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ABSTRACT

Keywords:

In this work the electric vehicle (EV) specific CO, emissions resulting from the EV integration
on the Portuguese power system are analysed, considering a large set of scenarios combining the
system renewable capacity versus EV share, under a night charge scenario. For this purpose, a
unit commitment and economic dispatch (UCED) is applied to the power units scheduling. The
optimization procedure is implemented in General Algebraic Modeling System (GAMS) and
performs the dispatch of the thermal and hydro units, in order to minimize the operation costs.
The model is applied to an entire year of operation in an hourly basis using a marginal
methodology. According to the results obtained, for the scenarios considered, the EV specific
CO, emissions range from 57 g CO,/km, for high wind capacity and low EV penetration, to 129
g CO,/km, for low wind capacity and low EV penetration. However, if a controlled charge
strategy, aiming the minimizing of generation costs, is considered, the range of results is wider,
varying from 26 g CO,/km, for high wind capacity and low EV penetration, to 133 g CO,/km for
low wind capacity and low EV penetration. From the results, it can be concluded that, with the
current wind capacity of the Portuguese system, and with a night charge strategy, the impact of
the EV in terms of CO, emissions is not beneficial when compared to the 95 g CO,/km target,
for penetrations lower than 1 million vehicles, but if a controlled charge is considered, it would
be not beneficial for a EV penetration of 180 thousand vehicles. Results also show that EVs can
be integrated in an environmental beneficial way, if increasing EV penetrations are combined
with an increase in the installed wind capacity.
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1 Introduction

Presently, climate is changing and it exists an increasing
consensus on the need to reduce the greenhouse gases
emissions (GHQG), in order to slow global warming.

Worldwide, the energy sector and the transportation
sector are the two major contributors to the global emis-
sions with, respectively, 41.4% and 24.5% of the world
CO, emissions in 2017 [1], being also responsible for
most of the fossil fuel consumption.

The transportation sector is dominated by internal
combustion vehicles (ICEV) and relies almost entirely

*Corresponding author - e-mail address: ecarvalho@deea.isel.ipl.pt

on oil as primary energy source. About 94% of the world
energy used for transportation in 2017 came from oil and
projections estimate 82%, by 2050 [2]. Besides, trans-
portation is the sector which shows the highest level of
dependence on a single primary energy source, being the
road transportation the major contributor for the sector
emissions.

As a consequence, political, economic and environ-
mental concerns arise, and worldwide, a fast growth is
being verified in the power generation from renewable
sources. Moreover, these concerns also motivated efforts
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List of Abbreviations

EV Electric vehicle

EVEI Electric vehicles emission index

GAMS General algebraic modeling system

GHG Greenhouse gas

ICEV Internal combustion engine vehicle

LDV Light duty vehicle

MILP Mixed integer linear programming

PRE Special regime producers/Producao em
regime especial

PSH Pumped storage hydro

RES Renewable energy sources

SOC State of charge

TSO Transmission systems operator

UCED Unit commitment and economic dispatch

V2G Vehicle-to-grid

in terms of increasing energy efficiency as well as the
search for new transportation solutions.

Electric vehicles (EVs) present zero tailpipe emis-
sions, higher efficiency than ICEV, lower noise and are
considered to have a great potential to contribute to the
GHG emissions reduction. Moreover, the EV integration
in the vehicle fleet presents an opportunity to decrease
the energy demand from the transportation sector [3]
and, consequently, the share of oil as primary energy
source, thus reducing energy dependence. In addition to
these advantages, considering that electric vehicles are
off the road most of the time, some authors consider the
possibility of their use in a perspective of grid support.
The possibility of connecting an electric vehicle to the
grid in a bi-directional way (V2G) with the purpose of,
not only charging the battery, but also to provide power
back to the grid was for the first time addressed by
Kempton and Letendre in 1997 [4]. Besides the potential
to improve the integration of the intermittent renewable
energy sources (RES), EVs could provide peak power,
spinning reserves, and frequency regulation [5-7]. In [8],
the authors concluded that the use of a LDV fleet
equipped with V2G is a viable option for regulation but
specially to support the intermittent renewable integra-
tion into the grid. In a similar concept, vehicle-to-home
(V2H), the unused storage capacity of the EV can be
made available for the residential energy system with
high beneficial outcomes [9]. However, some authors

consider that discharging power back to the grid is not
an interesting option, essentially due to the battery deg-
radation costs [10,11]. Among the overall vehicle fleet,
light-duty vehicles (LDV) accounted in 2010 for 52% of
the world energy use in transportation [12] as well as,
with approximately two thirds of the world CO, emis-
sions originated from the transportation sector [13,14].
Considering the high contribution to the sector emis-
sions, much of the focus concerning new transportation
solutions is targeted to the LDV fleet.

Worldwide many countries have defined ambitious
targets concerning the electrification of the vehicle fleet
[15], and the use of EVs is expected to increase substan-
tially in the next years [16,17].

For 2050, the European Commission (EC) targeted a
minimum reduction of 60% in the GHG emissions from
the transportation sector when compared to 1990 values
[18]. In line with this long term target the European
Parliament approved in February 2014 the ambitious
target of 95g CO,/km for the whole passenger vehicle
fleet in 2020 [19]. Recently, in 2019, the European
Parliament and Council defined new emission targets,
for the years 2025 and 2030. According to these targets,
for 2030, reductions of 37.5% and 31%, based on 2021
values, are defined for, respectively, newly registered
passenger cars and light commercial vehicles [20].

However, uncertainties exist about the ability of the
EVs to effectively reduce the GHG emissions. In fact,
besides the advantage in terms of emissions resettle-
ment, the expected impact on the overall CO, emissions
is highly dependent on the power mix used to supply the
EVs, and so, effects can vary substantially from country
to country [21]. This fact has been put in evidence by
many works [22-25].

In [22], the impact of the EV on the CO, emissions,
energy security and air pollution in India is analysed for
a period between 2010 and 2050. The analysis was per-
formed for several policy scenarios and results showed
that only in the scenarios, in which policies put in place
promote a deep decarbonisation of the generation mix,
the reduction in CO, emissions is considerable.
Manjunath and Gross [23] proposed the Electric vehi-
cles emission index (EVEI), which is a metric to com-
pare the CO, emissions of a specific EV with a gasoline
vehicle. The EVEI was computed for all the US, for the
year 2010, and results showed that in states with higher
shares of fossil fuels in the generation mix, the EV emis-
sions were similar or even higher than the emissions of
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the gasoline vehicle. The importance of the generation
mix is also highlighted by [24], which compared EV and
ICEV GHG emissions, in 12 European countries, using
life-cycle assessment and concluded that the UK,
Germany and the Netherlands must increase the penetra-
tion of renewables to ensure reductions in GHG emis-
sions with increasing penetration of EV. Moreover, [25]
in a study comparing Germany and Italy found out that
even if the share of renewables is similar in both coun-
tries the impact of EV does not lead to similar results in
terms of reduction in CO, emissions. In fact, for
Germany, for lower installed capacity of renewables,
there is almost no change in CO, emissions, whereas, for
Italy, CO, emissions are always reduced. This stems
from the fact that the installed capacity in Germany is
not adequate to supply the increase in demand due to the
EV, thus, there is a need to resort to imports from neigh-
bouring countries.

