	 the	 BM	 during	 the	 period	 h	 for	 the	 vehicle	 v.	  𝑝!↑!"	 is	 the	 balancing	 selling	
market	price	at	hour	h	 in	€/kWh.	 Introduced	with	a	minus	as	buying	 incurs	 in	cost,	𝑒!,!↓!",	as	
well	 in	 kWh,	 represents	 the	 energy	 bought	 in	 the	BM	during	 the	period	h	 for	 the	 vehicle	 v.	
 𝑝!↑!"	is	the	hourly	balancing	purchasing	market	price	in	€/kWh.	

Reserves	have	been	allocated	 in	 the	DAM.	However,	 it	may	be	 the	 case	 that	an	EV	 that	has	
offered	 capacity	 in	 the	RM	suddenly	disconnects.	 The	objective	 function	of	 the	BM	 in	 (	 27	 )	
takes	this	 into	account.	Spanish	regulation	sets	a	penalty	of	1,15	times	the	wholesale	market	
price	 for	 failed	 upward	 reserve	 and	 0,15	 times,	 also,	 wholesale	market	 price	 for	 unfulfilled	
downward	reserve.	

In	 addition,	 thanks	 to	 aggregation,	 it	 may	 be	 possible	 that	 another	 EV	 of	 the	 fleet	 that	 is	
connected	 to	 the	grid	 in	 the	 real-time	and	has	available	 capacity	offers	 itself	 to	 compensate	
the	imbalance	in	the	RM	of	the	first	mentioned	EV.	𝑅!,!↑!"	and	𝑅!,!↓!"	represent	those	upward	or	
downward	 reserves	 provided	 by	 EV	 fleets	 due	 to	 unforeseen	 disconnections	 of	 other	 EVs.	
𝑅𝑙𝑜𝑠𝑡!,!↑!",	as	explained	later	in	equation	(	31	),	expresses	the	total	hourly	upward	reserves	lost	
by	unpredicted	disconnections.	𝑅𝑙𝑜𝑠𝑡!↓!",	similarly,	depicts	the	total	downward	reserves	 lost	
during	hour	h	by	unpredicted	disconnections.	
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𝑀𝑎𝑥  
!,!

𝑅!,!↑!" + 𝑅!,!↑!" ·  𝑝!
↑!"#$%& + 𝑅!,!↓!" + 𝑅!,!↓!" ·  𝑝!↓!"#$#%&' · 𝑐!,!!"

+ 𝑒!,!↑!" ·  𝑝!↑!" − 𝑒!,!↓!" ·  𝑝!↓!" + 𝑒!,!↑!" ·  𝑝!↑!" − 𝑒!,!↓!" ·  𝑝!↓!"

− 𝑅𝑙𝑜𝑠𝑡!↑!" · 1,15 ·  𝑝!↑!" + 𝑅𝑙𝑜𝑠𝑡!↓!" · 0,15 ·  𝑝!↑!"  
!

−
𝐵!!"#$ .𝐵!

!"#.
𝐶ℎ𝑎𝑟𝑔𝑒!,!!" + 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!"

+𝐿!,!
!"#$#%&  !!

0,2
 

(	27	)	

Finally,	 similarly	 to	 the	 model	 included	 in	 [4]	 and	 [7],	 the	 last	 summation	 depicts	 the	 cost	
provoked	 by	 the	 degradation	 of	 the	 batteries	 due	 to	 inflows	 and	 outflows	 of	 energy	 when	
charging	or	discharging	the	vehicle.	𝐵!!"#$,	in	€/kWh,	portrays	the	battery	replacement	cost	of	

the	vehicle	v;	𝐵!
!"#,	in	p.u.,	is	the	battery	degradation	coefficient	of	the	vehicle	v.		

As	likes	as	in	the	two	variables	introduced	in	(	1	)	to	reflect	the	battery	charges	and	discharges:	
𝐶ℎ𝑎𝑟𝑔𝑒!,!!",	 in	 kWh,	 is	 defined	 as	 the	 energy	 charged	 in	 v’s	 battery	 during	 the	 period	 h.	
However,	this	time	inflows	may	be	due	to	purchases	in	DAM	and	BM	or,	thanks	to	aggregation	
benefits,	 to	 exchanges	 of	 energy	 among	 EVs	 of	 the	 fleet.	 	 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!",	 also	 in	 kWh,	
represents	the	energy	discharged	during	the	period	h	by	vehicle	v,	which	can	be	due	to	sales	in	
DAM	and	BM	or	aggregation	decisions	to	optimize	the	battery	management	of	the	fleet.			

The	explanation	of	the	next	two	equations	coincide	with	the	ones	given	for	equations	(	2	)	and	
(	3	).	By	the	way,	the	specific	balancing	variables,	𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	and	𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!",	substitute	DA	
ones	and	in	equation	(	29	)		𝑅!,!↑!"	and	𝑅!,!↓!"	are	added.	

∀(ℎ, 𝑣)          𝑏!,! =  𝑏!!!,! +  𝐶ℎ𝑎𝑟𝑔𝑒!,!!" − 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!
!" −  𝐿!,!

!"#$#%& +  𝑖!!"# 	 (	28	)	

∀ ℎ , 𝑣    			   𝐵!,! +
𝑅ℎ,𝑣↑𝐷𝐴 + 𝑅ℎ,𝑣↑𝐵𝑀

𝜂𝑣 ≤ 𝑏!,! ≤ 𝐵! − 𝜂𝑣 · 𝑅ℎ,𝑣
↓𝐷𝐴 + 𝑅ℎ,𝑣

↓𝐵𝑀 			
(	29	)	

Depending	 on	 the	 regulation,	 as	 already	 commented	 in	 equation	 (	 4	 ),	 there	 may	 be	 a	
requirement	establishing	the	relation	between	the	ranges	of	upward	and	downward	reserves	
that	must	be	fulfilled	in	order	to	participate	in	the	reserve	market	(RM).	This	factor	is	designed	
with	letter	K.	For	instance,	in	Spain	this	factor	is	of	4/5	while	in	PJM	is	1.	

∀ ℎ , 𝑣           𝑅!,!↑!" · 𝐾 = 𝑅!,!↓!"		 (	30	)	

Equation	 (	 31	 )	 and	 (	 32	 )	 computes	 the	amount	of	upward	and	downward,	 respectively,	
reserves	finally	not	provided	by	the	EV	fleet	due	to	deviations.	The	non-provided	upward	
reserves,	𝑅𝑙𝑜𝑠𝑡!↑!",	are	equal	to	the	total	hourly	upward	reserves	that	cannot	be	provided	
by	 the	 initial	 assigned	 EVs	 minus	 the	 upward	 reserves,	 𝑅!,!↑!" ,	 provided	 by	 another	 EV	
belonging	to	the	fleet	in	order	to	avoid	reserve	penalties.	The	same	reasoning	is	applied	in	
(	32	)	for	downward	reserves.	
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∀ℎ             𝑅𝑙𝑜𝑠𝑡!↑!" = 𝑅!,!↑!" · 1 −  𝑐!,!!" − 𝑅!,!↑!"
!"#

!!!

	 (	31	)	

∀ℎ             𝑅𝑙𝑜𝑠𝑡!↓!" = 𝑅!,!↓!" · 1 −  𝑐!,!!" − 𝑅!,!↓!"
!"#

!!!

	 (	32	)	

Furthermore,	it	is	necessary	to	add	a	constraint	to	limit	the	maximal	technical	reserve	that	an	
EV	can	provide	in	the	BM.	In	no	case	the	sum	of	upward	or	downward	reserves	provided	in	the	
BM	 can	 exceed	 the	 imbalances	 in	 the	 RM	 caused	 by	 unforeseen	 disconnections.	 This	 is	
ensured	through	equations	(	33	)	and	(	34	).		

∀ℎ              𝑅!,!↑!" · 1 − 𝑐!,!!"
!"#

!!!

≥ 𝑅!,!↑!"
!"#

!!!

	 (	33	)	

∀ℎ              𝑅!,!↓!" · 1 − 𝑐!,!!"
!"#

!!!

≥ 𝑅!,!↓!"
!"#

!!!

	
(	34	)	

The	 individual	provision	of	upward	or	downward	 reserves	 is	 restricted	by	 the	battery-to-grid	

capacity,		𝑅! · 𝜂!,	and	grid-to-battery	capacity,	
!!
!!
,	as	well	as	the	availability	connection	of	the	

EVs,	𝑐!,!!".	

∀ ℎ , 𝑣           0 ≤  𝑅!,!↑!"   ≤ 𝑅! · 𝜂! · 𝑐!,!!"  		 (	35	)	

∀ ℎ , 𝑣           0 ≤  𝑅!,!↓!"   ≤ !!
!!
· 𝑐!,!!"  		 (	36	)	

For	the	sake	of	analyzing	afterwards	the	hourly	results	of	the	whole	fleet,	two	new	variables	
are	 defined	 to	 compute	 the	 total	 upward	 (	 39	 )	 and	 downward	 (	 38	 )	 reserve	 that	 is	 being	
provided	by	the	EV	fleet	in	the	real-time.	Thus,	𝑅!↑!"	is	the	total	upward	reserve	offered	by	the	
EVs	during	hour	h;	whereas	𝑅!↓!"depicts	the	total	hourly	downward	reserve.	

∀ℎ             𝑅!↑!"= 𝑅!,!↑!" · 𝑐!,!!" + 𝑅!,!↑!"
!"#

!!!

	 (	37	)	

∀ℎ             𝑅!↓!"= 𝑅!,!↓!" · 𝑐!,!!" + 𝑅!,!↓!"
!"#

!!!

	 (	38	)	

The	energy	sold	in	the	balancing	market	with	aggregator,	𝑒!,!↑!",	is	defined	in	expression	(	39	):	

Ø If	 the	 EV	 is	 connected	 (𝑐!,!!" = 1),	 the	 energy	 sold	 is	 limited	 by	 maximum	 rate	 of	
discharge,	𝑅!,	 the	battery-to-grid	discharging	efficiency,	𝜂!,	 the	capacity	of	discharge	
arranged	in	the	DAM	for	selling	𝑒!,!↑!"	and	for	providing	upward	reserve	𝑅!,!↑!".	Arbitrage	
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is	permitted	between	DAM	and	BM,	that	is	why	𝑒!,!↓!",	the	energy	already	bought	in	the	
DAM,	 has	 been	 included.	 Selling	 in	 the	 BM	 is	 only	 possible	 if,	 apart	 from	 being	
connected	 to	 the	 grid	 and	 having	 enough	 discharge	 capacity,	 the	 program	 of	
optimization	decides	to	sell,	so	activates	the	binary	decision	variable	𝑑𝑠𝑒𝑙𝑙!,!!",	during	
period	h.	

