Purchase’ Portfolio Optimization of Power Supply Company with Distributed PV
Considering EVs

Hui Ren, Aiwei Zhang, Kangping Li
Department of Electrical Engineering
North China Electric Power University
Baoding 071003, China
hren@ncepu.edu.cn, zhangaiwei0517@outlook.com

Fei Wang
State Key Laboratory of Alternate Electrical Power System
with Renewable Energy Sources (North China Electric
Power University), Baoding 071003, China; also with
Department of Electrical Engineering, North China Electric
Power University, Baoding 071003, China; also with
Hebei Key Laboratory of Distributed Energy Storage and
Micro-grid (North China Electric Power University)
Baoding 071003, China
feiwang@ncepu.edu.cn

Abstract—In recent years, with the vigorous development of
the new energy industry in the world, distributed photovoltaics
(PV) have strongly penetrated the international energy markets
at exponential growth rates, and a large number of electric
vehicles (EVs) have been used mainly driven by policies. The use
of EVs and distributed PV would lead to an increase in load
uncertainty. Hence, a new day-ahead portfolio optimization
model for a power supply company with distributed PV
considering EVs was developed. The model contains risks
depending on market price fluctuation and load uncertainty
caused by EVs load, conventional load and distributed PV’s
output, considering the expected cost of errors, and helping to
determine an optimal quantity of power to be obtained from
distributed PV’s output and different electricity markets. This
paper analyses the efficient frontier of conditional value-at-risk
(CVaR) and the influence of different EVs market penetration
levels and distributed PV’s output on the portfolio strategy.

Index Terms—CVaR, distributed PV, EVs load, market
penetration level, purchase’ portfolio optimization.
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SoC(t)) SoC (state of charge) of a battery at the
beginning of a trip

SoC(t,) SoC of a battery at the end of a trip

t, start-time and end-time of the trip

d the distance traveled in between ¢; and ¢,

dy an EV’s maximum mileage

Dse Probability of scenario s at time moment t

Ty, Profit obtained under scenario s in period t

Zs Scenario s variable used to compute CVaR

D, Value at risk at time moment t

y Risk aversion coefficient

o Confidence level
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€ty Cuiat Electricity bought through forward contract
and day-ahead market at time period t

E,, The expected value of the PV’s output under
the installed capacity of time period t

X the ratio of the amount of PV power
purchased to E,,,,

P, Tariff at which Power Supply Company
provides power to consumers

P, Py, Electricity price for forward contract and day-

ahead market at time period t, respectively
Py Benchmarking electricity price for
desulfurization coal-fired units

Ams, The all expected cost of errors at time period t

ATy, ATy, The expected cost of errors caused by

ATty conventional load, PV’s output and EVs load
at time period t

(Dris» Proei) PDF of the conventional load at time period t

(DijisPrevi) PDF of the EVs load at time period t

(DgwsPipi:)  PDF of the distributed PV’s output at time
period t

Cost of the positive and negative load errors.
The expected value of the conventional load
and the EVs load at time period t, respectively
the minimum and maximum limits of the

long-term contract sales volume

Py, Ps.
Dc,(, Dev,l

ecmm,&a ecmax,t

I. INTRODUCTION

In recent years, the global energy production and
consumption continues to grow, and fossil energy is
extensively exploited and utilized resulting in resource
constraints, environmental pollution, climate change and
many other global problems, which poses a serious threat to
human survival and development.



Promoting the use of new energy is the inevitable trend of
global energy development in the future and the fundamental
way to cope with severe challenges of energy constraints and
environmental constraints. Under these circumstances, electric
vehicles (EVs) and distributed photovoltaics (PV) have made
sustainable progress and obtained significant market volume.
In 2015, the global PV market is growing strongly, and new
installed capacity is expected to exceed SOGW, which is a
16.3% year-on-year growth, and the cumulative PV capacity
is more than 230GW. Estimation shows that, by 2020, 30% of
the electricity of the world will come from green energy, and
by 2040, 75% of light vehicles will be powered by electricity.
More and more EVs and distributed PV will be put into use,
which would lead to an increase in load uncertainty, and then
bring great challenges to the grid planning, operation, the safe
operation of the electricity market.

In recent years, many scholars have conducted studies on
the impact of EVs and distributed PV on the distribution
system, distribution transformer aging, and others [1]-[5].
However, research on the impact of EVs and distributed PV
on purchase’ portfolio optimization of power supply company
is still under highlighted. Fluctuation of PV’s output and
randomness of EV load would have a great impact on load
uncertainty, and thus power supply company may face more
serious volume risk. For example, the impact on the demand
response application and the baseline estimation of incentive-
based demand response [6]-[9]. Even though these influences
can be mitigated somehow such as by accurate solar PV
power forecasting [10-15], the researches on the inner
mechanism related risk evaluation and management problems
still need to be addressed.