Also, the EV CO, emissions depend on when the EV's
are charged. This fact was observed by [26] in a study for
electric buses in Germany, where the results showed that
the CO, emissions impact was lower when charging
occurred at night than when it occurred at noon. When the
comparison is made between an uncontrolled charge and
a controlled charge the differences in CO, emissions can
be significant as [27] found out in a study for Germany
for 2030. The results showed that with an optimal con-
trolled strategy of EV charging, aiming to shift EV
demand to low load or high RES generation hours, the
CO, emissions can be reduced by 14% or 30% (depend-
ing on the methodology used to account for CO, emis-
sions) when compared to an uncontrolled charge. In a
work analysing the CO, emissions of a French-German
commuter EV fleet, [28] concluded that the EV should be
charged in Germany in windy and sunny hours, and that
the time of charging is much more important in Germany
than in France, since the later has more stable CO, emis-
sions during the day. Also, using a smart charging strat-
egy to avoid grid overloading and for a scenario of
complete electrification of private transport and a six fold
increase of renewables installed capacity, [25] reported an
increase in CO, emissions reduction of 31.5% and 26.3%
in Italy and Germany, respectively, when compared to a
charge made exclusively according to driver’s needs.

Furthermore, in an analysis for the Swedish energy
and transportation system, for 2050, [29] verified that
when the EVs are charged during night time, the annual
system costs are 0.8% higher and the needed increase in

transmission capacity is 10% higher than when EV are
charged in a more flexible manner.

1.1. Scope

Owing to the expected increasing importance of the EV
in the LDV fleet worldwide and, in particular, in
Portugal, this paper aims to answer to the questions:
what is the impact of an increasing EV penetration in the
CO, emissions of the Portuguese power system? How
does this impact vary for different levels of installed
wind capacity in the Portuguese power system?

1.2. Analytical approach

To attain the aims of this paper, a scenario framework
approach is used. A set of scenarios, combining increas-
ing levels of installed wind capacity, for different EV
penetration levels is analysed, for the Portuguese power
system. For this purpose, a unit commitment and eco-
nomic dispatch (UCED) model, formulated as a mixed
integer linear programming (MILP), is applied for the
power units scheduling. The optimization procedure
proposed is implemented in General Algebraic
Modeling System (GAMS) and performs the dispatch
of the thermal, reservoir hydro and pumped hydro
units, in order to minimize the operation costs. The
implemented model is applied to an entire year of oper-
ation on an hourly basis and assumes a marginal
approach to account for CO, emissions. This methodol-
ogy compares the generation which would be necessary
if EVs were not present, with the generation required to
supply the entire new load (including EVs). From the
differences obtained in the optimization results, the
marginal data which effectively respects to the EVs, in
each of the scenarios considered, is assessed. However,
for the sake of comparison, the average CO, emissions
of the power mix are also presented. Besides, the CO,
emissions for all scenarios considered are also com-
puted for two different charging strategies. The first
strategy considered is night charge, in which, the EVs
are charged according to drivers’ need, and the second
strategy is a controlled charge, performed to minimize
total generation costs, which, in turn, minimizes renew-
able curtailment.

The main contribution of this work is to analyse the
impact of increasing EV penetrations in the Portuguese
power system, applying an UCED model developed to
the Portuguese power system, in order to account the
emissions using a marginal approach.
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2. Model description

To achieve the purpose of the work, a UCED model of
the thermal and storage hydro units was formulated.
The purpose of the model is to minimize variable costs
of the generating units while satisfying a set of thermal
and hydro unit’s constraints, as well as, overall power
system constraints. In the formulated model, the ther-
mal units were treated individually, whereas, the hydro
units were treated as two aggregated units, one repre-
senting the set of reservoir units and, the other, the set
of pumped-storage hydro (PSH) units. In what con-
cerns run-of-river hydro units, since they have reduced
water storage, the generation from these units is con-
sidered as input data.

2.1. Objective function

The objective function, which includes the generation
and start-up costs of the thermal units, as well as, a pen-
alty for the curtailment of wind generation, is defined as:

mini{j[cg PI(1)-8t+ Cly -3 (1)] - Coe - Prc (1) &}
o (1)

Where T is the number of time periods ¢, J is the
number of thermal units j, C/ is the generation cost of
thermal unit j, in € MWh, Pi(t) is the power generated
by the thermal unit j at period ¢, in MW, 4t is the time
interval between ¢ and t+1, C§, is the start-up cost of
thermal unit j, in €, /(1) is a binary variable, associ-
ated with the start-up of thermal unit j at period 7, Cp -
is the renewable generation curtailment penalty, in
€/MW and P (1) is the renewable generation curtail-
ment at period 7, in MW (since P,(1) represents a
non-supplied power, it assumes values lower or equal
to zero).

The minimization of Eq. (1) is subject to a set of con-
straints, which refer to thermal units, reservoir hydro
units, PSH units, load balance and spinning reserve.

2.2. Thermal units constraints
The set of thermal units constraints is related with the
technical limits of operation of the thermal units, which
in this study refers to maximum and minimum power
output, as well as, ramp-up and ramp-down power rates.
These constraints are presented in Eq. (2) to (4).

Pl ol (1)< P (1)< P (1) @)

min

Where p/ and P/ are the minimum and maximum
power outputs of the thermal unit j, in MW, and /(1) is
a binary variable, which indicates if unit j is running in
period .

P/(t)-P'(t-1)<P] (3)

P/ (t-1)-P’(t)<P],, (4)
Where Puj; and P/ are the ramp-up and ramp-down
power rates of the thermal unit j, in MW/h. Besides
Eq. (2) to (4), to guarantee the consistency of the opera-

tion of the thermal units during the simulation period,
the following constraint must be added:

| O el BT

Where /(1) is a binary variable which indicates if unit j
shuts down in period z.

2.3. Reservoir hydro unit constraints

The constraints of the reservoir hydro unit are related
with the technical limits of this unit and with the energy
stored in the reservoir. The constraints are presented in
Eq. (6) to (8).

PHmin.uH(t)SPH(t)SPHmax.uH(t) (6)
Where Py and Py e ATE the minimum and maximum

output powers of the reservoir hydro unit, in MW, u/(z) is
a binary variable which indicates if the unit is running in
period 7, and P,(t) is the power output of the reservoir
hydro unit, in MW.