Ø Otherwise,	 if	 the	 EV	 is	 not	 connected	 (𝑐!,!!" = 0)	 and	 having	 bought	 energy	 in	 the	
DAM,	 𝑒!,!↓!",	 or	when	 having	 planned	 to	 receive	 energy	 from	another	 EV	 of	 the	 fleet,	
𝛾!,!!!",	 	 the	maximum	amount	energy	that	can	sell	 is	 lower	or	equal	 than	the	one	that	
was	going	 to	be	charged.	 In	 this	case	 it	 is	not	 imposed	 that	all	 this	energy	has	 to	be	
resold	 in	case	of	a	disconnection;	 thanks	 to	aggregation	another	EV	of	 the	 fleet	may	
offer	to	compensate	the	imbalance.	

∀(ℎ , 𝑣)          0 ≤  𝑒!,!↑!" ≤  𝑅! · 𝜂! − 𝑒!,!↑!" + 𝑒!,!↓!" − 𝑅!,!↑!" · c!,!!" + 𝑒!,!↓!" + 𝛾!,!!!" · 1 − c!,!!" · 𝑑𝑠𝑒𝑙𝑙!,!!!	 (	39	)	

The	energy	injected	in	the	grid	from	the	battery	must	be	lower	or	equal	to	the	energy	stored	in	
the	battery	at	the	beginning	of	period	h,	plus	the	possible	inflows	that	are	going	to	be	received	
during	 that	 period	 due	 to	 energy	 purchases	 in	 the	 DAM,	 𝑒!,!↓!",	 minus	 the	 outflows	 already	

arranged,	which	are:	𝑒!,!↑!",	the	energy	already	sold	in	the	DAM,	or	𝑅!,!↑!",	the	upward	reserve.		

∀(ℎ , 𝑣)          𝑒!,!↑!" + 𝑅!,!↑!"  ≤   𝑏!!!,! + 𝑐!,!!" · 𝑒!,!↓!" − 𝑒!,!↑!" − 𝑅!,!↑!" + 𝑖!!!,!!"# 	 (	40	)	

The	energy	bought	in	the	BM	by	v	during	hour	h,	𝑒!,!↓!":	

Ø In	case	of	being	connected	(𝑐!,!!" = 1),	the	energy	bought	is	limited	by	maximum	rate	
of	 charge,	𝑅!,	 the	 grid-to-battery	 charging	 efficiency,	𝜂!,	 and	 the	 capacity	 of	 charge	
already	arranged	in	the	DAM	for	buying	𝑒!,!↓!",	or	providing	downward	reserves,	𝑅!,!↓!",	if	
that	 is	 the	 case.	 As	 arbitrage	 is	 permitted	 between	DAM	 and	 BM,	𝑒!,!↑!",	 the	 energy	
already	 sold	 in	 the	DAM,	 is	 included.	 Therefore,	𝑒!,!↑!"	 ,	 the	 energy	 sold	 in	 the	DAM,	
could	be	bought	again	if	the	BM	prices	made	that	economically	profitable.	

Ø If	the	EV	is	not	connected	(𝑐!,!!" = 0),	the	energy	bought	in	the	BM	must	be	lower	or	

equal	 than	 the	 energy	 sold	 in	 the	DAM,	𝑒!,!↑!",	 plus	 the	 energy	 that	was	 going	 to	 be	
transferred	to	other	EVs	of	the	fleet,	𝜀!,!!!",	 in	order	to	avoid	deviations	in	the	market.	
Thanks	 to	 aggregation,	v	 is	 not	 forced	 to	 buy	 all	 this	 energy	 sold	 in	 the	DAM,	𝑒!,!↑!",	
neither	to	buy	the	energy,	𝜀!,!!!",	that	was	going	to	be	shared	into	the	fleet,	but	rather	
can	transfer	the	roll	of	discharging	energy	into	the	grid	to	another	EV	that	is	connected	
and	can	arrange	to	do	so.	This	action	can	be	done	because	of	the	existence	of	𝜀!,!!!",	
whose	performance	has	been	shown	in	Figure	17	and	functions	according	to	(	42	).	

Ø Buying	is	only	be	possible	if	the	decision	variable	𝑑𝑏𝑢𝑦!,!!"	 is	equal	to	1,	which	means	
that	the	EV	v	buys	energy	in	the	BM	during	period	h.	

∀ ℎ , 𝑣           0 ≤  𝑒!,!↓!" ≤ !!
!!
− 𝑒!,!↓!" + 𝑒!,!↑!" − 𝑅!,!↓!" · 𝑐!,!!" + 𝑒!,!↑!" + 𝜀!,!!!" · 1 − c!,!!"  · 𝑑𝑏𝑢𝑦!,!!"		 (	41	)	
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Equations	 (	 42	 )	 are	 (	 43	 )	 are	 introduced	 in	 order	 to	 assure	 that	 all	 deviations	 in	DAM	 are	
correctly	compensated	in	case	of	unforeseen	disconnection.		

Whenever	the	EV	has	scheduled	to	sell	energy	in	DAM,	𝑒!,!↑!",	or	to	transfer	part	of	its	battery	
stored	with	another	EV	of	the	fleet,	𝜀!,!!!",	and	then,	due	to	an	unforeseen	trip,	it	is	not	longer	
able	to	discharge	that	energy:	it	is	imposed	that	either	this	energy	is	bought	in	the	BM,	𝑒!,!↓!",	
transferred	to	another	connected	EV	that	will	sell	that	energy,	𝜀!,!!!"	or	a	combination	of	both,	
as	explained	in	Figure	17.	

	∀ ℎ , 𝑣         𝑒!,!↑!" + 𝜀!,!!!" − 𝑒!,!↓!" − 𝜀!,!!!" · 1 − 𝑐!,!!" = 0	 (	42	)	

As	fully	developed	for	explaining	the	examples	from	Figure	15	and	Figure	16,	exactly	the	same	
is	done,	but	the	other	way	around,	if	v	has	bought	energy	in	the	DAM,	𝑒!,!↓!",	or	has	arranged	to	
receive	energy	from	another	EV	of	the	fleet, 𝛾!,!!!",	and	finally	this	energy	can	not	be	charged	in	
v.	The	aggregator	will	either	 sell	 that	whole	energy,	or	a	part	of	 it,	 in	 the	BM,	𝑒!,!↑!",	or	 take	
advantage	of	the	purchase	done	to	charge	another	EV	of	the	fleet	connected	during	period	h,	
just	when	the	deviation	occurs.	𝜀!,!!!"	depicts	the	energy	transferred	from	v	to	another(s)	EV(s)	
battery	 in	 the	BM.	Thus,	 the	positive	deviation	 caused	by	v’s	disconnection	 is	 compensated:	
selling	that	same	energy	in	the	balancing	market,	allowing	that	another/other	EV(s)	of	the	fleet	
charges	the	energy	bought	by	v	in	the	DAM	or	a	mixture	of	both.	

∀ ℎ , 𝑣         𝑒!,!↓!" + 𝛾!,!!!" − 𝑒!,!↑!" − 𝜀!,!!!" · 1 − 𝑐!,!!" = 0	 (	43	)	

𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	is	a	binary	decision	variable	established	to	define	whether	the	EV	charges	or	not	
in	 function	of	 the	transactions	carried	out	 in	the	DAM,	BM	and	exchanges	among	EVs	of	 the	
fleet.	Of	course,	the	EV	can	only	be	charged	if	it	is	connected	to	the	grid	 𝑐!,!!" = 1 . Therefore,	
𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!"  is	equal	to	1	only	if	the	inflows	are	larger	than	the	outflows.	The	reason	why	it	is	

multiplied	by	 !!
!!

	 is	explained	in	(	15	),	 the	inflows	are	limited	by	the	maximum	charging	

rate.	

𝛾!,!!!",	the	energy	received	by	v	from	other	EVs	of	the	fleet	in	the	DA	schedule,	and,	𝜀!,!!!",	the	
energy	transferred	from	v	to	other	EVs	of	the	fleet	in	the	DA	schedule,	was	already	introduced	
in	equation	(	20	).	Likewise,	𝛾!,!!!"	depicts	the	energy	received	by	v	from	other	EVs	of	the	fleet	
in	the	BM	schedule,	and,	𝜀!,!!!"	the	energy	transferred	from	v	to	other	EVs	of	the	fleet	in	the	
BM	schedule.	Lastly,	the	last	new	variable	that	remains:	𝛾!,!!!"	represents	the	injection	of	v	into	
the	 grid	 in	 order	 to	 ament	 a	 negative	 deviation	 of	 another	 EV	 of	 the	 fleet.	 For	 better	
understanding	the	meaning	of	each	of	 the	variables,	 it	 is	good	to	have	a	 look	to	Figure	8	 for	
𝛾!,!!!"	and	𝜀!,!!!",	Figure	15	and	Figure	16	for	𝛾!,!!!"	and	𝜀!,!!!"	and,	lastly,	to	Figure	17	for	𝛾!,!!!".	

∀ ℎ , 𝑣         𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!" ·
𝑅!
𝜂!
≥ 𝑒!,!↓!" − 𝑒!,!↑!" + 𝑒!,!↓!" − 𝑒!,!↑!" + 𝛾!,!!!" + 𝛾!,!!!" − 𝛾!,!!!" − 𝜀!,!!!" − 𝜀!,!!!" · 𝑐!,!!" 	 (	44	)	

The	opposite	 from	 the	equation	 (	 44	 )	 is	 valid	 for	 the	discharging	process,	expressed	 in	 (	45	 )	
through	dDischarge!,!.	 This	 binary	 decision	 variable	 that	 takes	 a	 value	 of	 1	when	 the	 EV	 is	
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connected	and	discharges	energy	to	the	grid	taking	into	account	economical	transactions	and	
compensation	 of	 deviations.	 The	 product	 𝑅! · 𝜂!	 represents	 the	 maximum	 rate	 limit	 of	
discharge	of	the	battery,	which	cannot	be	exceeded	by	the	outflows.	