The risk measurement tools, such as Value at Risk (VaR),
are commonly used to describe the impact of the different
power purchase portfolios of power supply company on
operating cost and risk [16]-[18]. Although VaR is insensitive
to extreme risks, the discrete distribution of VaR may cause
failures in optimization problems [19]. Conditional value at
risk (CVaR) has since been adopted [20]-[22] for
improvement. Taking CVaR as the risk indicator, a medium-
term portfolio optimization model considering interruptible
load market and the DG market is established [20]. A
portfolio optimization model for a power producer
considering a scenario tree of locational electricity prices and
risk management with CVaR is presented [21]. CVaR is
applied in the dynamical scheduling optimization model for
virtual power plant connected with wind-photovoltaic-energy
storage system with uncertainties and demand response [22].
Therefore, in this paper, CVaR is utilized to quantify the risk
and integrate the risk management problem into purchase’s
portfolio optimization including price and load uncertainty.

The main contribution of this paper is to provide a new
day-ahead portfolio optimization model for power supply
company based on CVaR, which considers the randomness in
price and load uncertainty caused by conventional load, EVs

load and distributed PV’s output. This paper aims at
minimizing the risk faced by the company under the condition
of ensuring a certain profit, and analysing in deep the rising
space for profit and potential risk value caused by EVs load
and distributed PV’s output.

The rest of the paper is organized as following: Section II
introduces the CVaR theory. Section III proposes a probability
density prediction model of conventional load, probabilistic
model of distributed PV’s output, and EVs charging model
based on driving patterns and a purchase’ portfolio
optimization model. Case study to verify the proposed model
and analysis of the simulation results are given in section IV.
Section V concludes the paper.

II. CVAR THEORY

The definition of CVaR adopted in this paper is the
conditional mean of the profit below VaR, which is
CVaR=E[#|r<VaR], where 7 is profit, a is the confidence
level and VaR is defined as the a quantile of m: VaR=max {x:
P(7<x)<l-a}. For instance, if 0=0.95 then CVaR is the
expected value of profit given that profit is below its 5%
quantile. The concept of CVaR is depicted in Fig. 1. CVaR
has sub-additive property, and can measure tail risk. These
properties make CVaR applicable for portfolio diversification.
The CVaR in the optimization model is modelled [23],
assuming there is a finite set of profit scenarios {z};, with
probabilities{P,} 7, . CVaR can be transformed into the
following linear optimization:
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III. MODELS

Probability density prediction model of conventional load,
probabilistic model of distributed PV’s output, EVs charging
model and the new day-ahead portfolio optimization model
with consideration of distributed PV and EVs are presented in
this section.
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Fig.1. Concept of conditional value at risk



A. Probability density prediction model of conventional load

The probability density prediction of conventional load is
carried out based on nonparametric kernel density estimation
method. It has higher accuracy and better robustness because
the expression of the density function is derived from the
existing sample data without the limitation of the distribution.

The probability density function is given in (4):
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where #n is the sample size of conventional load data. / is the
bandwidth, which can be calculated by rule of thumb (ROT).
K(*) is a kernel function. In this paper, we choose Gaussian
function as kernel function.

B. Probability model of distributed PV’s output

The output of photovoltaic cells varies with the solar
irradiance. In a certain period of time, the solar irradiance
follows the Beta distribution, thus, the random output of PV
can be derived accordingly [24].

The probability density function is described by (5):
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where P,. is the maximum output of PV;/{(-) is Gamma
function; a and b are parameters of the Beta distribution.

C. EVs charging model based on driving patterns

1) The models for driving patterns of EVs :

Statistics on the driving behavior of commuter in a
residential area in Beijing includes trip chain category, start-
time of commuters’ trip, end-time of the trip, and travel
distance. Trip chain is defined as home to someplace to home

(h2h).

In the study, the case of Nissan Altra EV is used as
example, in which, battery capacity is 29.07 kWh and the
highest mileage is 130 km. In order to prevent a so-called
range anxiety, the subset of potential users are chosen
according to the maximum range of 110 km so that at least
about 10% of energy would be left after an h2h trip.