B, (t)-P,(t-1)<P,, (7
PH (t_l)_PH ([)SPHdown (8)
Where Py, and P, are the ramp-up and ramp-down

power rates of the reservoir hydro unit, in MW/h. The
energy stored by the reservoir hydro unit, which depends
on the energy stored in the previous period, on the
energy inflow and on the power output in the period, can
be written as follows:

E,(t)=E,(t-1)-P,(1)-6t+E, (1) )

Where E,, (t) is the energy stored, in the hydro unit in
period (2), in MWh, and E, i © is the energy inflow of
the reservoir hydro unit in period ¢, in MWh. Also, the
limits of the energy stored in the reservoir hydro unit are
considered in Eq. (10):

Eyn <E;(t)<E (10)

— ' H max
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Where, E,, . and E,,  are respectively, the minimum
and maximum storage capacities of the reservoir hydro
unit, in MWh. The model also considers a final energy
condition, which relates the final and the initial values of
the energy stored in the reservoir hydro unit. The condi-

tion is written as follows:

T T
EHﬁn —Ey i :ZEHInf(t)_ZPH (t)'ét

t=1 t=1

(In

Where E H fin and £, , . are, re.spectively, the? final energy
and the initial energy stored in the reservoir hydro unit,

in MWh.

2.4. PSH unit constraints

The constraints that must be considered for a PSH
unit are quite similar to those considered for the res-
ervoir hydro unit but, these constraints must be
extended to include the pumping capability of the
hydro unit. Thus, Eq. (12) and (13) define the gener-
ation and pumping output power limits of the
PSH unit:

By in W (1) S Py (£) S Py ™ (1) (12)

_PPHmwc '”PHp (I)SPPH[, (t)S _PPHmin '”PHP (t) (13)

Where P,,(1)is the power output of the PSH unit when
it is generating, in MW, PPHp(t) is the power output of
the PSH unit when.lt is pumping, in MW, P, min and
Ppy na AT€, TESpECtively, the minimum and maximum
power output limits, in MW and, u"H(t) and u""p(t), are
binary variables, which are equal to 1 when the PSH unit
is generating or pumping, respectively, in period ¢. The
ramp-up and ramp-down power rates constraints are set
respectively by Eq. (14) and (15).

PPH (Z)_PPH (t_l)SPPHup

PP (t_l)_PPH (t)SPPHdown
Where P, uw and P, . are, respectively, the ramp-up
and ramp-down power rates of the PSH unit, in MW/h.
Since the PSH unit is an aggregate representation of the
PSH units of the Portuguese system, it must be assured
that, at each period ¢, the overall generation and pumping
output power must not exceed the maximum power

output of the PSH unit. This is expressed by the follow-
ing constraint:

(14)

(15)

PPH(t)_PPHP(t)SPPHmax (16)

The limits for the energy stored in the PSH unit are
imposed by the following constraint:

EPHmin S EPH (t) S EPHmax

Where £, . and E,,,,  are, respectively, the minimum
and maximum storage capacity of the PSH unit, in MWh,
and E,,, () is the stored energy in the unit at period 7, in

MWh. The energy stored by the PSH unit is given by:

EPH (t):EPH (t_l)_[})PHp (t)'77PH +PPH (t)]'5t+EPH1n/'(t)
(18)

a7)

Where, 71,,,,1s the pumping cycle efficiency and E,,, |, f (1)
is the energy inflow, in period ¢, in MWh. The constraint
which relates the final and initial stored energy is written

as follows:

T
Epy fin T Epy Init — ZEPH Inf (t) -
(=1

il:PPHP (t)'UpH +PpH (t):l'5t

t=1

19)

Where E,, fin and E,,, . .are, respectively, the final energy

and the initial energy stored in the PSH unit, in MWh.

2.5. Load balance constraints
The model must also assure the balance between supply
and demand in all time periods. This is accomplished by:

pr (6)+ P, (1) + Py (1)= B, (1) +
P,

o (£) = Po (1) = Poc () + Py, (2)

Where P, (1) is the load, referred to generation, in period
t,in MW, P, (1) is the charging power of the EV battery,
in period ¢, in MW, P () and is the sum of run-of-river
hydro and special regime generation, in period ¢, in MW.

(20)

2.6. Spinning reserve constraints
Spinning reserve allows system operators to compensate
for unexpected imbalances between load and generation,
which may be caused by a sudden outage of a generating
unit, unexpected increase in load demand or fails in the
commitment of defined generation schedules.

In this model, the spinning reserves requirements are
accounted in the following constraint:

J

ZP,,{M u’ (z)+PHm ult (t)+PPHW u™ ()=

1 1)
P, (1)+ Py (1) + Py (2)
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Where P

res(?) 1s the required power reserve, in period ¢,
in MW.

2.7. Thermal generation costs

The objective function of the model, presented in Eq. (1),
comprises the minimization of costs. Besides the penalty
to the wind curtailment, the costs considered are related
with thermal generation. The thermal generation costs
considered are the variable generation costs due to fuel
consumption and CO, emissions, and the start-up costs.

2.7.1. Thermal generation variable costs
The variable costs associated with each thermal unit j,
can be written as follows:

Cg = Cls + Clo, (22)
Where C/ is the variable cost of thermal unit j, i

€/MWh, Cj . 18 the variable cost of thermal unit j, in €/
MWh, due to fuel consumption and CJCO is the variable

cost of thermal unit j, in €/MWh, due to CO, emissions.
The variable costs due to fuel consumption depend on
the fuel price and characteristics, and on the unit’s
efficiency, according to the following equation:

j p c fuel

C), =L (23)
fuel =l LHV

Where PChiel is the fuel price in €/kg or €/Nm?, for coal
and natural gas, respectively, 7 is the global efficiency
of the thermal unit j, and LHV is the lower heating value
of the fuel used, in MWh /kg or MWh/Nm3, for coal and
natural gas, respectively. The variable cost due to CO,
emissions, not only depends on the fuel quality and ther-
mal units efficiency, but also on the specific CO, emis-
sions of the fuel and the price of the CO, emissions
allowances, according to the following equation:

o) o Leona 24)
*n/-LHV
Where E ., il is the specific CO, emissions of the fuel,

in kg CO,/kg, for coal, or kg CO2/Nm3, for natural gas,
and PCco, is the price of the CO, emissions allowances
in €/kg CO,.

2.7.2. Thermal generation start-up costs
Start-up costs are costs that the thermal unit incurs when
it is turned on and are given by Eq. (25) [30,31].