∀ ℎ , 𝑣         𝑑𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!" · 𝑅! · 𝜂! ≥ 𝑒!,!↑!" − 𝑒!,!↓!" + 𝑒!,!↑!" − 𝑒!,!↓!" + 𝛾!,!!!" − 𝛾!,!!!" − 𝛾!,!!!" + 𝜀!,!!!" + 𝜀!,!!!" · 𝑐!,!!" 	 (	45	)	

It	 is	 only	 possible	 to	 either	 charge	 or	 discharge	 at	 a	 specific	moment,	 but	 never	 to	 do	 both	
simultaneously.	

∀ ℎ , 𝑣         𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!" + 𝑑𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!" ≤ 1	 (	46	)	

As	 aforementioned	 in	 equations	 (	 18	 )	 and	 (	 19	 ),	 the	 maximum	 energy	 to	 be	 charged	 or	
discharged	must	not	exceed	the	energy-charging	rate,	𝑅!.	In	order	to	charge	the	EV,	it	must	be	
connected	 𝑐!,!!" = 1 	 and	 the	binary	decision	variables	𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	 and	𝑑𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!"	 be	
active.	

∀ ℎ , 𝑣         𝐶ℎ𝑎𝑟𝑔𝑒!,!!" ≤ 𝑅! − 𝑅!,!↓!" · 𝜂𝑣 · 𝑐!,!!" · 𝑑𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	 (	47	)	

∀ ℎ , 𝑣         𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!"   ≤ 𝑅! −
𝑅!,!↑!"

𝜂𝑣 · 𝑐!,!!" · 𝑑𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!"	 (	48	)	

This	balance	equation	assures	 that	𝐶ℎ𝑎𝑟𝑔𝑒!,!!"	 and	𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!"	 take	 the	exact	 values	 that	
corresponds	 to	 the	 transactions	 carried	 in	 the	 DAM	 and	 BM	 as	 well	 as	 the	 transference	 of	
energy	among	fleet	members.	

∀ ℎ , 𝑣         
𝐶ℎ𝑎𝑟𝑔𝑒!,!

!"

𝜂!
− 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒!,!!" · 𝜂!

= 𝑒!,!↓!" − 𝑒!,!↑!" + 𝑒!,!↓!" − 𝑒!,!↑!" + 𝛾!,!!!" + 𝛾!,!!!" − 𝛾!,!!!" − 𝜀!,!!!" − 𝜀!,!!!" · 𝑐!,!!"	
(	49	)	

Similarly	 to	 equation	 (	 21	 )	 but	 for	 the	 BM,	 the	maximum	 amount	 of	 energy	 received	 from	
other	 EVs	 of	 the	 fleet	 that	 a	 single	 EV	 can	 charge,	 𝛾!,!!!",	 must	 be	 lower	 than	 the	 energy-
charging	 rate,	𝑅! , divided	by	 the	efficiency	𝜂!.	 In	order	 to	charge	 the	EV	must	be	connected	
𝑐!,!!" = 1 	and	the	binary	decision	variable	𝑑𝛾!,!!!"	be	active	too.	

∀ ℎ , 𝑣         𝛾!,!!!"   ≤
𝑅!
𝜂!
· 𝑐!,!!" · 𝑑𝛾!,!!!"	 (	50	)	

Also,	injections	of	energy	into	the	grid	in	order	to	amend	a	negative	deviation	of	another	EV	of	
the	fleet,	𝛾!,!!!",	 is	limited	by	the	product	of	the	energy-charging	rate,	𝑅! , and	the	battery-to-
grid	 efficiency,	𝜂!.	 In	 order	 to	 be	 able	 to	 carry	 on	 the	 discharge	 the	 EV	must	 be	 connected	
𝑐!,!!" = 1 	and	the	binary	decision	variable	𝑑𝛾!,!!!"	should	be	active	too.	

∀ ℎ , 𝑣         𝛾!,!!!"   ≤ 𝑅! · 𝜂! · 𝑐!,!!" · 𝑑𝛾!,!!!"	 (	51	)	

In	the	BM,	an	EV	can	transfer	energy	to	other	EVs	of	the	fleet,	𝜀!,!!!",	in	two	different	ways	as	
stated	in	(	52	):	
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Ø If,	according	to	the	last	connectivity	schedule,	 it	 is	connected	to	the	grid		(𝑐!,!!" = 1),	
as	like	as	in	equation	(	22	),	the	maximum	amount	of	energy	delivered	by	v	to	others	
EVs	of	the	fleet,	𝜀!,!!!",	must	be	lower	than	the	energy-charging	rate,	𝑅! , multiplied	by	
the	battery-to-grid	efficiency	𝜂!.	 In	order	to	provide	this	energy	 it	 is	mandatory	that,	
apart	 from	 being	 connected,	 the	 binary	 decision	 variable	 𝑑𝜖!,!!!"	 is	 activated.	 This	
means	that,	as	like	as	in	the	DAM	and	shown	in	Figure	8,	whenever	an	EV	is	connected	
it	can	transfer	energy	to	another	EV	of	the	fleet	who	may	require	it	more.	

Ø If	the	EV	is	not	connected	(𝑐!,!!" = 0)	in	real-time	and	has	bought	energy	in	the	DAM,	

𝑒!,!↓!" > 0  and/or	arranged	to	receive	energy	from	another	EV	of	the	fleet,	 𝛾!,!!!" >
0 ,	according	to	what	it	was	stated	in	equation	(	43	),	it	could	let	that	other	EVs	of	the	
fleet	 charge	 all	 or	 part	 of	 this	 energy	 in	 order	 to	 compensate	 the	 positive	 deviation	
produced	in	the	system.	Again,	look	at	Figure	15	and	Figure	16	for	further	explanation.	

∀ ℎ , 𝑣         𝜀!,!!!"   ≤ 𝑅! · 𝜂! · 𝑐!,!!" + 𝑒!,!↓!" + 𝛾!,!!!" − 𝑒!,!↑!" · 1 − 𝑐!,!!" · 𝑑𝜀!,!!!"	 (	52	)	

Every	hour	it	must	be	fulfilled	that	the	total	amount	of	energy	delivered	from	EVs	to	other	EVs,	
therefore	discharged	 from	certain	EV	batteries	 to	be	charged	 in	others,	 is	 the	same	that	 the	
energy	received	by	those	EVs	of	the	fleet	that	need	it.	The	example	shown	in	Figure	16	seeks	
to	demonstrate	the	implementation	of	(	53	)	in	a	more	practical	and	clear	way.	

∀ℎ              𝛾!,!!!" · 𝑐!,!!" + 𝛾!,!!!"
!"#$

!!!

= 𝜀!,!!!" · 𝑐!,!!" + 𝜀!,!!!"
!"#$

!!!

	 (	53	)	

As	explained	right	before	introducing	equation	(	42	),	it	may	arise	that	a	negative	imbalance	is	
generated	in	the	system	if	a	EV	owner,	who	has	committed	to	sell	energy	or	to	inject	energy	in	
the	 grid	 so	 that	 another	 EV	 may	 charge	 its	 energy	 at	 a	 lower	 price,	 fails	 to	 deliver	 its	
commitment.	It	is	very	important,	indeed,	that	the	aggregator	ensures	that	every	imbalance	is	
corrected.	 As	 clarified	 before,	𝛾!,!!!!"	 represents	 the	 injection	 of	 v2	 into	 the	 grid	 in	 order	 to	
ament	 a	 negative	 deviation	 of	 another	 EV	 of	 the	 fleet,	 of	 v1	 for	 instance.	 𝜀!,!!!!"	 depicts	 the	
amount	 of	 energy	 from	 v1	 that	 the	 aggregator,	 instead	 of	 buying	 in	 the	 BM,	 allocates	 to	
another	EV	of	the	fleet,	v2	in	this	case,	to	recover	the	energy	balance.	Thus,	every	hour	it	must	
be	verified	the	following	expression:	

∀ℎ              𝛾!,!!!"
!"#$

!!!

= 𝜀!,!!!"
!"#$

!!!

	 (	54	)	

The	 model	 must	 also	 fulfill	 that	 no	 EV	 is	 transferring	 and	 receiving	 energy	 simultaneously,	
either	with	the	market	or	with	other	EVs	of	the	fleet.	That	is	the	aim	of	equations	(	55	),	(	56	)	
and	(	57	):	to	guarantee	that	no	EV	has	inflows	and	outflows	at	the	same	time.	

∀ ℎ , 𝑣         𝑑𝛾!,!!!" + 𝑑𝛾!,!!!" + 𝑑𝜀!,!!!" + 𝑑𝜀!,!!!"  ≤ 1	 (	55	)	

∀ ℎ , 𝑣         𝑑𝛾!,!!!" + 𝑑𝑠𝑒𝑙𝑙!,!!"  ≤ 1	 (	56	)	
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∀ ℎ , 𝑣         𝑑𝑏𝑢𝑦!,!!" + 𝑑𝑠𝑒𝑙𝑙!,!!"  ≤ 1	 (	57	)	

	

	

	

	

	 	



UNIVERSIDAD PONTIFICIA DE COMILLAS 

 ESCUELA TÉCNICA SUPERIOR DE INGENIERÍA (ICAI) 

 MASTER IN THE ELECTRIC POWER INDUSTRY 

 

	 49	

Chapter	4: Case	studies	and	results	analysis	
	

4.1 Value	of	reserves	for	an	EV	fleet	

The	aim	of	this	first	case	study	consists	in	assessing	the	value	of	reserves	for	an	EV	fleet.		

In	first	place,	it	is	interesting	to	compare	what	are	the	benefits	that	an	EV	fleet	gains	thanks	to	
the	participation	of	it	in	the	RM.	

In	a	previous	thesis	to	this	work	[7],	 it	was	studied	the	benefit	of	aggregation	in	regards	with	
and	 individual	 charging	 strategy.	 To	 do	 so,	 several	 case	 studies	 were	 presented	 and	 results	
were	obtained	through	the	 former	model	of	 this	present	 thesis,	which	has	been	modified	 to	
carry	out	new	analysis	and	answer	to	further	objectives.	

The	main	change	or	improvement	applied	to	the	former	models	from	[7]	is	the	integration	of	
the	RM	within	 the	DAM.	 In	 fact,	 the	deviation	simulation	 remains	 the	same	and	 the	BM	has	
been	adapted	in	order	to	manage	the	imbalance	of	reserves	and	other	technical	issues.	