According to the statistical results, commuter trip
situation is mainly divided into two types: single h2h trip and
double h2h trip. The former refers to complete an h2h trip in
one day and occupies 70% of the users, while the latter refers
to complete two h2h trips in one day and occupies 28% of the
users. The rest situations, which have three or more h2h trips,
is ignored.

Modeling of single h2h trip requires 3 variables: start-
time (7¢), end-time of the h2h trip (7}*), and travel distance
(D), whereas a double h2h trip needs six variables: start-time,
end-time, and travel distance of the first h2h trip (7.7, T.*, D)
and the second h2h trip (7., T.", Da).

According to the statistical data, the probability
distribution curves of the start-time (7, 7., T.*), travel end-
time (7, T./, T,’) , travel distance (D,, D1, D.») of single and
double h2h trip are shown in Fig. 2. Then, according to
marginal distributions of single and double h2h trip and the
Copula function, the single h2h trip joint probability
distribution F, and the double h2h trip joint distribution F,
which characterize the EVs driving patterns, are obtained.

2) Battery charging model :

According to the above-mentioned start-time distribution,
end-time distribution, and travel distance distribution, the
possible charging time interval of the commuter and the
energy value to be charged can be obtained.
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Fig.2. Distributions of the start-time, travel end time, travel distance.



This paper only considers the situation where the
commuter is charged at home and assumes that the commuter
charges the EVs when SoC (state of charge) of the EV battery
is less than 50% or when the battery is insufficient to survive
the next trip. The charge energy can be calculated according
to the travel distance of each time and the initial SoC of the
battery. Between SoC at the beginning of charging and the
travel distance since the last charging time is a linear
relationship, as in [25]. The formula for the initial SoC is
expressed as (6)

SoC(t,) = SoCt) _ d) 1 oo 6
oLi% 100 d 0 ©)
R

where SoC(¢,) and SoC(t,) are SoC of EV’s battery at the start
and the end of a trip, respectively; d is the distance traveled
between time ¢, and #,; di is an EV’s maximum mileage. If the
commuter travels when the EV is not fully charged after the
last trip, SoC(¢;) may be less than 100% at the beginning of
the trip, so that the initial SoC depends both on the distance
traveled by last charging and on the charging history.

D. The day-ahead portfolio optimization model for Power
Supply Company with distributed PV considering EVs

In this paper, electricity purchased by power supply
company includes three parts: forward contract, day-ahead
market and distributed PV. Forward contract does not
provide a fixed contract volume, but the minimum and
maximum limits, and it is considered that there is no penalty
for the buyer as long as the purchase is within the limits. The
rest of demand is supported by day-ahead market and
distributed PV. Distributed PV can be regarded as a contract:
the power supply company purchases electricity from DG
owners at benchmarking price of desulfurization coal-fired
units and provides electricity to consumers at a regulated
tariff. The purchase plan is made every hour (24 blocks of a
day) in the portfolio optimization model.

The day-ahead portfolio optimization model considers
risks depending on market price fluctuation, load uncertainty
caused by EVs load, conventional load, and distributed PV’s
output, as well as expected cost of errors. The market price is
subject to normal distribution, and the forward contract price
is regarded as constant.

The portfolio optimization problem is expressed as
follows:
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Equation (7) for the objective function consists of
expected profit and CVaR, which are connected by the risk
aversion coefficient y. The CVaR consists of the second
items of (7), (8), and (9). Equation (10) is the total profit of
the power supply company at time period ¢ under scenario s,
which includes the expected cost of errors. From (11), it is
can be seen that the sources of the expected cost of errors
contain three parts: conventional load, EVs load, and PV’s
output. Equation (12), (13), and (14) represent the expected
cost of errors, consisting of positive and negative deviations
caused by conventional load, EVs load, and distributed PV’s
output respectively. Equation (15) models demand-supply
balance. The minimum and maximum limits of the long-term
contract sales volume are presented in (16). Equation (17)
represents the bounds of the ratio of the power purchased of
PV to the total PV’s output. Equation (18) indicates that a
purchase plan is made every hour i.e., 24 blocks of a day.

IV. CASE STUDY
A. Study Case

The paper takes a power supply company in Beijing as an
example, which supplies electricity for about 10% area of
Beijing. The peak load of this region is approximately 2GW,
while the total installed capacity of distributed PV is about
23MW, and the car park is around 600,000. 60,000 EVs is
corresponded to approximately 10% EVs market penetration
in 2017 in the region.

The parameters related to the proposed model for power
supply company are given in Table I. MATLAB optimization
toolbox Yalmip is used to solve the model.