CéU = Cib + Céu fuet T C;U co, (25)

Where C§'U is the start-up cost of thermal unit j, in €, C j 5
is the abrasion cost of thermal unit j, in €, CJ, e is the
start-up fuel consumption cost of thermal unit j, in €, and

Ci, o, is the start-up CO, emissions cost of thermal unit

J» in €. The abrasion cost is considered proportional to the
installed capacity of the thermal unit and is given by:
C}, =scy, Pl

max

(26)

Where S‘ib is the specific abrasion cost of thermal unit j,
in €/MW, and PL 4 18 the maximum power output of
thermal unit j, in MW, which is considered equal to the
installed capacity. The start-up fuel consumption cost is
given by:
A c . .
U Sfiel = D e 'Sc_jfuez P,
LHV

27

Where sc,{;wl is the specific start-up fuel consumption of
thermal unit j, in MWh/MW, and Prjn i, 18 the minimum

power output of thermal unit j, in MW. The start-up CO,
emissions cost is given by:

_ EC02fuel P

C.éU co, — LHV /uel min (28)

" PCco,

3. Data and assumptions

The assumptions made are mostly supported in extrapo-
lations of the historical data as well as on predictions
from the Portuguese government and the Portuguese
transmission systems operator (TSO). The analysis per-
formed is based on the generation system and is not
focused on the grid. Eventual constraints that may occur,
at the different grid voltage levels, are neither consid-
ered, nor analysed. All scenarios are run under the
assumption of null exchanges with the neighbouring
Spanish power system, as this was considered a better
option than use historical exchange profiles.

3.1. Installed capacity
The forecasted installed capacity for the simulation year
was obtained from the Portuguese TSO [32] and respec-
tive values, by technology, are presented in Table 1.
From Table 1, one can see that special regime, in
which wind power is included, will account for more
than 40% of the total installed capacity. The thermal
capacity will only account for 25% of the total and the
hydro installed capacity, due to planned new power
plants, will reach almost one third of the total installed
capacity.
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3.2. Thermal generation
Table 2 describes the technical characteristics of the
thermal units considered in the simulations.

Regarding thermal units costs presented in Table 3,
thermal units’ efficiency is considered constant and
independent of the power output. Also, the start-up costs
are considered constant.

Table 1: Expected installed capacity in the Portuguese power
system [32]

Technology Capacity Share (%)
(MW)

Thermal 7245 25.0
Coal 1756 6.0
CCGT/Cogeneration 5489 19.0
Hydro 9535 32.9
Pumped 4921 17.0
Reservoir 2031 7.0
Run-of-river 2583 8.9
Special regime 12182 42.1
Wind 6875 23.7
Small hydro 750 2.6
Photovoltaic 1500 5.2
Cogeneration 2250 7.8
Biomass 557 1.9
Wave 250 0.9
Total 28962 100.0

3.3. Fuel and CO, prices

The prices and characteristics of the fuels, as well as, the
CO, allowances price are presented in Table 4. For the
coal, it was considered the API2 index price and for nat-
ural gas it was assumed the Title Transfer Facility (TTF)
Virtual Trading Point index. For the price of the CO,
emissions allowances, the price considered was 10 €/ton,
which corresponds to a value higher than the average
EUA Bluenext index price between 2011 and 2017,
which was 7.1 €/ton.

3.4. Hydro generation

As mentioned above, the hydro units, except run-of-river
units, were considered as two aggregated units. One
represents the set of reservoir hydro units and, the other,
the set of PSH units.

The characteristics of the hydro units, such as installed
capacity, and storage levels and capacity, were set
accordingly with data available in [38,39]. The historical
data of daily net inflows, in terms of energy, were
obtained from [38]. In order to be used in the simulation
year, the historical daily net inflows values were con-
verted to an hourly basis and then scaled to an average
year in terms of hydro availability. Additional inflows
correspondent to new hydro power plants were calcu-
lated with base on the technical data presented in [40]
and on primary energy estimated in [41,42]. For the PSH
units, the pumping cycle efficiency considered was
obtained from data regarding pumped power and respec-
tive generation power available in [43] and set to 80%.

Table 2: Technical characteristics considered for the Portuguese thermal units [33,34]

Installed P o P Efficiency Ramp Ramp Start-up fue Abrasion

Power Plant capacity up down
MW) MW) (%) (MW/h) (MWh/MW)  (€/MW)

Coal
Sines 4 x295 295 103 37 140 270 6.2 5
Pego 2 x 288 288 101 37 145 296 6.2 5
Natural gas
Ribatejo 3 %392 392 127 57 267 366 3.5 8
Lares 2 x 413 413 130 57 270 370 3.5 8
Pego 2 x 419 419 130 57 270 370 3.5 8
T. Outeiro 3 %330 330 95 55 256 330 35 8
Lavos 2 x 415 415 130 57 270 370 3.5 8
Sines 2 x 415 415 130 57 270 370 35 8
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Table 3: Generation and start-up costs of the Portuguese thermal generation units [31,35,36]

Fuel consumption CO, emissions

Generation costs Start-up costs

(kg/MWh,) (kg/

Power or MW) or (kg/
kg/MWh
Plant (Nm?¥/ (NM?3/ (ke/MWh,) MW)
MWht) MW) (E/MWh,) (€/Start-up)

Generation Start-up Generation Start-up  Fuel Co, Total Fuel CO, Abrasion Total
Coal
Sines 138.6 859.1 895.1 2053.3 32.8 8.95 41.76 7751 2115 1475 11356
Pego 138.6 859.1 895.1 2053.3 36.08 8.95 45.04 8361 2074 1440 11894
Natural
gas
Ribatejo 93.6 327.6 354.3 706.8 39.47 3.54 43.02 10001 898 3136 14035
Lares 93.6 327.6 3543 706.8 39.47 3.54 43.02 10238 919 3304 14292
Pego 93.6 327.6 3543 706.8 39.47 3.54 43.02 10238 919 3352 14292
T. Outeiro 93.6 327.6 367.2 706.8 4091 3.67 44.58 7481 671 2640 10793
Lavos 93.6 327.6 3543 706.8 39.47 3.54 43.02 10238 919 3304 14292
Sines 93.6 327.6 3543 706.8 39.47 3.54 43.02 10238 919 3304 14292

Table 4: Fuel prices, characteristics and CO, prices considered for the Portuguese thermal units [37]
Price LHV Specific CO, emissions
Power Plant
(€/ton) (E/MWh,) (KWh/kg)  (kWh/Nm®) (kg CO,/GJ) (kg CO/kg) (kg CO,/Nm,)
Coal 87.6 12.14 7.22 - 92.0 2.39 -
Natural - 22.50 - 10.68 56.1 - 2.16
CO, 10.0 -
Table 5: Characteristics of the PSH and reservoir hydro units [38]
. Energy (GWh)
Unit
Capacity Initial Final Maximum Minimum

Pumped-storage hydro 1885 1112 1112 1508 848
Reservoir hydro 1478 776 776 1182 665

Table 5 presents the characteristics of the aggregated
hydro units.

Due to their reduced water storage, run-of-river hydro
generation was considered as input data, taking into
account the historical data provided by the Portuguese
TSO. These values were then adjusted to the simulation
year, considering an average year in terms of hydro

availability and scaled up according to the expected
installed capacity.