In	all	the	cases	studies	of	this	work,	unless	the	contrary	is	said,	historical	Spanish	prices	from	
2015	are	taken.	Concretely:	

-		Buyind	and	selling	wholesale	prices	for	the	DAM.		

-	Upward	and	downward	prices	for	the	RM.	

-	Dual	imbalancing	prices	for	the	BM.	

It	is	supposed	that	regulation	allows	both	G2V	and	V2G	strategy,	so	the	aggregator	coordinates	
the	 charging	 and	 discharging	 process	 of	 EV	 members,	 permitting	 even	 to	 make	 profits	 in	
certain	cases	when	selling	prices	are	high.	

Regarding	 RM,	 as	 already	 mentioned,	 by	 default	 it	 is	 considered	 that	 the	 minimum	
requirement	 of	 reserves	 demanded	 to	 agents	 in	 the	 RM	 is	 100	 kW,	 as	 it	 occurs	 in	 PJM	 for	
instance.			

In	 Figure	 18	 are	 compared	 the	 daily	 costs	 of	 an	 EV	 fleet	 of	 200	 EVs	 with	 and	 without	
participation	in	the	RM.	It	is	observed	how,	according	to	the	results,	the	participation	of	the	EV	
fleet	in	the	RM	not	only	reduces	costs	but	also	permits	that	EV	members	make	profits.		

In	the	case	where	the	EV	fleet	does	not	participate	in	the	RM,	smart	charging	with	aggregator	
achieves	an	average	daily	cost	of	42	c€.	On	the	other	hand,	when	the	EV	fleet	has	access	to	the	
provision	of	 reserves,	 this	 costs	becomes	a	daily	earning	of	almost	14	 c€.	 It	 is	 clear	 that	 the	
main	source	of	this	improvement	comes	from	the	RM;	balancing	costs	also	reduces	from	22	c€	
to	17,7	c€.	
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Figure	18.	Comparison	of	daily	costs	(or	benefits)	of	EV	members	with	and	without	participation	in	the	RM		

However,	as	similarly	discussed	in	[7]	in	regards	the	saturation	of	aggregator’s	benefit	with	the	
fleet	size,	 it	makes	sense	that	the	value	of	reserves	for	an	EV	fleet	varies	with	the	size	of	the	
fleet.	In	[7],	as	already	explained,	RM	is	not	considered;	though	it	is	studied	the	daily	benefit	of	
aggregation	compared	with	the	case	without	aggregation.	Figure	19	shows	the	individual	daily	
benefit	 achieved	 in	 the	DAM	and	RM	as	a	 function	of	 the	 fleet	 size.	 In	 that	 situation,	 in	 the	
light	of	the	results,	EV	fleets	with	more	than	70	EVs	could	earn	money	charging	their	EVs	at	the	
time	that	they	participate	in	the	RM.		

	

Figure	19.	Daily	individual	benefit	per	EV	in	the	DAM	and	RM	as	a	function	of	the	EV	fleet	size	
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As	aforementioned,	a	minimum	provision	of	100	kW	is	required	in	order	to	participate	in	the	
RM.	 Th	 fleet	 composed	 by	 50	 EVs	 is	 not	 big	 enough	 to	 fulfill	 the	minimum	 requirement	 of	
reserves,	therefore	EV	owners	incur	in	costs	for	charging	their	EVs.	From	70	EVs	on,	the	fleet	
has	capacity	enough	to	participate	in	the	RM	and	daily	charging	costs	turn	into	benefits	thanks	
to	the	provision	of	ancillary	services	to	the	system.	

Of	course,	the	figure	before	does	not	represent	the	final	daily	results,	as	 imbalance	costs	are	
not	included.	Figure	20	reflects	also	balancing	cost	and	thus	the	total	daily	benefits,	or	costs	if	
that	is	the	case.		

As	 like	 as	 in	 Figure	 19,	 it	 is	 observed	 the	 effect	 of	 saturation.	 The	 marginal	 benefit	 of	
aggregation	 increases	 quickly	 at	 the	 beginning,	 when	 the	 fleet	 size	 is	 small	 and	 thus	 the	
capacity	of	providing	reserves	very	limited,	whereas	the	marginal	benefit	slowly	restrains	when	
the	fleet	becomes	larger.	The	change	between	200	and	400	EVs	is	not	very	significant,	in	fact	
much	 less	 than	 the	 one	 produced	 between	 100	 and	 200	 EVs,	 that	 is	 why	 in	 most	 of	 the	
following	cases	studies,	the	standard	fleet	size	taken	is	of	200	EVs.			

	

Figure	20.	Daily	individual	benefit	per	EV	in	the	DAM,	RM	and	BM	in	function	of	the	EV	fleet	size		

Finally,	Figure	21	depicts	the	evolution	of	the	average	daily	upward	reserves	provided	by	an	EV	
belonging	 to	 different	 EV	 fleets.	 In	 other	words,	 in	 each	 column	 is	 represented	 the	 average	
upward	 reserve	 that	 an	 EV	 is	 able	 to	 offer	 daily	 in	 the	 RM	 in	 function	 of	 the	 fleet	 size.	 As	
already	commented,	the	EV	fleet	composed	by	50	EVs	is	not	big	enough	to	participate	at	any	
moment	in	the	RM,	that	is	why	its	column	value	is	zero.	On	the	other	hand,	the	larger	the	EV	
fleet	 size,	 the	higher	 it	 is	 as	well	 the	daily	 reserve	 that	EVs	 can	offer	and,	 consequently,	 the	
benefit	they	do	in	the	RM,	as	shown	in	Figure	19	and	Figure	20.	
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Figure	21.	Average	daily	upward	reserve	offered	by	EVs	in	function	of	their	EV	fleet	size	
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4.2 Minimum	reserve	requirement	to	participate	in	the	RM	

The	previous	case	study	has	already	highlighted	the	importance	of	the	EV	fleet	size	in	order	to	
maximize	the	value	of	reserves	for	aggregation.	The	aim	of	this	case	study	consists	in	assessing	
the	minimum	fleet	size	to	cover	the	minimum	requirement	of	reserve	to	participate	in	the	RM.	

In	 section	 4.1,	 the	 analysis	 was	 run	 by	 increasing	 the	 EV	 fleet	 size	 for	 a	 given	 reserve	
requirement	–100	kW	for	instance–.	Here,	a	sensibility	analysis	is	carried	out	but	the	other	way	
around:	for	a	given	EV	fleet	size,	it	is	studied	the	effect	of	increasing	the	minimum	requirement	
of	reserve.	

Considering	an	EV	fleet	composed	by	200	EVs,	as	shown	in	Figure	22,	the	difference	between	0	
kW	and	100	kW	 is	 very	 low,	 the	upward	 reserve	offered	hardly	 reduces	4,1%.	However,	 the	
difference	is	much	more	significant	when	the	minimum	requirements	rises	to	200	kW,	then	it	
drops	almost	16%.	

Finally,	 the	 fleet	of	 200	EVs	 is	 no	 large	enough	 to	participate	 in	 the	RM	 in	 any	hour	of	 year	
when	 the	minimum	 requirement	 is	 fixed	 at	 400	 kW;	 that	 is	 why	 the	 average	 daily	 upward	
reserve	offered	is	0	in	that	case.		

	

Figure	22.	Average	daily	upward	reserve	offered	by	an	EV	that	belongs	to	an	EV	fleet	of	200	EVs	in	different	
scenarios	of	minimum	reserves	requirement	to	participate	in	the	RM	

Figure	23	 represents	 for	 the	 same	 four	 levels	of	 reserves	 requirement	–0,	100,	200	and	400	
kW–	the	revenues	made,	or	costs,	in	the	DAM	and	in	the	RM	–blue	column	on	the	left–	and	in	
the	DAM,	RM	and	BM	–yellow	column	on	the	right–.	It	is	seen	how	the	more	demanding	it	is	
the	 reserve	 restriction,	 the	 more	 the	 earning	 diminish.	 At	 the	 end,	 with	 a	 minimum	
requirement	 of	 400	 kW	 the	 EV	 fleet	 is	 no	 longer	 able	 to	 provide	 reserves	 and	 costs	 are	
triggered.	
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Figure	23.	Average	benefit	per	EV	in	the	DAM+RM	and	BM	that	belongs	to	an	EV	fleet	of	200	EVs	in	different	
scenarios	of	minimum	reserves	requirement	to	participate	in	the	RM	

Indeed,	 comparing	 results	 shown	 in	 Figure	 22	 and	 Figure	 23	with	 those	 from	 Figure	 20	 and	
Figure	21	of	case	study	4.1,	it	is	observed	a	proportional	relation	maintained	between	the	EV	
fleet	and	the	minimum	reserves	required	to	participate	in	the	RM.	This	symmetry	could	permit	
to	 extrapolate	 these	 results	 to	 other	 cases	 where	 the	minimum	 requirement	 of	 reserves	 is	
unknown.	Therefore,	according	to	the	simulations	carried	out,	the	minimum	required	reserves,	
in	kW,	should	not	be	higher	than	the	150%	of	the	EV	fleet	size.	For	instance,	an	EV	fleet	formed	
by	 1.000	 EVs,	 with	 the	 assumed	 conditions,	 could	 partipate	 in	 the	 RM	 if	 the	 minimum	
requirement	is	lower	than	1.500	kW	or	1,5	MW.	In	order	to	be	able	in	the	Spanish	RM,	where	
10	MW	is	the	minimum	reserven,	the	aggregated	EV	fleet	should	be	composed,	aproximatelly,	
by	at	least	6.700	EVs.	

