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Abstract— Renewable energy sources help increase
the energy supply security and reduce greenhouse gas
emissions in Vietnam. Highly variable and stochastic
nature of renewable energy sources poses some
challenges to study the problem of generation expansion
planning for long-term perspective. The proposed multi-
objective model for generation expansion planning
considers the fuel restrictions on the power generation
and transmission network to measure the geographical
impact of the generation additions. Its objectives are
minimization of investment, operation and transmission
costs, environmental impact, imports of fuel and unmet
demand cost Also the model takes into account the
following types of constraints: flow balance constraints
in the network with demand covering, power generation
and transmission limit, generation and transmission
investment, availability of local production of fossil
fuels, system reliability requirements, maximum and
minimum shares of RE resources, energy supply
security requirements.
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I. INTRODUCTION

Renewable energy (RE) sources as a part of
national energy critical infrastructures would have
great influence on the economy of Vietnam [1, 2].
First, RE help increase the diversity of energy
supplies, and thus improve the energy supply security.
Second, RE might reduce local and global greenhouse
gas emissions.

But growth in RE has increased the complexity of
the power system operation. Due to the highly variable
and stochastic nature of RE, there are concerns over
the potential operational and economic impacts of RE
sources on the operation and development of the
power system [2].

There are a lot of modelling tools to understand the
impacts of investing in RE technologies [3].
Generally, the modelling tools can be divided into

Dmitriy Karamov
Melentiev Energy Systems Institute
of Siberian Branch of the Russian

Academy of Sciences
Irkutsk, Russia
dmitriy.karamov@mail.ru

Nguyen Hong Anh
Institute of Energy Science of
Vietnamese Academy of Science
and Technology, IES VAST
Hanoi, Vietnam
nhanh@ies.vast.vn

Doan Van Binh
Institute of Energy Science of
Vietnamese Academy of Science
and Technology, IES VAST
Hanoi, Vietnam
doanbinh@ies.vast.vn

Nguyen Viet Huong
Institute of Energy Science of
Vietnamese Academy of Science
and Technology, IES VAST
Hanoi, Vietnam
nvhuong@ies.vast.vn

power system models and energy system models [4].
The power system models simulate the operation of a
power system, given a certain power mix, over a
relatively short period, typically one year but at high
temporal resolution, typically sub-hourly. The long-
term energy system optimization models perform the
multi-year analysis of the evolution of a system paying
into attention changes in technologies and fuel prices
without accounting for details of power system
operation.

However, highly variable and stochastic nature of
RE sources poses some challenges to energy system
models to study the problem of generation expansion
planning (GEP) for long-term perspective due to using
a low temporal resolution and neglecting the short-
term dynamics [5]. It leads to sub-optimal
investments, a considerable operational costs
underestimation. Finally, both the impact of the
temporal resolution and the inclusion of technical
detail are increased with the share of RE sources in the
power system.

The hybrid approach to withstand those challenges
is the linking energy system and power system
models, with or without feedback between both
models. The main advantages of such hybrid approach
are simplicity, computational tractability and use of
well-known modelling packages [4]. The soft-linking
the Vietnam energy sector model with the power
system reliability model should assess RE integration
into power system of Vietnam [2].

The GEP problems have usually been modelled as
single-objective programming problems which regard
only the total cost minimization [6]. In this paper,
instead of soft-linking energy system and power
system models a multi-criteria approach for GEP
problems is considered to work on different
objectives: the fuel and technical constraints on the
Vietnamese power system operation, the requirements
of electricity supply security and power system
reliability.
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Il. MULTI-OBJECTIVE GENERATION EXPANSION MODEL

The following multi-objective  model  for
generation expansion planning (MGEP) model is
intensively based on the work [7]. The additional
objectives and constraints are adopted from studies [8-
10].