3.5 Special regime generation

Likewise run-of-river hydro units, historical data for
special regime generation, provided by the Portuguese
TSO was considered, and then adjusted to an average
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year in terms of hydro and wind availability and scaled
up, for each technology, according to the expected
installed capacity.

3.6. Demand

For the demand, historical data was also considered and
then scaled up according to estimated growth. According
to the assumed growth, a 56.3 TWh power demand is
expected, with a peak demand of 10.2 GW.

3.7. EV charging models

In this work, two different EV charging strategies are
considered. In both strategies, the EVs are considered to
charge in slow charging mode (3.7 kW), at home, work
or public charging points.

Also, the complete set of the EVs batteries is aggre-
gated and modelled as one big battery which can be
charged from the grid, according to the conditions of the
strategy under study, and discharged when the vehicles
are on the road. It is assumed that the average EV is
equipped with a 24-kWh lithium battery (battery capac-
ity of the previous Nissan leaf model), and drive, in
mean, 38 km a day [44]. For the EV efficiency, a value
of 0.167 kWh/km, which corresponds to 6 km/kWh, is
considered, with a 85% efficiency of charge [45].

3.7.1. Night charge

According to [46] most of the EVs charge will likely
occur when the vehicles are parked at home. This off-
peak charging strategy is assumed as the most likely to
occur in the next years, given the existing price incen-
tives for off-peak energy use. An off-peak electricity rate
starting at 10 p.m. and consistent with a dual tariff policy
is assumed to be in place. In this strategy, it is assumed
that vehicles owners charge their vehicles, at night,
mostly at home and, eventually in public slow charging
stations. Also, it is considered that, most consumers
delay the starting of the EV charge until 10 p.m. to ben-
efit from the off-peak low electricity prices, as well as,
due to eventual power constraints at the residential level.
In fact, given that most of Portuguese households have a
contract capacity lower than 7 kW [47], it is very
unlikely to conciliate a hypothetical EV charge with the
typical electrical load from home appliances connected
in the evening. The EVs are modelled as electrical loads
and to simulate the beginning of the charge, a normal
distribution (x = 10 p.m., ¢ = 1 h) is considered.

The battery charging profile considered in this strat-
egy, has two constant current charging levels, and a
period of approximately eight hours is required to fully
recharge an empty battery. According to the batteries
capacity, mean daily driving distance and efficiency con-
sidered, a full charge will provide 144 km driving range,
value which corresponds, in mean, to about 3.8 driving
days. Thus, it is assumed that, in mean, each driver fully
charges a depleted battery each 3.8 days. It is also
assumed that the EV daily charging profile as a similar
shape throughout the whole year.

The resulting normalized EV load profile is presented
in Figure 1.

3.7.2. UCED controlled charge

In this charging strategy the charge of the EVs battery is
dispatched by the UCED model in order to minimize the
generation costs and, thus, to maximize the renewable
integration. As the adoption of this approach takes into
account the power system conditions, a more efficient
management of the available power resources is expected.
However, it is important to have in mind that the restric-
tions imposed to the battery’s state of charge (SOC) and
also the limited availability of the EVs, in order to accept
charge, may have a significant effect on the merit of the
strategy.

The aggregated EVs battery has a variable energy
level of stored energy, discharges when vehicles are on
the road, and can be charged whenever the vehicles are
parked and connected to the grid. This charging process
may take place at home, in a public charging point or at
work. As the daily charging of the batteries is performed
by the UCED model, in order to minimize the overall
generation costs, this means that whenever possible, the
hours with excess generation will be first chosen.
However, even when there is no excess generation, the
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Figure 1: Unitary EV load profile - night charge
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UCED model has to guarantee a minimum SOC level
according to the assumptions.

According to the restrictions imposed, a minimum
SOC of 30% must be maintained every hour in the EVs
battery in order to guarantee that drivers have enough
battery to return home, as the “range anxiety” when
driving an EV is a big issue [48]. Also, considering that
most drivers begin their trips in the morning after 7 a.m.,
a minimum battery’s SOC of 70% must be guaranteed
everyday by that hour. Also, the maximum charging
power allowed is defined by Eq. (30).

EV discharge

The availability of detailed driving patterns is a major
issue in order to create an adequate discharge model for
the EVs battery. The EV discharge model adopted for
this strategy is based on existing traffic surveys for the
Portuguese vehicle fleet [49,50].

According to the data collected, as expected, the
beginning of the daily trips is concentrated in two daily
peaks, which are verified in the morning and in the eve-
ning. For the EVs battery discharge, it is assumed that
EVs driving follows similar patterns to those of the con-
ventional vehicles.

For the purpose of defining a normalized EV dis-
charging profile for this strategy, it is considered that:
30% of the daily EV power consumption is concentrated
in the morning peak and follows a normal distribution
profile (u=8 a.m. , 6 = 1 h); 10% of the daily consump-
tion is concentrated in the midday hours following a
normal distribution profile (u=1 p.m., o =1 h); another
30% of the daily power consumption is concentrated in
the evening peak, also following a normal distribution
profile (u="7 p.m., 6 = 1.3 h); the remaining 30% power
consumption is distributed by two periods along the day
- 90% of this value is uniformly distributed in the period
from 7 a.m. to 11 p.m. and the residual 10% is uniformly
distributed in the night period, from 12 p.m. to 7 a.m.
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Figure 2: Unitary hourly EV discharge profile - UCED controlled

charge

According to the previous assumptions for the EVs
consumption, the unitary daily discharging profile for
the EVs battery is presented in Figure 2.

The global hourly EVs discharge profile, which cor-
responds to the EVs consumption, is given by Eq. (29):

PEVload (t):Nv‘PEVloadunit (t) (29)

Where, P, . ..(t) is the power consumption of the
whole fleet in time 7, in MW, P, . (1) is the unitary
hourly discharge profile, and Nv is the number of vehi-

cles in the fleet, for the scenario under analysis.

EV charging availability
Most of the time, even during the hourly peak transpor-
tation demand, only a small fraction of the vehicles
(20% maximum) are driving [51]. We have assumed
that in the traffic peak hours 25% of the vehicles are
driving, while the remaining 75% are parked and,
potentially available to receive charge (connected to
the grid).

The maximum admissible charging power for the
EVs fleet is given by Eq. (30).