	 EV	fleet	size	
Minimum	
reserve	

requirement	
to	

participate	
in	the	RM	

	 50	EVs	 70	EVs	 100	EVs	 200	EVs	 400	EVs	
0	kW	 -	 -	 -	 17,3	 -	

100	kW	 0	 12	 13,8	 16,7	 17,3	
200	kW	 -	 -	 -	 13,8	 -	
300	kW	 -	 -	 -	 12	 -	
400	kW	 -	 -	 -	 0	 -	

Table	8.	Average	daily	upward	reserve	offered	by	EVs	in	function	of	the	EV	fleet	size	and	the	minimum	reserve	
requirement	[kWh]	
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	 EV	fleet	size	
Minimum	
reserve	

requirement	
to	

participate	
in	the	RM	

	 50	EVs	 70	EVs	 100	EVs	 200	EVs	 400	EVs	
0	kW	 -	 -	 -	 0,336	 -	

100	kW	 -0,200	 0,175	 0,232	 0,319	 0,335	
200	kW	 -	 -	 -	 0,232	 -	
300	kW	 -	 -	 -	 0,173	 -	
400	kW	 -	 -	 -	 -0,200	 -	

Table	9.	Average	daily	revenue/cost	in	the	DAM	and	BM	made	by	EVs	in	function	of	the	EV	fleet	size	and	the	
minimum	reserve	requirement	[€/day]	
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4.3 V2G	value	

In	this	case	study	is	assessed	the	value	of	V2G	strategy.	Of	course,	this	issue	has	concerns,	in	
first	 place,	 about	 changes	 in	 existing	 regulation	 and,	 secondly,	 technical	 viability:	 battery	
development	(2.2.1),	smart	charging	(2.3.1.2),	EVSE	to	grid	communication	(2.3.2.),	etc.		

V2G	charging	offers	the	possibility	of	selling	back	to	the	grid	stored	energy	during	peak	hours	
of	 the	day.	When	used	extensively,	 it	 can	drastically	 attenuate	hourly	 fluctuation	within	 the	
energy	 demand	 curve	 and	 actually	 improve	 the	 resiliency	 of	 the	 energy	 network	 by	 sensing	
grid	emergencies	and	acting	accordingly	[32].	

Therefore,	with	V2G	charging	energy	flows	are	no	longer	restricted	to	be	unidirectional,	from	
the	grid	to	the	vehicle	(G2V),	but	can	be	bidirectional,	either	G2V–the	EV	purchases	the	energy	
in	 the	 market	 for	 charging	 its	 battery–	 or	 V2G	 –the	 EV	 sells	 energy	 into	 the	 market	 as	 a	
distributed	 generator,	 transfers	 stored	 energy	 to	 other	 EVs	 of	 the	 fleet,	 provides	 ancilliary	
reserves,	etc.–	[7].	

Four	different	scenarios	are	designed	to	evaluate	what	is	the	benefit	of	V2G	in	partnership	or	
not	with	 reserves	provision.	 In	 all	 of	 them	 it	 is	 supposed	 an	 EV	 fleet	 composed	by	 200	 EVs,	
wholesale	prices	(Spain	2015)	for	the	DAM	and	dual	imbalance	prices	(also,	Spain	2015).	

The	 first	 scenario,	G2V,	 corresponds	 to	 the	 situation	with	more	 similarities	 to	 the	 current	 in	
Spain.	 Indeed,	 the	main	 difference	 resides	 in	 DAM	 purchase	 prices.	 In	 this	 case	 study,	 it	 is	
supposed	that	the	aggregated	EV	fleet	have	access	to	wholesale	prices,	instead	of	an	EV	tariff	
for	 instance.	Otherwise,	EV	owners	can	only	charge	 their	EVs	 in	 the	grid;	 injection	of	energy	
into	the	grid	–V2G–	is	not	permitted.	Selling	in	the	BM	is	only	permitted	to	restore	deviations	
produced	in	reference	with	the	DA	schedule.		

The	second	scenario,	G2V+V2G,	 in	 this	case,	V2G	 is	permitted	 in	both	DAM	and	BM.	 In	 fact,	
this	same	scenario	has	been	deployed	 in	 [7].	The	aggregator	can	either	sell	or	buy	energy	 in	
the	DAM	and	BM,	without	need	to	compensate	an	imbalance	as	happened	previously,	simply	
for	 economical	 reasons.	 So,	 this	 way,	 arbitrage	 between	 both	 markets	 is	 allowed.	 The	
provision	of	reserves	is	not	contemplated	in	this	scenario.	

The	 third	 scenario,	 G2V+Downward	 Reserves,	 holds	 the	 first	 one	 with	 the	 particularity	 of	
including	also	the	provision	of	downward	reserve.	Only	G2V	is	allowed	in	both	DAM	and	BM,	
therefore,	 EVs	 cannot	 inject	 energy	 into	 the	 grid.	 On	 the	 other	 hand,	 it	 is	 assumed	 that	
regulation	permits	that	an	EV	fleet	can	provide	downward	reserve.	The	minimum	requirement	
of	downward	reserve	to	participate	in	the	RM	is	set	on	100	kW.	It	is	also	supposed	that	there	is	
no	obligation	to	provide	upward	reserve.	

Finally,	 the	 fourth	 scenario,	 G2V+V2G+Reserves,	 covers	 all	 the	 rest.	 It	 concides	 with	 the	
standard	one	 from	case	 studies	4.1	and	4.2:	200	EVs	with	participation,	 in	 first	place,	 in	 the	
DAM	and	BM	and,	in	second	place,	in	the	BM.	For	the	provision	of	reserves	is	mandatory	that	
the	relation	between	upward	and	downward	reserve	 is	 respected	according	to	regulation,	 in	
this	case	K=4/5	is	assumed	as	explained	in	(	4	).	
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Figure	24	shows	the	average	daily	benefits,	or	costs,	per	EV	in	each	of	the	four	scenarios.	First,	
it	 is	 compared	 the	 first	 two	 scenarios	with	 the	 last	 two.	 The	 fact	 of	 participating	 in	 the	 RM	
implies	that	EV	owners	could	not	only	reduce	significantly	their	charging	cost	but	could	even	
make	benefits	thanks	to	reserve	provision.		

As	already	discussed	in	[7],	V2G	in	partnership	with	wholesale	prices	can	achieve	very	relevant	
saving	of	costs	 in	 regards	with	G2V.	Only	considering	 the	DAM,	V2G	could	attain	a	 saving	of	
39%	of	costs.	However,	imbalance	cost	increase	with	V2G	due	to	the	increase	of	transaction	in	
the	DAM	–EV	do	not	only	buy	energy	during	valley	hours	but	also	sell	during	peak	ones–,	which	
implies	higher	risk	of	schedule	unfulfilment	and	deviation	costs.	This	 last	strategy	makes	that	
the	total	daily	saving	of	V2G	–considering	DAM	and	BM–	is	of	20%	in	comparison	with	G2V.	

Regarding	scenarios	three	and	four,	the	economic	performance	of	both	does	not	differ	much.	
Indeed,	 it	may	draw	attention	 that	 the	scenario	without	V2G	achieves	 results	very	similar	 to	
the	one	with	V2G.	For	EVs	it	may	be	very	interesting,	if	regulation	permits	so,	to	provide	only	
downward	reserves	as,	 indeed,	that	would	mean	offering	storage	capacity	and	even	charging	
EVs	at	 lower	 costs	 if	 finally	 they	are	dispatched.	However,	 these	 results	 are	 very	 sensible	 to	
market	prices.	So,	at	the	end,	almost	everything	depends	on	regulation	and	the	remuneration	
established	for	the	provision	of	ancillary	services.	

	

Figure	24.	Average	daily	benefit	per	EV	in	4	different	scenarios:	G2V,	G2V+V2G,	G2V+Downward	Reserves	and	
G2V+G2G+Reserves	(Upward	and	Downward).	
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Finally	 Figure	 25	 shows	 the	 average	 daily	 reserves	 offered	 by	 EVs	 in	 each	 of	 the	 scenarios.	
Logically,	in	the	first	and	second	scenarios	there	is	zero,	as	it	is	assumed	that	EVs	do	not	have	
access	 to	 the	 RM.	 In	 the	 case	 of	 G2V	 +	 Downward	 reserves,	 it	 is	 shown	 how	 under	 the	
considered	regulation,	EVs	would	increase	considerably	the	provision	of	downward	reserve	in	
order	 to	 increase	 revenues.	 Finally,	 in	 the	 last	 scenario,	 the	 rate	 between	 upward	 and	
downward	is	the	same	that	the	fixed	K	parameter,	4/5	as	aforementionned.	

	

Figure	25.	Average	daily	upward	and	downward	reserves	offered	per	EV	in	4	different	scenarios:	G2V,	G2V+V2G,	
G2V+Downward	Reserves	and	G2V+G2G+Reserves	(Upward	and	Downward).	
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4.4 Dual	versus	single	pricing	in	BM	

In	 this	 case	 study	 is	 analyzed	 the	effect	of	dual	 and	 single	pricing	 for	 aggregation.	 Figure	26	
shows	the	evolution	of	dual	and	single	imbalance	prices	in	the	Spanish	BM,	dated	10th	January	
2015.	As	shown	in	Figure	26,	prices	for	negative	imbalance	or	purchasing	in	the	BM	use	to	be	
higher	 than	 positive	 imbalance	 or	 selling	 ones,	whereas	with	 single	 pricing	 there	 is	 just	 one	
price	and,	therefore,	not	difference	between	positive	and	negative	imbalance	prices.		

	
Figure	26.	Evolution	of	dual	and	single	imbalance	prices	in	the	Spanish	BM,	10th	January	2015	

As	explained	in	section	3.3,	regarding	the	deviation	simulation,	the	balancing	model	deals	with	
both	positive	and	negative	deviations.	Simply	observing	the	figure,	 it	 is	 logical	to	think	that	a	
single	 imbalance	 pricing	 will	 always	 result	 more	 economical	 for	 market	 players	 and,	 in	 this	
particular	case,	 for	EVs.	According	to	Figure	26,	from	0h	to	6h	and	from	14h	to	23h	negative	
imbalances	cost	the	same	either	with	single	or	dual	pricing;	however,	positive	imbalances	are	
better	paid	with	single	pricing.	 In	 respect	of	 the	middle-day	period,	 from	6h	 to	14h,	positive	
imbalances	 are	 equally	 remunerated	 with	 single	 or	 dual	 pricing;	 nevertheless,	 negative	
imbalances	are	more	costly	with	dual	pricing.	In	conclusion,	no	matter	the	charging	strategy	–	
dumb,	smart	without	aggregator	or	smart	with	aggregator–	single	imbalance	prices	are	always	
cheaper	for	customers	and	generators	than	dual	ones.	

Firstly,	it	is	observed	in	Figure	27	the	increase	of	costs	due	to	deviations	in	the	BM,	either	with	
single	 or	 dual	 imbalance	 prices.	 The	 blue	 columns	 in	 the	 left	 of	 each	 graph	 represent	 the	
average	 daily	 benefit	 obtained	 by	 EV	 in	 the	 DAM	 and	 the	 RM.	 Of	 course,	 the	 difference	
between	both	scenarios	arises	when	the	BM	is	taken	into	consideration:	yellow	columns.	

