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Abstract

The access to an efficient, affordable and reliable supply of energy is important for both development and the
environment. However, many energy planning models focus exclusively on minimizing cost, whilst the studies
that have actually considered the trade-offs between cost and risk have suffered from unrealistically simple cost
assumptions. Therefore, we present a power system planning approach that integrates a detailed
techno-economic energy planning model into a portfolio framework. The techno-economic model features a
detailed and realistic representation of the actual cost formation mechanisms of the industry. By integrating the
techno-economic model into a portfolio optimization framework, however, we can identify efficient trade-offs
between cost and risk, whilst at the same time maintaining a realistic and detailed representation of the power
sector. Furthermore, the approach is computationally efficient. As such, the integrated approach will provide
realistic system expansion alternatives with efficient trade-offs between cost and risk.
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Resumo

A aquisicdo de energia de fontes seguras e eficientes é essencial para o desenvolvimento e para o meio
ambiente. Entretanto, a maioria dos modelos de planejamento energético utiliza uma abordagem de apenas
minimizar os custos da produgdo energética, enquanto os poucos que consideraram o trade-off entre custo e
risco assumiram custos irreais para a produgdo de energia. Portanto, este trabalho se propoe a utilizar um
modelo tecno-economico que representa a produg¢do de energia de forma detalhada, integrando-o a uma
estrutura de otimizagdo de portfolios. Com isso, é possivel identificar relagbes eficientes entre risco e custo
enquanto mantém um modelo realista e detalhado dos custos de producdo do setor de energia. Essa abordagem
integrada é computacionalmente eficiente e permitira modelos mais realistas da produgdo de energia.
Palavras-chave: Energia, Planejamento Energético, Modelo Computacional, Teoria do Portfolio

1. Introduction

The United Nations Sustainable Development Goals aim to "ensure access to
affordable, reliable, sustainable and modern energy for all" (UNITED NATIONS, 2015). This
highlights the importance of energy, both for development and for the environment. This goal
also presents a challenge for the energy sector, who must identify and pursue appropriate
trade-offs between these conflicting properties — affordability, reliability, and sustainability.

The majority of existing techno-economic energy planning models feature a detailed
representation of the cost structure of the energy system in one or more regions, and focus
primarily on identifying the investment and operational decisions that only minimize the
expected costs (FODSTAD et al., 2022). Some pioneering studies have applied portfolio
theory to power system planning, further exploring the probability distribution of the cost
(AWERBUCH; BERGER, 2003; SZOLGAYOVA et al., 2012; LOSEKANN et al., 2013;
JUAREZ-LUNA, 2020; CASTRO et al., 2021). This novel approach has provided interesting
insights, but the cost-minimization approach has remained dominant because existing studies
using portfolio theory have relied on greatly simplified assumptions about the cost structure
of the industry, for instance that costs can be represented by a linear combination of installed
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power generation capacities. The actual costs of power production are determined, in large
part, by operational and investment decisions, which have been captured more realistically
and in greater detail by the cost-minimization approaches.

In this study, we develop a power system planning approach that incorporates a
detailed techno-economic power planning model into a portfolio theory framework. Our
approach simulates operational decisions using a standard techno-economic energy planning
model that allows a detailed representation of the technological constraints and the industry
cost structure, whereas generation capacities are chosen so as to minimize a risk measure
applied to the total cost, allowing us to account for randomness in any of the inputs to the
techno-economic model. Our approach combines the main strengths of the two frameworks:
the techno-economic model provides an accurate representation of the industry cost structure,
and the portfolio optimization component provides a more robust and comprehensive
objective than pure cost minimization. Our approach will therefore contribute to improved
power system planning by identifying possible system development paths that adequately
balance cost and risk.

2. An Integrated Techno-Economic and Portfolio Approach to Power System Planning

We now show how an operational techno-economic power system planning approach
can be integrated into a portfolio framework for power system capacity planning. The
techno-economic model recreates the cost formation process of the power system by
simulating detailed operational decisions. The portfolio framework ensures that installed
capacities are chosen to optimize a risk measure over the costs. Specifically, we incorporate
an economic dispatch model of power system operations (CONEJO; BARINGO, 2017) into
the minimization of the conditional value-at-risk (ROCKAFELLAR; URYASEYV, 2000).