TABLEI
THE PARAMETERS RELATED TO THE MODEL

Parameters P, P. P;. Ps P
Value(yuan/MWh) 490 | 450 100 | 50 | N(430,46)

Taking the conventional load data and the solar irradiance
data from July 2016 to July 2017 in Beijing as an example,
according to the time period of each day, data of 24 groups
with 365 data for each group are formed. The conventional
load data for each group is used to estimate the non-
parametric kernel density of the conventional load at
correspondent period of the next day. In this section, we take
the 19" interval as an example, and the probability density
distribution and the cumulative distribution are shown in
Fig.3.
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Fig.3. The probability density distribution and the cumulative distribution of
the conventional load at the 19" interval.

The hourly average solar irradiance is calculated. For
simplicity, we assume that the solar irradiance is considered
to be subject to the same Beta distribution during the same
period of time each day. The mean u and the standard
deviation o of solar irradiance of each time period is figured
out, and then @ and b can be obtained by (19) and (20),

respectively.
p(l—w
a=p [T - 1] 19)
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The maximum output of distributed PV’s at each period is
taken as the maximum output P, of the time period. The
corresponding parameters of the distributed PV are shown in
Table II. The simulation steps of EVs charging load are
summarized as follows:

-Firstly, the multivariate joint distribution functions of
single h2h trip F, and double h2h trip F, can be created using

the copula function and the marginal distributions,
respectively;
-Secondly, the simulations are performed for two

consecutive days. On the first day, it is assumed that an EV is
started with a fully charged battery, and the SoC of the EV
every time at the end of the trip is calculated using (6). If the
state of charge is in line with the charging conditions, the
electric vehicle will be charged, otherwise the SoC will be
considered to be the initial SoC of the next trip;

-Thirdly, results of the second day are used to calculate
the EVs load. If the simulation procedure for an EV is made
is dependent on whether the driver will commute during the
first day and the second day. The driving patterns are
simulated using distributions F, and F, based on the
probability of occurrence of their respective h2h trips.

-Finally, the Nissan-Altra battery charging curve [15] is
applied to get the hourly electricity demand of each EV. The
simulation is run for each EV, and the individual hourly
power demands are added up. The simulation procedure is
run 100 times to show the uncertainty in the EVs load. The
uncertainty in the EVs load and EVs load with different
penetration levels can be observed in Fig. 4. From Fig. 4,
with the increase in penetration, EVs load and its randomness
increase.

TABLE II
THE CORRESPONDING PARAMETERS OF DISTRIBUTED PV
time a b P, (MW)
6 0.443 1.137 0.107
7 0.538 1.287 2.559
8 0.862 1.947 7.670
9 1.862 1.578 11.454
10 1.889 1.477 14.433
11 1.999 1.299 16.536
12 2.034 1.251 18.259
13 1.886 1.141 18.216
14 1.906 1.141 18.051
15 2.119 1.474 16.311
16 2.016 1.507 13.433
17 1.884 1.732 9.610
18 1.537 1.654 4.670
19 0.546 1.378 1.725
20 0.413 1.237 0.022
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Fig. 4. EVs load due to different penetration levels.

B. Implications of Risk Aversion Level

This subsection studies the influence of different risk
aversion coefficients on optimal quantity of power obtained

from distributed PV’s output and different electricity markets.

The total installed capacity of distributed PV is 24MW, the
confidence level is 95%. The efficient frontier of power
supply company’s expected profit and CVaR with y varying
from O to 1 is represented in Fig. 5. It is can be seen that with
a higher risk aversion level, the expected profit is lower, and
CVaR is higher, which means that the power supply
company’s probable expected profit for the lowest 5%
increases, and therefore the power supply company has a
lower financial risk. When vy is very small, value of CVaR is
very low even negative, which means that the power supply
company would rather bear greater risk to get higher
expected returns, and vice versa.

Fig. 6 shows optimal quantities of power obtained from
distributed PV’s output and different electricity markets
under different risk aversion cases, respectively. It is obvious
that with higher values of vy, percentage of power purchase
from the day-ahead market, which is supplied to the net load,
is lower, percentage of power purchase from forward
contracts is higher, and power obtained from distributed PV’s
output is lower, and vice versa.
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Fig. 5. Efficient frontier of Power Supply Company’s expected profit and
CVaR
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Fig. 6. Optimal portfolio allocation under different risk aversion levels:

(a) and (b) shows percentage of power purchase supplied to the net load from
different markets, respectively.
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Power supply company reduces risk depending on market
price fluctuation and load uncertainty caused by distributed
PV’s output by reducing power obtained from distributed
PV’s output and increasing power purchase from forward
contracts to reduce the overall risk.