The simplified structure of energy sector of
Vietnam in the MGEP model is represented as a
network G=(N,A), where N is the set of the nodes and
A is the set of arcs. The node i € N represents a point
of demand and/or supply of energy, and the arc (i, j) €
A is a transmission line. A set of power generation
technologies O consists of two subsets: fossil fuel fired
facilities and RE sources. R denotes the RE subset.
The fossil fuels constitute the set F. g € O is a power
generation technology and k € F is a fossil fuel. T is
the set of periods (hours) in the planning horizon
where t € T is a time period.

There are some groups of decision variables in the
MGEP model: giqt is the generation amount (MW) of
technology q at node i in period t; Agiqt is the capacity
addition (MW) of technology q at node i in period t;
yiqt is the total capacity (MW) of technology q at node
i in period t; xijt is the flow (MW) through arc (i, j) in
period t; Axijt is the additional transmission capacity
(MW) in arc (i, j) in period t; pijt is the total capacity
(MW) in arc (i, j) in period t; ukt is the imported fuel
(KTOE) of type k in period t; and vit is the unmet
demand (MW) at node i in period t.

A. Objectives

There is a set of L objectives in the MGEP model:
minimization of investment, operation and
transmission costs, environmental impact, imports of
fuel and unmet demand cost. A detailed description of
each objective is provided below.

e Investment, operational, and transmission costs
[7]: This objective function is defined as the
total present value sum of the investment cost
for new technologies and additional capacity of
transmission, the operation and maintenance
costs

f,=> @+r)*[l, +OM,] (1)

teT

(=22 Sl + ZC.,IAX,H, ©)

ieN geO IJ A

OMt :ZZQiqtgiqt' (3)

ieN geO

In this objective, r is the discount factor (rate of
return) per unit time on investment, Siy is the
investment cost ($/MW) of technology q at
node i in period t, Qi is the operation and
maintenance cost ($/MW) of a technology q at
node i in period t and Cy; is the investment cost
($/MW) for new transmission capacity in arc (i,
j) in period t. The first part I, of the objective
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function (1) is the investment cost associated to
new generation units and transmission
facilities; the second part OM, is the operational
cost of the system in period t.

e Environmental impact [7]: This objective
minimizes the environmental impacts

f,=> > Eqli 4)

teT ieN gqeO

where Eg is the amount (tons) of carbon
dioxide emission CO, per MW generated by a
technology g at node i during period t. The
emission of pollutants like NO, and SO, can be
also included if necessary [8].

e Fossil fuel import [7]: The goal is to minimize
the total amount of fuel imports

fo=> 1+ r)“{ZUktukt} (5)

teT keF

where Uy, is the cost ($/kTOE) of fuel k import
in period t.

e Unmet demand [8]: The goal is to minimize the
total power shortage

f,=> A+ r)‘{ZVtvit} (6)

teT ieN

where V, is the cost ($/MW) of not satisfying
the demand in period t.

B. Constraints

The following types of constraints are presented in
the MGEP model: flow balance constraints in the
network with demand covering [7], power generation
and transmission limit [7, 9], generation and
transmission investment [7], availability of local
production of fossil fuels [7], system reliability [10],
maximum and minimum shares of RE resources [10],
energy supply security [10].

e Node power balance equation [7]: The inflow
(generation plus flow from other nodes) is
equal to the outflow (sum of demand, shortage
and flow to other nodes) at node i € N in period
teT:

ZXJII qut +Zg|qt = Dit +Vy (D)

(j,i)eA g0

where Dy is the load/demand (MW) at node i in

period t.

e Maximum investment for each technology q in
node i during period t [7]: There is a maximum
value of capacity (or investment) in
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technologies because of natural reasons
(space, resources, etc.)