PEVmax (t) = Nv 'PEV 'Nv 'EVPShare (t)EVC Share (t) (30)

In which, P, (1) is the maximum admissible charging
power of the EVs aggregated battery, at time ¢, Nv is the
number of vehicles, P, is the line capacity for each
vehicle, EV,, o, (1) is the share of vehicles which are
parked, at time t, and EV ., (1) is the share of parked
vehicles which are connected to the power grid (grid
connection share), at time ¢. For the grid connection
share a value of 0.5 is considered for the period from
7 a.m. to 10 p.m., while a value of 0.7 is considered for
the night period from 10 p.m. to 7 a.m. The resulting
profile for vehicle maximum charging power is pre-

sented in Figure 3.
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Figure 3: Maximum admissible unitary charging power - UCED

controlled charge
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4. Results

Chronological simulations were performed considering
a set of 49 scenarios with increasing levels of wind
capacity: 5000, 5600, 6875, 7500, 8700, 1000 and 11000
MW, and increasing levels of EV penetration: 0, 0.18,
0.6, 1.5, 3.0, 4.5, and 6.0 million EVs, which corre-
sponds to 0, 3, 10, 25, 50, 75 and 100%, respectively, of
the light-duty Portuguese vehicle fleet. The CO, emis-
sions associated with the EVs were computed using a
marginal generation approach, that is, the emissions of
the additional generation needed to supply the EVs. This
is obtained by the difference between the emissions
resulting from the generation needed to supply all the
demand (including the additional EV demand) and the
emissions of the generation needed to supply the demand
previous to the EV integration, named as the base case.
Moreover, the average CO, emissions of the power mix
are also presented. Evaluating the EV specific CO, emis-
sions defines the set of scenarios under which the EV
performs better than the ICEYV, taking the 95 g CO,/km
target for the later.

4.1. Night charge

In the night charge strategy, the EVs are charged accord-
ing to drivers’ need. For each scenario of wind capacity
under analysis there is a base case that is used to com-
pare with the corresponding scenarios with increasing
EV penetration, as presented in Table 6.

The presented results show a wide variation of EV
specific CO, emissions, ranging from less than 60 g
CO,/km, for scenarios with low EV penetration and high
wind capacity, to more than 100 g CO,/km, especially
for scenarios with low penetration of EV and low wind
capacity. Scenarios in which the EV presents better per-
formance than the ICEV in terms of CO, emissions are
identified in Table 6 (bold), corresponding to

combinations of EV penetration/wind capacity with CO,
emissions below 95 g CO,/km.

Two key points must be emphasized in order to fully
understand the results presented. Firstly, as the marginal
approach used in this work accounts the emissions of the
additional generation needed to supply the EV, the anal-
ysis of the results must be focused on the available gen-
eration that is not used in the base case (without EV), as
this will be the mix that supplies the EV. Secondly, under
the economic dispatch context, demand is supplied on a
least cost basis. Thus, under the conditions presented,
where coal generation is less costly than gas, the merit
order of the available technologies is wind, coal and gas.
Additionally, when the EV charging replaces the pump-
ing from reversible hydro units, there will be an extra
gain which results from the avoided pumping losses,
which is also accounted for the EV. Therefore, the EV
can be supplied by a mix of avoided losses, wind, coal
and gas.

Taking into account the CO, emissions of the thermal
power plants presented in Table 3, the EV specific CO,
emissions range from 0 g CO,/km, if EVs are supplied
only with wind power to a maximum of 175 g CO,/km,
if the EVs are supplied only with generation from coal
power plants.

Wind will only be available for the EV charging
when there is curtailment in the base case. Avoided
losses will account for the EV only when the charging
is synchronous with the pumping. Coal and gas will
supply the EV, in this order, up to their available
capacity. Needless to say, if no wind is available, the
EV will be supplied firstly by coal units, which have
a more negative impact in terms of CO, emissions
than natural gas units. This is the case of the scenarios
with wind capacity up to 7500 MW, in which no wind
curtailment exists in the base case, as presented in
Table 7.

Table 6: Marginal EV specific CO, emissions (g CO,/km), with reference to scenarios which present EV specific emissions lower
than 95 g CO,/km (bold) — night charge

Wind capacity (MW)

EVs 5000 5600 6875 7500 8700 10000 11000

3% 129.3 103.1 65.6 115.8 82.3 83.9 57.2
10% 104.8 97.4 952 98.2 94.2 107.1 56.8
25% 83.8 87.2 96.1 101.6 95.6 78.4 68.7
50% 78.3 79.6 87.0 93.5 95.3 84.0 77.3
75% 73.0 75.4 80.9 85.1 88.8 85.0 81.3
100% 72.6 73.2 77.3 80.5 83.5 82.3 80.6
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Table 7: Renewable curtailment, (in % of available wind generation) — night charge

Wind capacity (MW)

EVs

5000 5600 6875 7500 8700 10000 11000
0% 0 0 0 0 0.27 2.37 5.17
3% 0 0 0 0 0.12 1.78 4.61
10% 0 0 0 0 0 1.56 3.24
25% 0 0 0 0 0 0.26 1.21
50% 0 0 0 0 0 0.02 0.17
75% 0 0 0 0 0 0.02 0.15
100% 0 0 0 0 0 0.02 0.14

100%

3% Evs 10% Evs

80%
60%
40%
20%

0%

25% Evs

50% Evs 75% Evs 100% Evs

| M Coal

W Gas

Avoid losses |

Figure 4: Marginal EV supply mix for increasing EV penetration with 5600 MW of wind capacity — night charge

To illustrate one of these scenarios of lower wind
capacity (5600 MW), the EV marginal mix is presented
in Figure 4.

It can be observed that, for 0.18 million EVs (3%),
the additional demand induced by the EV is supplied by
1.9% of avoided losses, 32.7% of coal and 65.5% of
natural gas. For increasing levels of EVs, the share of
natural gas increases over the coal in the EV supply mix.
This results from the limited installed capacity of the
less costly coal units, being the remaining EV demand
supplied by natural gas. Therefore, since natural gas
specific CO, emissions are lower, the EV specific emis-
sions decrease for increasing levels of EV penetration,
as the share of coal also decreases. An illustrative exam-
ple of a specific month of simulation is presented in
Figure 5 for two scenarios (1.5 and 4.5 million EVs).

From the analysis of the results presented in Figures
4 and 5, it is clear the increased share of gas over coal
and a consequent reduction of the EV specific CO,
emissions, when increasing the EV penetration.

Figure 6, illustrates scenarios with a higher wind
capacity (10000 MW), in which wind curtailment exists
in the base case.

From Figure 6, it is clear that the EV succeeds in the
integration of wind power that would be, otherwise, cur-
tailed. In this situation of high wind capacity, the addi-
tional EV demand is supplied with a higher share of wind.
In the particular case of 0.18 million EVs (3%), the wind
power that supplies the EV comes from wind (26%) that
otherwise would be curtailed or used for pumping.
Moreover, since less pumping is needed, there is an effi-
ciency gain due to the avoided losses from the pumping
cycle, which accounts for 1.1% of the EV supply.

For higher levels of EV penetration, the share of the
wind integration reduces, as the amount of wind power
is distributed for more EVs. Furthermore, such a high
level of wind capacity, in the base case, not only induces
curtailment, but also reduces the use of other technolo-
gies, such as coal that is the less costly thermal technol-
ogy, which becomes available to supply the EV.
Consequently, the share of coal is considerably high,
namely when compared with the 5600 MW wind capac-
ity scenarios. The decline of the coal in the EV supply
occurs now for higher EV penetration levels.