In	 the	 first	 case	 it	 has	 been	 assumed	 that	 regulation	 establishes	 dual	 imbalance	 prices.	 As	
previously	explained,	dual	pricing	is	always	more	expensive	than	single	pricing	for	EVs	charging	
strategies.	This	is	exactly	what	the	results	from	Figure	27	show:	under	single	imbalance	prices	
the	average	daily	benefit	is	almost	2	times	greater	than	with	dual	prices.	Single	imbalance	cost	
do	only	reduce	15%	the	daily	benefit	from	RM;	whereas	dual	pricing	55%.	
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Figure	27.	Single	vs	Dual	pricing	in	the	BM	
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4.5 Impact	of	different	regulatory	regimes	

As	 already	 explained	 in	 section	 3.2.5,	 depending	 on	 the	 regulation,	 there	 may	 be	 a	
requirement	establishing	the	relation	between	the	ranges	of	upward	and	downward	reserves	
that	must	be	fulfilled	in	order	to	participate	in	the	reserve	market	(RM).	This	factor	is	designed	
in	 equation	 (	 4	 )	 with	 letter	 K.	 For	 instance,	 in	 PJM	 regulation	 it	 corresponds	 to	 1.	 For	 the	
modeling	of	 the	Spanish	case,	K=4/5	 is	 the	chosen	value	because	 that	 is	what	 the	operation	
procedure	of	REE	sets	for	the	whole	Spanish	system.	

In	this	study	the	focus	is	on	evaluating	the	impact	of	this	factor	K.	For	instance,	four	different	
scenarios	are	compared:	

-	K=0,3	

-	K=0,8	or	4/5,	representing	the	Spanish	case.	

-	K=1	as	PJM	sets.	

-	No	restriction:	depending	on	reserves	prices	and	EVs	availability	the	aggregator	can	provide	
different	rates	of	upward	or	downward	reserves	to	the	system.	

In	 Figure	 28	 are	 shown	 the	 average	 daily	 benefits	 obtained	 per	 EV	 in	 each	 of	 the	 four	
scenarios.	It	is	observed	that	the	greater	the	value	of	K,	therefore	the	proportion	of	downward	
reserves	offered	 in	regads	with	the	upward	reserve,	the	higher	are	the	earnings	made	 in	the	
DAM	and	RM.	

	

Figure	28.	Daily	benefit	per	EV	for	different	values	of	K,	which	defines	the	relation	between	upward	and	
downward	reserve.	
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In	 Figure	29	 the	previous	affirmation	 is	 checked,	 the	 scenario	with	no	 restriction	only	offers	
downward	reserves	and	it	is	at	the	same	time	the	one	that	achieves	the	better	performance	in	
the	DAM	and	RM.		

On	 the	other	hand,	 it	 is	also	 interesting	 to	have	a	 look	 to	 the	 final	average	benefit,	which	 is	
computed	after	the	BM.	In	this	case	it	 is	observed	the	opposite	effect,	balancing	costs	are	so	
high	 that	 the	benefit	won	 in	 the	DAM	and	RM	 thanks	 to	downward	 reserves	 is	 lost	 and	 the	
scenarios	with	the	best	performance	in	those	markets	have	the	lowest	benefit	when	the	BM	is	
considered3.	

	

Figure	29.	Average	daily	upward	and	downward	reserves	offered	per	EV	for	different	values	of	K.	

Finally,	 according	 to	 the	 results	extracted,	 the	 relation	established	between	 the	upward	and	
downward	 reserve,	which	may	 vary	 in	 function	 of	 the	 regulatory	 regime,	 could	 significantly	
affect	the	economical	performance	of	EVs	not	only	in	the	RM	but	also	in	the	BM.		On	the	other	
hand,	it	has	been	demonstrated	that	with	higher	flexibility	the	incomes	in	the	RM	can	increase	
almost	a	20%	but	balancing	costs	are	also	much	more	bigger	in	those	cases.		

	

	

	 	

																																																													
3	The	result	of	the	scenario	with	no	restriction	in	the	BM	is	not	shown	because	of	convergence	problems	
with	the	optimization	program.	
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Chapter	5: Conclusions	
	

5.1 Main	findings	
The	 main	 conclusions	 of	 this	 master	 thesis	 are	 summarized	 below,	 analyzing	 each	 of	 the	
proposed	objectives	of	section	1.3.	

• Calculate	the	value	of	reserves	for	an	EV	fleet.	It	has	been	compared	the	daily	costs	of	
an	EV	fleet	of	200	EVs	with	and	without	participation	in	the	RM.	The	participation	of	an	
EV	 fleet	 in	 the	RM	 increase	 the	 income	obtained	 from	selling	 reserves	 in	 the	market	
and	permits	that	EV	members	make	a	net	profit	under	certain	market	circunstances4	
after	 accounting	 for	 he	 charging	 costs.	 In	 the	 case	 where	 the	 EV	 fleet	 does	 not	
participate	 in	 the	RM,	 smart	 charging	with	 aggregator,	V2G	and	access	 to	wholesale	
prices	(Spain	2015)	achieves	an	average	daily	cost	of	42	c€.	On	the	other	hand,	when	
the	EV	fleet	has	access	to	the	provision	of	reserves,	this	costs	becomes	a	daily	earning	
of	almost	14	c€.	It	 is	clear	that	the	main	source	of	this	 improvement	comes	from	the	
RM;	balancing	costs	also	reduces	from	22	c€	to	17,7	c€.	The	value	of	reserves	for	an	EV	
fleet	varies	with	the	size	of	the	fleet.	In	fact,	it	has	been	demonstrated	that	the	larger	
the	 EV	 fleet	 size,	more	 reserves	 that	 EVs	 can	 offer	 and	 higher	 the	 benefit	 obtained	
from	it.	The	marginal	benefit	of	aggregation	increases	quickly	at	the	beginning,	when	
the	fleet	size	is	small	and	thus	the	capacity	of	providing	reserves	very	limited,	whereas	
the	marginal	benefit	slowly	restrains	when	the	fleet	becomes	larger.	

• Assess	 the	minimum	 size	 of	 a	 fleet	 to	 cover	 the	minimum	 reserve	 requirement	 to	
participate	in	the	RM.	 It	 is	observed	a	proportional	relation	maintained	between	the	
EV	fleet	and	the	minimum	reserves	required	to	participate	 in	the	RM.	This	symmetry	
could	 permit	 to	 extrapolate	 these	 results	 to	 other	 cases	 where	 the	 minimum	
requirement	of	 reserves	 is	unknown.	Therefore,	 according	 to	 the	 simulations	 carried	
out,	the	minimum	required	reserves,	in	kW,	should	not	be	larger	than	150%	of	the	EV	
fleet	size.	For	instance,	an	EV	fleet	formed	by	1.000	EVs,	with	the	assumed	conditions,	
could	partipate	in	the	RM	if	the	minimum	requirement	is	lower	than	1.500	kW	or	1,5	
MW.	 In	order	 to	provide	 secondary	 reserve	 in	 Spain,	where	10	MW	 is	 the	minimum	
requirement,	the	aggregated	EV	fleet	should	be	composed	by	at	least	6.700	EVs.	

• Assess	 the	 V2G	 value	 of	 aggregation	 in	 DAM,	 RM	 and	 BM.	 V2G	 together	 with	 the	
direct	participation	in	the	wholesale	market	can	achieve	very	relevant	saving	of	costs	
in	regards	with	only	G2V	(energy	flows	from	the	grid	to	the	EVs).	Only	considering	the	
DAM,	 V2G	 could	 attain	 a	 saving	 of	 39%	 of	 G2V	 costs.	 However,	 imbalance	 cost	
increases	with	V2G	due	to	the	increase	of	transaction	in	the	DAM	–EV	do	not	only	buy	
energy	during	valley	hours	but	also	sell	during	peak	ones–,	which	implies	higher	risk	of	
schedule	unfulfilment	and	deviation	costs.	This	last	makes	that	the	total	daily	saving	of	
V2G	–considering	DAM	and	BM–	stays	at	20%	in	comparison	with	G2V.	For	EVs	it	may	

																																																													
4	An	fleet	of	200	EVs	and	considering	purchasing	and	selling	wholesale	prices	in	Spain	(2015)	for	the	
DAM	and	dual	imbalance	prices	also	in	Spain	(2015)	for	the	BM.	
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be	 very	 interesting,	 if	 regulation	 permits	 so,	 to	 provide	 only	 downward	 reserves	 as,	
indeed,	 that	would	mean	 offering	 storage	 capacity	 and	 even	 charging	 EVs	 for	 lower	
costs	 than	the	wholesale	prices	 if	 finally	 they	are	dispatched.	However,	 these	results	
are	 very	 sensible	 to	 market	 prices.	 So,	 at	 the	 end,	 almost	 everything	 depends	 on	
regulation	and	the	remuneration	established	for	the	provision	of	ancillary	services.	

• Analyze	the	effect	of	imbalance	prices:	Dual	price/Single	price.	Dual	pricing	is	always	
more	expensive	than	single	pricing	for	EVs	charging	strategies.	This	is	exactly	what	the	
results	have	shown:	under	single	imbalance	prices	the	average	daily	benefit	is	almost	2	
times	greater	 than	with	dual	ones.	 Single	 imbalance	costs	only	 reduce	15%	 the	daily	
benefit	 from	 RM	 and	 DAM	 whereas	 dual	 pricing	 almost	 55%;	 in	 other	 words,	 dual	
imbalance	costs	are	almost	4	times	larger	than	with	single	imbalance	prices.	