AQiy <GsieN,qeO,teT (8)

iqt;
where Gj is the maximal capacity (MW) for new
units of technology q in node i during period t.

o Fossil fuels demand in period t [7]: Fuel k will
be either imported or taken from local markets

Zzwqtgiqt SUkt+Bkt;k eF,teT

ieN geO

where Wy is the consumption of fuel (KTOE/MW) for
a technology q in period t, By is the local production
(KTOE) of fuel k in period t.

o Total generation capacity on each technology q
in node i during period t [7]: The total available
generation value is equal to the sum of existing
generation capacity and the new added capacity

Yie = Yigi-n) +Agiqt;i eN,qeO,teT. (10)

e Power generation limit on each conventional
technology q in node i during period t [7]:

Oig <Vig:i€N,qeO\R,teT. (11)

e Power generation limit on each RE technology
g in node i during period t [9]:

Ui SHgYisieN,geRteT. (12)

where Hig is the corresponding hourly capacity
factor for each RE technology g in node i during
period t. Hi, depends on the weather conditions

O0<H_<lieN,qeR,teT. (13)

iqt —

e Total transmission capacity on each arc (i, j) in
period t [7]: The total available capacity of the
arc (i, j) is equal to the sum of total capacity at
(t-1) and the new transmission capacity added
at period t

Pit = Pijy + A%s (1, ) e AteT (14

e Power transmission limit on each arc (i, j) in
period t [7]:

Xy < pijt;(i,j)eA,teT. (15)

e Power system reliability [10]: To ensure that
the available generation capacity of power
system is adequate to meet the expected power
demand, the available system capacity in each
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period t should be between the defined upper
and lower bounds as

3> ¥ DD (1+PRRMAX),  (16)

ieN qeO ieN
> > Vi =D Dy (1+PRRMIN),  (17)
ieN qeO ieN

where PRRMAX is the maximum peak reserve
requirement (%), PRRMIN is the minimum peak
reserve requirement (%).

e RE share [10]: To impose minimum of power
generated from RE technologies and to
determine the RE sources penetration limits to
preserve the power system stability the value of
RE sources share in the total system

generation at each period t should be between
the defined lower and upper bounds as

Zzgiqt ZMINREZZgiqﬂ (18)

ieN geR ieN qe0
> > 0 SMAXREY > gy, (19)
ieN geR ieN qeO

where MINRE; is the minimum share of RE
sources (%) in the total system generation in period t,
MAXRE; is the maximum share of RE sources (%) in
the total system generation during period t.

e Energy supply security [10]: to ensure
technology variability the available system
capacity of technology q may not exceed the
upper bound in each period t

Z Yir < Yorr (20)

ieN

where Y, is the given maximum system capacity

of technology g during period t.

e Nonnegativity: No negative
permitted for the decision variables

values are

Yigt» igrs Aiges Pije» Xije s AXije» Uy, Vie 20, (21)

whereieN,qeO,(i,j))eA keF, teT.

e Initial values: The generation capacity of
technology q in node i in period 0O is equal to
Yia» the existing generation capacity (MW)

Yigo = Yiq:1 € N,q €O0. (22)

e The transmission capacity of arc (i, j) in period
0 is equal to py the existing capacity of
transmission (MW)
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Pio = Py; (I, J) € A (23)

I11. PROBLEM FORMULATION

Let fl(z) be the I-th objective function, z be
decision vector belonging to the feasible solution
space Z, i.e.,

2= (Giges ADiges Yiges Xijer AXie» Pijes Uy Vie) (24)

where lel,ieN,qeO,(i,j)) e A keF, teT. The
general MGEP model is a multi-objective linear
programming problem

min F(z) = [fl(Z),---, fL(Z)] (25)

st. h(z)=0;neM, (26)
J,(2)<0meM, 27)
ze’l (28)

where F is the objective vector. gn(z) is the m-th
inequality constraint, h,(z) is the n-th equality
constraint, My, and M, are the number of equality and
inequality constraints, respectively.

The MGEP model has [T|(3(N||O[+|A)+|F|+|O])
variables and [T|(IN|+2]AJ+3|N||O]+|F|+4+|O])
constraints.

IV. CLIMATIC DATA GATHERING AND PROCESSING

To analyse the RE technical efficiency Hiy the
necessary detailed climatic information includes solar
radiation (direct, diffuse and summary), wind speed
and direction, air temperature, density, pressure,
humidity and cloudiness. These data allow modelling
the solar and wind power plants operation with high
accuracy.