C. Implications of Confidence Level

In this subsection, the influence of confidence level in the
model is investigated. The total installed capacity of
distributed PV is 24MW, and the risk aversion coefficient is
0.5. Table III is the results of the expected profit, CVaR and
VaR under different confidence levels. Table III shows that
CVaR, VaR and expected profit increase when o decreases,
and in this process, CVAR is always less than VAR.



Although CVaR and VaR increase when a decreases, the
probability of profit lower than the value of VaR increases,
which is caused by the lower confidence level. Consequently,
it is useless comparing the risk aversion results under
different confidence levels. A higher CVaR under a lower

confidence level does not mean the risk of profit loss is lower.

Therefore, in the proposed model, a reasonable confidence
level should be predetermined. From Table III, CVaR does
not obviously change with the confidential level varying from
95% to 99%, so 95% as the confidence level is good enough
for the model.

D. Impact of EVs Penetration Levels

This subsection studies the influence of the EVs
penetration levels in the optimization model. The risk aversion
level is fixed with y=0.5, the confidence level is 95%, and the
total installed capacity of distributed PV is 24 MW. Table IV
is the results of expected profit, CVaR and VaR under
different EVs penetration levels. Table IV shows that with
EVs market penetration level increases, the expected profit
gradually increases caused by an increase in total load, and
CVaR and VaR gradually decreases, which indicates that the
risk gradually increased caused by an increase in load
uncertainty. Fig. 7 shows optimal quantities of power to be
obtained from distributed PV’s output and different
electricity markets. According to Fig. 4 and Fig.7, it can be
seen that, with the increase in EVs market penetration level,
percentage of power purchase from forward contracts
increases to bear less risks exposure to changing electricity
price, at the same time, the power obtained from distributed
PV’s output decreases to reduce the risks of load uncertainty
caused by uncertainty in PV’s output, so total risk is reduced.

E. Impact of Distributed PV Capacity

In this study, the risk aversion y=0.5, the confidence level
0=95% and EVs penetration of 0% are assumed.

TABLE III
EXPECTED PROFIT, CVAR AND VAR UNDER DIFFERENT CONFIDENCE LEVELS
o expected profit(yuan) CVaR (yuan) VaR(yuan)
0.99 2414893.42 253127.77 278559.81
0.95 2435659.31 271732.62 318371.25
0.9 2542379.83 291279.15 347808.24
0.8 2748784.37 340696.54 459730.19
TABLE IV
EXPECTED PROFIT, CVAR AND VAR UNDER DIFFERENT EVS PENETRATION
LEVELS
S e e
0% 2435659.31 271732.62 318371.25
10% 2461260.85 266786.73 315630.43
20% 2475662.66 263489.48 313803.25
40% 2492880.70 260332.54 311982.12
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Fig. 7. Optimal portfolio allocation under EVs penetration levels. (a) and (b)
shows the percentage of the net load allocated to different contracts,
respectively.

Fig. 8 is curves of expected profit, CVaR and VaR under
different installed capacities of distributed PV. The primary y
axis on the left is for CVaR and VaR value and the other y
axis on the right is for expected profit value. Fig.8 shows that
CVaR and VaR decrease, and the expected profit increases
with the increase in installed capacity of distributed PV. This
means that both the expected profit and the financial risk of
the profit would be increased by increasing installed capacity
of distributed PV. Fig9 shows power obtained from
distributed PV. Referencing to Fig.8 and Fig.9, it can be seen
that optimal quantity of power obtained from distributed PV’s
output does not increase exponentially with the increase of its
capacity due to the increase in the risk caused by the
distributed PV, but gradually slows, which balances the
relationship between profit and risk.
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V. CONCLUSION

In this paper, a day-ahead portfolio optimization model for
power supply company with the consideration of distributed
PV and EVs was proposed. The uncertainty of load and price
and the expected cost of errors were considered. CVaR was
utilized as the risk aversion measure in the proposed model,
optimized by linear programming, and solved by Yalmip.
Simulation results demonstrated that the proposed model can
optimize the electricity purchased from long-term contract,
day-ahead market and distributed PVs, therefore minimizing
the risk the power supply company faced. Risk aversion level
and confidence level in the optimization model were
additional factors that can have an impact on the quantity of
power to be obtained from distributed PV’s output and
different electricity markets. The expected profit and financial
risk increased as the EVs market penetration levels increased.
Also, the expected profit and financial risk increased by
increasing the installed distributed capacity of PV.
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