• Assess	 the	 impact	 of	 different	 regulatory	 regimes	 for	 the	 provision	 of	 reserves	 by	
EVs.	According	to	the	results	extracted,	the	relation	established	between	the	upward	
and	 downward	 reserve,	 which	may	 vary	 in	 function	 of	 the	 regulatory	 regime,	 could	
significantly	affect	the	economical	performance	of	EVs	not	only	 in	the	RM	but	also	in	
the	BM.		On	the	other	hand,	it	has	been	demonstrated	that	with	higher	flexibility	the	
incomes	in	the	RM	can	increase	almost	a	20%	but	balancing	costs	are	also	much	more	
bigger	in	those	cases.	
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5.2 Future	work	
The	 work	 presented	 in	 this	 master	 thesis	 is	 limited	 and	 subject	 to	 many	 simplifying	
assumptions.	 Aggregators	 and,	 in	 general,	 the	 integration	 of	 EVs	 to	 electricity	markets	 is	 an	
exciting	 but	 inmense	 topic	 that	 demands	 also	 vast	 research.	 However,	 there	 are	 some	
interesting	issues	related	with	this	report	that	may	be	a	good	starting	point	for	future	work:	

• Analyze	 more	 in	 detail	 the	 impact	 of	 the	 degradation	 of	 batteries	 and	 the	
performance	of	 future	batteries	 in	the	DAM	and	BM.	New	batteries	are	continuosly	
arising;	even	it	is	difficult	to	foresee	which	technology	will	settle	in	the	coming	years,	
there	 are	 studies	 that	 seek	 to	 predict	 the	 technical	 features	 that	 they	 will	 have.	 It	
would	be	interesting	to	analyze	what	are	the	minimum	features	that	batteries	would	
require	in	order	to	provide	better	services	to	customers	and	the	power	system.		

• Include	 market	 price	 and	 energy	 imbalance	 forecasts	 methodology	 in	 order	 to	
evaluate	 the	 effect	 of	 imperfect	 information.	 This	 is	 linked	 with	 the	 role	 that	
aggregators	could	play	taking	advantage	of	the	degree	of	 intelligence	that	they	could	
achieve	in	regard	with	an	individual	approach.	With	the	amounts	of	data	received	from	
the	EVs	of	the	fleet	and	the	management	of	a	big	portfolio	of	EVs,	an	aggregator	could	
improve	significantly	demand	forecasting,	prediction	of	market	prices,	development	of	
more	advanced	models	and	resources	of	optimization,	etc.	

• Study	 the	 impact	 of	 EV	 reserve	 provision	 from	 the	 system	 side.	 Distributed	
generation	represent	a	challenge	for	DSOs	and	TSOs	from	the	technical	point	of	view.	
In	 order	 to	 make	 this	 possible	 there	 is	 a	 lot	 of	 work	 to	 do	 regarding	 with	
empowerment	 of	 networks,	 management	 of	 data,	 flexibility	 of	 generation	 and	
regulation	incentives,	just	to	mention	a	few.	
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Chapter	7: Annexes		
	

7.1 Appendix	1:	List	of	sets,	parameters	and	variables	implemented	

by	the	models	

	

SETS	

h	 Hours	 [0h	–	23h]	

v	 Vehicles	 	

	

PARAMETERS	

𝑝!↓!"  						

	

Hourly	day-ahead	buying	market	price		 [€/kWh]					

𝑝!↑!" 		

					

Hourly	day-ahead	selling	market	price	 [€/kWh]																																																																																																																															

 𝑝!
↑!"#$%& 	 Hourly	upward	reserve	price	

	

[€/kWh]	

 𝑝!↓!"#$#%&' 	 Hourly	downward	reserve	price	

	

[€/kWh]	

𝑝!↓!"									 Balancing	market	price	for	positive	imbalance	during	the	
period	h		

	

[€/kWh]	

 𝑝!↑!" 	 Balancing	 market	 price	 for	 negative	 imbalance	 during	 the	
period	h	

	

[€/kWh]	

𝜂!	 Grid-to-battery/battery-to-grid	efficiency	of	the	vehicle	v	

	

[p.u.]	

𝑖!!"# 						 Initial	state	of	charge	of	the	vehicle	v		

	

[kWh]	

𝑅!									 Maximum	rate	of	charge	of	the	vehicle	v	 [kWh]	
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c!,!!"	 Connection	status	of	the	vehicle	v	to	the	grid	during	period	h.	
1	 means	 that	 the	 vehicle	 is	 connected,	 0	 that	 it	 is	
disconnected.	Input	used	for	the	DA	schedule	

[0/1]	

c!,!!"	 Connection	status	of	the	vehicle	v	to	the	grid	during	period	h.	
1	 means	 that	 the	 vehicle	 is	 connected,	 0	 that	 it	 is	
disconnected.	Input	used	for	the	balancing	schedule	

[0/1]	

𝐵!									 Maximum	battery	state	of	charge	of	vehicle	v	

	

[kWh]	

𝐵!,!	 Minimum	battery	state	of	charge	requirement	during	period	h	
for	vehicle	v		

	

[kWh]	

𝐵!!"#$	 Battery	replacement	cost	of	the	vehicle	v	

	

[€/kWh]					

𝐵!
!"#	 Battery	degradation	coefficient	of	the	vehicle	v	

	

[p.u.]	

𝐿!,!
!"#$#%&	 Battery	 discharge	 due	 to	 driving	 needs	 during	 period	 h	 for	

vehicle	v	

	

[kWh]	

𝑅!↑!"	 Minimum	 range	 of	 upward	 reserve	 that	 EV	 fleets	 or	
generators	must	provide	to	participate	in	the	RM	

	

[kWh]	

K	 Relation	 between	 the	 ranges	 of	 upward	 and	 downward	
reserves	 that	 regulation	establishes	 in	order	 to	participate	 in	
the	RM	

[-]	

		

VARIABLES	

𝑒!,!↓!"	 Energy	bought	in	the	DA	during	the	period	h	for	the	vehicle	v	

	

[kWh]	

𝑒!,!↑!" 						 Energy	sold	from	the	battery	in	the	DA	during	the	period	h	for	
the	vehicle	v	

	

[kWh]	

𝑅!,!↑!"	 Upward	reserve	offered	during	the	period	h	by	the	vehicle	v	 [kWh]	
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𝑅!,!↓!"	 Downward	reserve	offered	during	the	period	h	by	the	vehicle	
v	

	

[kWh]	

𝑅!↑!"	 Total	 upward	 reserve	 offered	 during	 the	 period	 h	 by	 the	
entire	EV	fleet	in	the	DA	schedule	

	

[kWh]	

𝑅!↓!"	 Total	down	reserve	offered	during	the	period	h	by	the	entire	
EV	fleet	in	the	DA	schedule	

	

[kWh]	

𝑒!,!↓!" 	 Energy	bought	in	the	BM	during	the	period	h	for	the	vehicle	v		

	

[kWh]	

𝑒!,!↑!" 	 Energy	 sold	 from	 the	battery	 in	 the	BM	during	 the	period	h	
for	the	vehicle	v	

	

[kWh]	

𝑅!,!↑!" 	 Upward	reserve	provided	by	vehicle	v	during	period	h	due	to	
unforeseen	disconnections	of	other	EVs	that	had	offered	it	in	
the	DAM	

	

[kWh]	

𝑅!,!↓!" 	 Downward	reserve	provided	by	vehicle	v	during	period	h	due	
to	unforeseen	disconnections	of	other	EVs	that	had	offered	it	
in	the	DAM	

	

[kWh]	

𝑅𝑙𝑜𝑠𝑡!↑!" 	 Total	 upward	 reserves	 lost	 during	 hour	 h	 by	 unpredicted	
disconnections	

	

[kWh]	

𝑅𝑙𝑜𝑠𝑡!↓!" 	 Total	 downward	 reserves	 lost	 during	 hour	h	by	 unpredicted	
disconnections	

	

[kWh]	

𝑅!↑!" 	 Total	 upward	 reserve	 offered	 during	 the	 period	 h	 by	 the	
entire	EV	fleet	in	the	real-time	and	after	the	compensation	of	
deviations	

	

[kWh]	

𝑅!,!↓!" 	 Total	 upward	 reserve	 offered	 during	 the	 period	 h	 by	 the	
entire	EV	fleet	in	the	real-time	and	after	the	compensation	of	

[kWh]	
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deviations	

	

𝑏!,! 	 Battery	state	of	charge	at	the	end	of	period	h	of	the	vehicle	v		

	

[kWh]	

𝑑𝑏𝑢𝑦!,!!"	 Binary	decision	variable	of	buying	 (1)	or	not	 (0)	electricity	 in	
the	DAM	during	period	h	for	vehicle	v		

	

[0/1]	

	

𝑑𝑠𝑒𝑙𝑙!,!!"	 Binary	decision	variable	of	 selling	 (1)	or	not	 (0)	electricity	 in	
the	DAM	during	period	h	for	vehicle	v		

	

[0/1]	

𝑑𝑅!↑!"	 Binary	decision	variable	of	providing	 the	upward	 reserve	 (1)	
or	not	(0)	in	the	RM	during	period	h	for	vehicle	v		

	

[0/1]	

𝑑𝑏𝑢𝑦!,!!" 	 Binary	decision	variable	of	buying	 (1)	or	not	 (0)	electricity	 in	
the	BM	during	period	h	for	vehicle	v		

	

[0/1]	

𝑑𝑠𝑒𝑙𝑙!,!!" 	 Binary	decision	variable	of	 selling	 (1)	or	not	 (0)	electricity	 in	
the	BM	during	period	h	for	vehicle	v		

	

[0/1]	

Charge!,!!"	 Energy	 charged	 during	 the	 period	 h	 by	 vehicle	 v	 due	 to	
purchases	 in	 DAM	 or,	 if	 regulation	 permits	 so,	 energy	
received	from	the	battery	of	other	EVs	of	the	fleet	

	

[kWh]	

Discharge!,!!"	 Energy	 discharged	 during	 the	 period	 h	 by	 vehicle	 v	 due	 to	
sales	 in	 the	 DAM	 and,	 if	 regulation	 permits	 so,	 energy	
transferred	to	charge	other	EVs	of	the	fleet	that	need	it	

	

[kWh]	

Charge!,!!"	 Energy	 charged	 during	 the	 period	 h	 by	 vehicle	 v	 due	 to	
purchases	 in	 the	 DAM	 and/or	 in	 the	 BM	 as	 well	 as	 inflows	
from	 other	 EVs	 of	 the	 fleet	 if	 there	 is	 an	 aggregator	 that	
manages	it	

	

[kWh]	

Discharge!,!!"	 Energy	 discharged	 during	 the	 period	 h	 by	 vehicle	 v	 due	 to	
sales	 in	 the	 DAM	 and/or	 in	 the	 BM	 as	 well	 as	 outflows	 for	
charging	other	EVs	of	 the	fleet	 if	 there	 is	an	aggregator	that	