It can also be seen in Figure 6, that the share of coal
is 31.3% for 0.18 million EVs and increases to 46% for
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Figure 5: Generation by technology for 5600 MW of wind capacity and, respectively 0 EVs (top), 1.5 million EVs (middle) and 4.5 million
EVs (bottom), for the month of January — night charge
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Figure 6: Marginal EV supply mix for increasing EV penetration - 10000 MW wind capacity scenarios — night charge
0.6 million EVs. However, for even higher EV penetra-  higher number of EVs, which results in a coal share

tion levels, since coal reaches the installed capacity, the  decrease. The CO, specific emissions of the EV, in each
same amount of coal generation will be used to supply a  scenario, result from the generation mix that supplies the
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Figure 7: Generation by technology for 10000 MW of wind capacity and, respectively O EVs (top), 1.5 million EVs (middle) and 4.5 million

EVs (bottom) for the month of January — night charge

EV, with the combined effect of the high emissions of
coal, the intermediate emissions of gas and the zero
emissions of wind and avoided pumping losses.

To illustrate some of the above-mentioned aspects,
Figure 7 presents the generation by technology for a
single month of simulation, for the 10000 MW wind
capacity without EVs and with 1.5 million (25%) and
4.5 million (75%) EVs.

For the 25% EV penetration, wind is used to supply
the EV, to lower the thermal generation to minimum
(no gas and very little coal) and to increase pumping,
which leads to additional hydro generation. For the 75%
EV penetration, more wind will be directly used to
supply this additional EV demand, reducing the amount
of pumping and the consequent hydro generation. As
this wind power is not enough to supply the EV in some

periods, more thermal generation is used, mostly based
on coal. For the periods in which the coal capacity is
reached, gas units are also dispatched, as shown in
Figure 7 (bottom) for the last days of the month.

The results presented in this section highlight the CO,
emissions associated with the EV, based on the addi-
tional power generation needed for the EV charging. The
EV emissions in each scenario result from the charging
mix of coal (high emissions), gas (intermediate emis-
sions), wind and avoided pumping losses (zero emis-
sions). The analysis of a broad range of scenarios
considered for the wind capacity, from the actual to more
than double of the installed capacity, is not straightfor-
ward, as the additional wind power that results from
more wind capacity is not necessarily used to charge the
EV. In fact, in the base case more wind power in the
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generation mix will replace thermal generation and only
the eventually curtailed wind generation will be used to
supply the EV. The remaining EV demand will be sup-
plied by thermal generation, firstly by the least costly
technology, which is coal, and then by gas.

The impact of an increasing EV penetration is
explained better by splitting the installed wind capacity
into the non-curtailment and the curtailment scenarios.
In the scenarios where no wind curtailment exists in the
base case, the EV is supplied exclusively by coal and
gas. As coal is firstly dispatched, but has a limited capac-
ity, more EV integration leads to a decrease in the share
of coal and the corresponding increase in the share of
gas, with a positive effect in terms of CO, emissions.

Moreover, for the scenarios corresponding to the cur-
rent wind capacity installed in the Portuguese system
(about 5000 MW), if a linear evolution of the EV spe-
cific emissions between the EV penetration scenarios is
considered, it can be observed that only for a penetration
of about 1 million EVs, the emissions of the EV fleet are
lower than the 95 g CO/km target. In the scenarios
where wind curtailment exists in the base case, the EV
emissions depend on a complex trade-off among the
negative effect of coal, the intermediate effect of gas,

and the positive effect of wind and avoided pumping
losses.

Therefore, increasing the installed wind capacity in
the Portuguese system up to a certain level does not
assure a positive impact on the EV specific emissions.
Also, critical to these results is the fact that coal gener-
ation, the most emitting technology, is cheaper than
gas, thus first dispatched for charging the EV.
Nonetheless, comparing the EV specific emissions with
the 95 g CO,/km target set by the European Union (EU)
for the ICEYV, the EV performed better in most scenar-
ios analysed, especially those with low EV penetration
and high wind capacity.

In what concerns the marginal EV costs, values are
presented in Table 8. It can be verified, as expected, that
the EV costs are lower for scenarios in which excess of
wind generation is verified.

For the purpose of comparison, Table 9 presents the
EV emissions considering a mix-based analysis. It can
be verified that values are substantially different from
the marginal values and follow a pattern. By one side,
emissions decrease when increasing wind capacity, as
more zero emissions generation is integrated. On the
other side, emissions increase when increasing the EV

Table 8: Marginal EV specific costs (c€/km) — night charge

Wind capacity (MW)

EVs

5000 5600 6875 7500 8700 10000 11000
3% 0.89 0.82 0.76 0.85 0.53 0.61 0.35
10% 0.84 0.82 0.80 0.77 0.66 0.70 0.42
25% 0.84 0.83 0.81 0.80 0.72 0.58 0.51
50% 0.84 0.84 0.83 0.82 0.77 0.67 0.59
75% 0.85 0.84 0.83 0.83 0.79 0.73 0.66
100% 0.85 0.85 0.84 0.84 0.81 0.76 0.71
Table 9: EV mix based specific CO, emissions (g CO,/km) — night charge
EVs Wind capacity (MW)
5000 5600 6875 7500 8700 10000 11000
0% 38.0 35.6 30.6 27.8 235 20.0 17.6
3% 38.8 36.2 30.9 28.6 24.0 20.6 17.9
10% 39.8 373 324 29.8 255 22.5 18.7
25% 41.1 39.1 35.0 32.8 28.4 24.0 21.0
50% 43.1 41.2 37.7 36.1 32.6 28.1 25.1
75% 442 42.7 39.6 38.1 35.1 31.7 28.9
100% 45.8 44.0 41.1 39.7 37.0 34.0 31.7
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Table 10: Marginal EV specific CO, emissions (g CO,/km) for the UCED controlled charge and, comparison between controlled
charge and night charge values (%)

EVs

Wind capacity (MW)

5000 5600 6875 7500 8700 10000 11000
96.31 133.34 69.05 96.48 98.60 25.96 51.80
3% -25.5% 29.3% 5.3% -16.7% 19.8% —69.0% -9.4%
94.22 107.66 98.90 105.64 92.97 65.56 51.14
10% -10.1% 10.6% 3.9% 7.5% -1.3% -38.7% -10.0%
94.24 105.28 98.61 101.27 93.73 71.05 63.25
2% 12.4% 20.8% 2.6% —0.3% -2.0% -9.3% -7.9%
81.12 86.13 94.46 99.08 97.69 83.65 77.56
0% 3.6% 8.2% 8.6% 6.0% 2.5% —0.5% 0.4%
77.67 80.98 88.52 93.47 97.83 89.01 79.44
7% 6.4% 7.4% 9.4% 9.9% 10.1% 4.7% —2.3%
89.30 78.81 84.86 88.22 91.56 89.98 87.23
100% 23.0% 7.7% 9.8% 9.6% 9.7% 9.4% 8.2%