Nowadays, there are a large number of different
sources to reproduce the original climatic arrays. The
most common database is NASA SSE that allows
developing the initial climatic data arrays for any
location. In addition, there are also available the open
online sources like NREL-SWERA, Renewables.ninja
for solving similar problems. These sources are based
on data from NASA MERRA reanalysis [11] and CM-
SAF's SARAH dataset [12].

A. Long-term meteorological observation data

The multiyear meteorological series recorded at
the meteorological station are detailed information.
The data structure of the arrays depends on the
structure of the international meteorological code
which the meteorological station uses. The most
common meteorological codes are FM 12 Synop and
METAR. They have the same indicators of instrument
measurements, namely: wind speed and direction, air
temperature, atmosphere pressure, humidity and
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cloudiness. The vector of instrument measurements is
defined as function of time t

oy [ Ve (07 (0. T (1)
A= Pair (1), 6 (1) s (1)

(29)

where v,ing is wind speed, v, is wind direction, T is
air temperature, p,r iS atmosphere pressure, @, is
atmosphere humidity, ¢ is atmosphere cloudiness.

A detailed description of integration of the long-
term meteorological observations into system energy
studies is presented in [13].

B. Solar radiation

A pair of mathematical models Igbal-Kasten-
Czeplak [14] is used to compute solar radiation. At the
first stage, the parameters for clear sky conditions are
calculated with the subsequent determination of the
attenuation coefficients of solar radiation. Calculations
are performed for the entire period of meteorological
observations with a discrete step of one hour. The total
number of states of solar radiation depends on the
dimension of the initial array of climate information.

The resulting arrays of climate information are
integrated into system energy research

C. Example of Vietnamease climatic data processing

The Ho Chi Minh city is chosen for research.
There is a weather station Nyabe located 15 km far
from the city. The weather station operates with FM
12 Synop format. There are 6 years of meteorological
observations. The dimension of the initial array of
information is more than 300000 measurements.

Figure 1 shows the average monthly solar
radiation.
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Fig. 1. Average monthly solar radiation at Ho Chi Minh city on
the basis of 6 year observations

The change of the wind speed graph is shown in
the Figure 2. Figure 3 shows the average monthly air
temperature at the Ho Chi Minh city.
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Fig. 2. Average monthly wind speed at Ho Chi Minh city on the
basis of 6 year observations

31
30.5
32.
g 30
E 3.
: 29.5
2
30
g 29
£ 29.
E ® 28.5
8
g27 i : N
g ittty
g T N
g T
2 it
< 25.0 “,L‘(\‘\“‘!l‘" N
12
26.5
- % 26
Numberof 4 ™. - :
month 2 Number of
0o year

Fig. 3. Average monthly air temperature at Ho Chi Minh city on
the basis of 6 year observations

V. CONCLUSIONS

Nowadays long-term energy system optimization
models are frequently used in studies analysing the
transition towards a sustainable energy system with an
increased share of intermittent renewable energy
sources. Highly variable and stochastic nature of
renewable energy sources poses some challenges to
long-term energy system optimization models to
research the GEP problem due to using a low temporal
resolution and neglecting the short-term dynamics.
The common approach to withstand those challenges
is the soft-linking of energy system models to a short-
term operational power system models. Such approach
was proposed in [2] to investigate the future Vietnam
electricity market in terms of supply-demand balance
and how renewable energy sources could help to
improve the performance of electricity market to
2030/2035.

The proposed in this paper MGEP model considers
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the fuel restrictions on the power generation and
transmission network (only the power flow
conservation) to measure the geographical impact of
the generation additions. Its objectives are
minimization of investment, operation and
transmission costs, environmental impact, imports of
fuel and unmet demand cost. Also the MGEP model
takes into account the following types of constraints:
flow balance constraints in the network with demand
covering, power generation and transmission limit,
generation and transmission investment, availability of
local production of fossil fuels, system reliability
requirements, maximum and minimum shares of RE

resources, energy supply security requirements.
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