[kWh]	
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manages	it	

	

dCharge!,!!"	 Binary	decision	variable	to	charge	(1)	or	not	(0)	during	the	
period	h	the	battery	of	vehicle	v	in	the	DAM	

	

[0/1]	

dDischarge!,!!"											Binary	decision	variable	to	discharge	(1)	or	not	(0)	during	the	
period	h	the	battery	of	vehicle	v	in	the	DAM	

	

[0/1]	

dCharge!,!!"	 Binary	decision	variable	to	charge	(1)	or	not	(0)	during	the	
period	h	the	battery	of	vehicle	v	in	the	BM	

	

[0/1]	

dDischarge!,!!"	 Binary	decision	variable	to	charge	(1)	or	not	(0)	during	the	
period	h	the	battery	of	vehicle	v	in	the	BM	

	

[0/1]	

𝛾!,!!!"																 Energy	 received	 for	 vehicle	 v	 during	 period	 h,	 in	 the	 DAM,	
from	another/other	EV(s)	of	 the	 fleet	 that	 is	used	 to	 charge	
the	battery	at	a	cheaper	price	that	the	one	from	the	market	

	

[kWh]		

	

𝜀!,!!!"	 Energy	 transferred	 from	 vehicle	 v	 during	 period	 h,	 in	 the	
DAM,	to	another/other	EV(s)	of	the	fleet	that	has/have	more	
need	of	it	

	

[kWh]	

𝛾!,!!!"																 Energy	received	for	vehicle	v	during	period	h,	in	the	BM,	from	
another/other	 EV(s)	 of	 the	 fleet,	 compensating	 positive	
deviations	or	for	other	economical	reasons	

	

[kWh]	

𝜀!,!!!" 	 Energy	transferred	from	vehicle	v	during	period	h,	in	the	BM,	
to	another/other	EV(s)	of	the	fleet	in	order	to	avoid	a	positive	
deviation	as	v	is	no	longer	able	to	take	advantage	of	it	unless	
it	sells	it	in	the	BM	

	

[kWh]	

𝛾!,!!!" 	 Energy	 discharged	 from	 v	 during	 period	 h	 because	 of	 a	
negative	 deviation	 of	 another	 EV.	 Theses	 deviations	 are	
provoked	by	unforeseen	disconnections	of	EVs	that	had	sold	
energy	 in	 the	 DAM	 and	 are	 no	 longer	 able	 to	 execute	 the	
transaction	

[kWh]	
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𝜀!,!!!" 	 Negative	 deviation	 provoked	 by	 v	 during	 period	 h	 that	 is	
going	to	be	compensated	by	another/other	EV(s)	of	the	fleet.	
v	disconnects	during	period	h,	 just	when	 it	was	going	to	sell	
energy	 in	 the	 DAM, 𝑒!,!↑!" ≥ 0,	 	 or/and	 transfer	 energy	 to	
another/other	EV(s)	of	the	fleet,	𝜀!,!!!" ≥ 0	

	

[kWh]	

𝑑𝛾!,!!!"	 Binary	decision	variable	 from	the	DA	model	with	aggregator	
to	 charge	 (1)	 or	 not	 (0)	 during	 the	 period	 h	 the	 battery	 of	
vehicle	 v,	 𝛾!,!!!",	 with	 energy	 received	 from	 another/other	
EV(s)	of	the	fleet		

	

	[0/1]	

𝑑𝜀!,!!!"	 Binary	decision	variable	 from	the	DA	model	with	aggregator	
to	discharge	(1)	or	not	(0)	during	the	period	h	the	battery	of	
vehicle	v,	in	order	to	transfer	𝜀!,!!!"	to	another	EV	of	the	fleet	

	

[0/1]	

𝑑𝛾!,!!!" 	 Binary	decision	variable	from	the	BM	model	with	aggregator	
to	 charge	 (1)	 or	 not	 (0)	 during	 the	 period	 h	 the	 battery	 of	
vehicle	 v,	 𝛾!,!!!",	 with	 energy	 received	 from	 another/other	
EV(s)	of	the	fleet	

	

	[0/1]	

𝑑𝜀!,!!!" 	 Binary	decision	variable	from	the	BM	model	with	aggregator	
to	discharge	(1)	or	not	(0)	during	the	period	h	the	battery	of	
vehicle	v,	in	order	to	transfer	𝜀!,!!!"	to	another	EV	of	the	fleet	

	

[0/1]	

𝑑𝛾!,!!!" 	 Binary	decision	variable	from	the	BM	model	with	aggregator	
to	discharge	(1)	or	not	(0)	during	the	period	h	the	battery	of	
vehicle	v,	who	is	going	to	compensate	a	negative	deviation	of	
another/other	EV(s)	of	the	fleet	

	

[0/1]	

𝑑𝜀!,!!!" 	 Binary	decision	variable	from	the	BM	model	with	aggregator	
to	transfer	a	negative	deviation,	𝜀!,!!!",	provoked	by	v	during	
the	period	h	to	another/other	EV(s)	of	the	fleet	(1)	or	not	(0).	
It	produces	because	v	disconnects	during	period	h,	just	when	
it	 was	 going	 to	 sell	 energy	 in	 the	 DAM, 𝑒!,!↑!" ≥ 0,	 	 or/and	
transfer	energy	to	another/other	EV(s)	of	the	fleet,	𝜀!,!!!" ≥ 0.	
If	𝑑𝜀!,!!!" = 0	then	v	automatically	buys	in	the	BM	the	energy	
that	is	not	longer	able	to	provide	to	the	system.	

[0/1]	
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7.2 Appendix	2:	Interface	and	services	offered	by	the	model	

This	section	gives	an	overview	of	 the	Excel	model	 functioning.	Figure	30	shows	the	 interface	
that	the	user	finds	when	opening	the	Excel	sheet.	As	 it	can	be	seen,	every	parameter	can	be	
modified	depending	on	the	analysis	that	the	user	wants	to	run.	

	
Figure	30.	Excel	model	interface	

First,	up	to	5	different	kinds	of	EV	can	be	activated.	All	the	EVs	of	the	same	EV	type	present	the	
same	characteristics	in	terms	of	connection	availability	in	the	DAM	and	battery	specifications:	
maximum	 rate	 of	 charge,	 battery	 efficiency,	 maximum	 autonomy,	 initial	 state	 of	 charge,	
expected	daily	conduction	needs,	degradation	coefficient	and	battery	replacement	cost.		

	

In	order	to	make	sure	that	at	the	end	of	the	day	each	EV	is	independent	and	can	deviate	from	
the	 initial	 schedule,	 the	 deviation	 parameter	 determines	 the	 probability	 that	 each	 EV	
belonging	to	a	specific	EV	type	has	of	not	fulfilling	the	preliminary	program.	

	

The	bottoms	on	the	right	allow	the	user	to	run	the	optimization	problem	that	he	desires.	This	
is	done	taking	into	consideration	the	inputs	that	have	been	set.	

RUN	DAM	&	BM:		the	model	obtains	the	optimal	charging	schedule	in	the	DAM	
and	BM.		
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RUN	BM:	 	 the	model	obtains	 the	optimal	schedule	 for	 that	day	 in	 the	BM	with	
aggregator.	 EVs	 can	 take	 advantage	 of	 belonging	 to	 an	 aggregated	 fleet.	
Cancellations	 to	 compensate	 deviations	 among	 EVs	 are	 allowed	 and	 also	

exchanges	of	 energy	 from	one	EV	 connected	 to	 the	 grid	 to	 another,	 as	 already	 explained	 in	
section	3.4.	

RUN	sensibility	analysis:	 in	a	daily	basis,	 the	model	permits	to	observe	what	 is	
the	evolution	of	the	benefits	of	aggregation	when	the	volume	of	the	aggregation	
increases.	 Actually,	 this	 study	 has	 been	 carried	 out	 to	 assess	 the	 saturation	

effect	of	aggregation.	In	other	words,	the	user	is	able	to	establish:	the	initial	and	final	fleet	size,	
the	step	increase	between	one	simulation	and	another	and,	finally,	the	number	of	simples	 in	
order	to	reduce	stochasticity.	

RUN	 Year	 analysis:	 it	 is	 run	 in	 an	 annual	 simulation	 of	 the	 DAM	 and	 BM	
considering	market	data	from	2015.		

	

Before	any	of	these	simulations	the	user	must	have	set	the	following	inputs,	explained	in	detail	
in	section	3.2.1:	

• Number	of	EVs	of	each	type.	
• All	the	inputs	regarding	EVs	characteristics:	batteries’	parameters	(capacity,	efficiency,	

maximum	 rate	 of	 charge,	 degradation,	 cost	 of	 replacement,	 etc.),	 connection	
availability,	minimum	 state	 of	 battery	 restrictions,	 expected	 consumption,	 deviation,	
etc.	As	 it	 is	explained	 in	section	3.2.1,	distinction	between	 labor	days	and	holidays	 is	
considered	 regarding:	 connection	 availability,	minimum	 state	 of	 battery	 restrictions,	
expected	 consumption	 and	 deviation;	 therefore,	 all	 of	 these	 parameters	 must	 be	
reasonably	fixed,	as	certainly	it	will	affect	to	the	model	results.	

• Market	 tariffs:	 In	 fact,	 for	 each	 of	 the	markets	 –	 DAM	 and	 BM	 –	 there	 are	 several	
options	that	can	be	chosen,	each	of	them	refer	to	different	regulation	scenarios.		

o DAM:	
§ Buy	or	sell	(if	V2G	allowed)	at	wholesale	prices		
§ Buy	at	household	tariff	
§ Buy	at	EV	tariff	

o BM:		
§ Dual	pricing	
§ Single	pricing		

Finally,	as	aforementionned,	DAM	and	BM	regulation	may	permit	or	not	V2G;	in	other	words,	
that	EVs	are	 remunerated	when	 injecting	power	 into	 the	grid	either	 in	 the	DAM	or	BM.	The	
object	of	 this	master	 thesis	 is	not	 to	answer	to	the	remuneration	strategy	that	 the	regulator	
should	 establish	 but	 to	 assess	 the	 benefits	 of	 aggregation	 in	 different	 scenarios.	 Again,	 in	
Chapter	4:	4,	several	case	studies	are	shown	to	analyze	how	the	economic	value	of	aggregation	
is	sensible	to	these	factors.%	