Table 11: Marginal EV specific costs (c€/km) for the UCED controlled charge and, comparison between controlled charge and
night charge values (%)

Wind capacity (MW)

EVs 5000 5600 6875 7500 8700 10000 11000
0.79 0.81 0.73 0.73 0.59 0.38 0.34

3% -11.2% -1.2% -3.9% -14.1% 11.3% -37.7% -2.9%
0.80 0.80 0.77 0.74 0.62 0.52 0.38

10% —4.8% —2.4% -3.8% -3.9% —6.1% 25.7% -9.5%
0.83 0.82 0.78 0.77 0.68 0.54 0.47

25% -1.2% -1.2% -3.7% -3.8% -5.6% —6.9% —7.8%
0.83 0.83 0.81 0.80 0.74 0.64 0.55

0% -1.2% -1.2% —2.4% —2.4% -3.9% —4.5% —6.8%
0.86 0.83 0.82 0.82 0.78 0.70 0.63

7% 1.2% -1.2% -1.2% -1.2% -1.3% —4.1% —4.5%
0.89 0.84 0.83 0.83 0.79 0.73 0.67

100% 4.7% -1.2% -1.2% -1.2% —2.5% -3.9% -5.6%

penetration, as the integrated wind generation and
potential avoided losses are distributed for a larger
number of vehicles.

4.2. Controlled charge
In this strategy, charging is controlled by the UCED and,
whenever possible, charging will occur when there is

available wind that, in the absence of EVs, is used for
pumping or eventually curtailed. However, a complex
trade-off among battery’s SOC, EVs discharge, charging
availability and wind availability is verified and, as the
system must guarantee a minimum SOC, by the morn-
ing, coal or gas generation will be used if no wind is
available. Tables 10 to 12 present the results obtained for
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Table 12: EV mix based specific CO, emissions (g CO,/km) for the UCED controlled charge, and comparison between controlled
charge and night charge values (%)

Wind capacity (MW)

EVs

5000 5600 6875 7500 8700 10000 11000

38.5 36.5 30.9 28.4 24.1 20.1 17.8

3% -0.7% 0.7 % 0.1% 0.6 % -0.6% -2.4% -0.3%
39.6 37.6 325 30.0 254 21.3 18.5

10% —0.7% 0.8% 0.4% 0.7% -0.2% -5.2% -1.0%
41.8 40.3 352 32.8 28.2 23.5 20.7

2% 1.7% 3.1% 0.5% —0.1% —0.5% -2.0% -1.7%
43.4 42.0 38.7 36.8 329 28.1 252

0% 0.8% 2.0% 2.5% 1.9% 0.9% —0.1% 0.2%
45.1 43.7 40.9 39.6 36.8 324 28.6

7% 1.9% 2.3% 3.4% 3.9% 4.6% 2.2% -1.1%
49.5 453 42.8 41.4 38.8 35.8 332

100% 8.2% 2.9% 4.1% 4.3% 4.9% 5.1% 4.7%

the UCED controlled charge, as well as, the comparison
of these values with those previously obtained for the
night charge strategy.

From the values presented in Table 10, it can be seen
that controlled charging performs better than night
charge, mostly in scenario in which curtailment exists
when the EVs are not present. This is because in these
scenarios, controlled charging provides a more effective
integration of wind generation that otherwise would be
curtailed. In what concern the EV marginal costs pre-
sented in Table 11, it is verified that, in almost all sce-
narios, controlled strategy lead to a decrease in
generation costs

In what concerns the EV emissions, calculated with
base on mix, the values are presented in table 12.

When compared to the night charge strategy, as for
the marginal EV specific CO, emissions, when account-
ing the EV mix based specific CO, emissions, the con-
trolled charge tends to perform better in scenarios where
wind curtailment is higher and EV penetration is lower,
since with this type of charging strategy more generation
with zero emissions is used to charge the EV.

5. Conclusions

Nowadays, global warming is seen with growing con-
cern. Aware of this problem, governments, all over the
world, are taking measures to tackle global warming.

Some of these measures are directed to promote the
replacement of ICEVs by EVs, due to the null tailpipe
emissions of the later. However, the EV specific CO,
emissions, resulting from the electricity generation,
are highly dependent on the specific CO, emissions of
the generation mix used to supply the EV demand. In
this regard, caution must be taken when making apri-
oristic assumptions about the better performance of
EVs over ICEVs. In this work, the impact, in terms of
CO, emissions, of increasing EV penetration in the
Portuguese vehicle fleet, is analysed for a whole year
on an hourly basis.

The analysis considers several scenarios for EV pen-
etration, as well as, scenarios for the installed wind
capacity. Also, the advantages of replacing ICEVs by
EVs in the different scenarios are analysed and com-
pared against the 95 g CO,/km target set by the EU.

Among the different ways to account the EV specific
CO, emissions, this work used the marginal power mix
approach, which computes the EV specific emissions
from the difference between the specific CO, emissions
of the power system when supplying the demand,
including the EV demand, and the specific emissions of
the power system when supplying the demand without
EVs. Thus, paramount to the impact of the EV penetra-
tion in terms of CO, emissions is the available genera-
tion that is not used without EVs. If the EVs are supplied
only with wind power the EV specific CO, emissions
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will be zero and this will be the case where EVs are
environmentally more beneficial. The worst situation
would be the one where EVs were only supplied from
coal power plants, presenting specific CO, emissions of
about 175 g CO,/km. In between the referred situations
would be the case where EVs were supplied only from
gas power plants, with specific CO, emissions of 70 g
CO,/km.

According to the results obtained, for the scenarios
considered, the marginal EV specific CO, emissions range
from 57 g CO,/km, for high wind capacity and low EV
penetration, to 129 g CO,/km, for low wind capacity and
low EV penetration for the night charge strategy, whereas
for controlled charge, it varies from 26 g CO,/km, for high
wind capacity and low EV penetration to 133 g CO,/km,
for low wind capacity and low EV penetration. The better
performance of controlled charge is due to a better integra-
tion of wind especially in scenarios where wind curtail-
ment exists. Another conclusion derived from the results is
the fact that with the current wind capacity of the
Portuguese system (about 5000 MW), the impact of the
EV in terms of CO, emissions is not beneficial when com-
pared to the 95 g CO,/km target, for penetrations lower
than 1 million vehicles. However, if a controlled charge
strategy is put in place, the impact would not be beneficial
only for EV penetrations of 180 thousand vehicles.
Notwithstanding, results also show that, even with coal
having merit over gas, it is possible to integrate EVs in the
system, in an environmental beneficial way, if increasing
EV penetrations are combined with an increase in the
installed wind capacity.
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