The conditional value-at-risk can be minimized by way of the convex sample-based
auxiliary function introduced by Rockafellar and Uryasev (2000):

q

1 +
min - o+ ————5 > [f(Z5) —
%o q(1 - B) ;
in which  denotes a risk level, ¥ represents the installed power generation capacities and y

represents the random variables, with ¢ samples Y1, Y2, - - -, Yq, That is, the method makes
no assumptions about the probability distribution of the random variables ¥ — but requires 4

samples from the distribution. The function (&, 9) represents the costs, conditioned on the
installed capacities x and a given realization of the random variables Y.
Given installed capacities ¥ and a realization of the random variables ¥i, we calculate

F -
system costs by accounting for fixed costs C™(Z) of the installed generation capacities, and
OP (=
simulating power system operations to obtain the operational costs 7T, ),
f&9) = C7(5) + C7(Z,9),
We construct a deterministic hydrothermal dispatch model to simulate the operation of the
power system. The model selects the hourly generation level for the dispatchable generators
that minimizes the operational costs over a given time horizon.
Specifically, a hydrothermal dispatch model used in this study defines a set of time

periods 7, numbered ¥ = 0,....,7T — 1 and a set of dispatchable thermal power generators
G. The marginal generation cost (€s) for each thermal generator 9 € g is linear, such that

CgLitg represents the cost of the power source 9 producing the amount Lig during time
period t. The generation level of each thermal generator must be within the minimum and
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maximum generation levels, Lg and Lg, for each § €. Further, assume an equivalent
hydro-electric power generator H , with minimum and maximum reservoir levels H and H,

initial and final reservoir levels given as Ho and H 7, the reservoir level at the start of each
time period represented by Hy, the reservoir inflow during each period given by I, minimum
and maximum generation levels for the hydro-electric generator given by Ly, and Ly, and the
actual hydropower generation in a period represented by Lt Furthermore, wind and solar
power generation (which re not dispatchable) are given by Lt and Lt,S, whereas the power

demand is given by D:. The following constrained linear optimization problem selects the
generation level of all dispatchable power sources in order to minimize the operational cost

over the time horizon:
min g g cgLi g
L u{L
{Lt,ntteTU{Lt,g}(t,9)eTxG teT ge0

subject to the following constraints:
Lip+ Liw+ Lis+ Y Lig=Di, VLET
9€g
Hw=H+1,— Ly, VteT

Hy=Hy,Hr = Hr
H,<H,H, > H, Ly < Ly, Lip > L,, VteT
Lt,g S zg; Lt,g Z Lgv \V/(t,g) S T X g

The objective function requires the minimization of the operational costs. The first constraint
is known as the power balance equation, requiring that total power generation equals total
power demand. The second constraint represents the transition function for the hydropower
reservoir levels, whereas the fourth constraint binds the initial and final reservoir levels, the
fifth constraint ensures that the hydro reservoir levels and generation stay within the
minimum and maximum level, and the final constraint ensures that thermal power generation
remains within the minimum and maximum levels.

The fixed costs of the installed generation capacity can be estimated easily using
information from a number of different sources. The operational costs are obtained by
simulating the hydrothermal dispatch model, defining the minimum and maximum generation
capacities using 7, and with marginal costs, power demand, reservoir inflow and

non-dispatchable power generation based on v, Thus, the cost function F(Z,9) will be
well-defined, and can be used for finding the portfolio ¥ of installed power generation
capacities that minimize the conditional value-at-risk. Furthermore, the computational
efficiency of the proposed approach is considerable: the hydrothermal dispatch model is
formulated as a linear programming problem, and the minimization of the conditional
value-at-risk through the auxiliary function has been shown to be a convex optimization
problem — both of which can be solved efficiently with standard methods.

We have thereby shown how a techno-economic power system planning approach may
be integrated into a portfolio framework, which can be used for capacity planning in a way
that accurately reflects the actual cost structure of the industry. This is important in order to
better understand the trade-off between power system cost and risk, in order to design power
systems that are more affordable, robust and reliable.

3. Final Remarks
We have presented an integrated techno-economic and portfolio approach to power
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system planning. Compared to existing techno-economic power system planning models, our
approach advances by minimizing a risk measure defined over the cost, rather than the cost
itself. This provides a more attractive trade-off between cost and risk, which is the main
advantage of applying a portfolio approach. Compared to the existing literature that has
applied portfolio theory to power system planning, our approach contributes by including a
more realistic representation of the industry cost structure, improving the practical
applicability of the results compared to existing portfolio approaches. As such, our integrated
approach combines the main strengths of the techno-economic and portfolio approaches to
overcome several limitations of prior power system planning approaches.

This approach is currently being implemented, and will ultimately be used to perform
numerical experiments on the Brazilian power system, and is expected to provide insights into
realistic system expansion alternatives with efficient trade-offs between cost and risk.

Furthermore, we believe that the structure of this approach is sufficiently general that
it can be adapted to many other sectors, in order identify an efficient balance between cost and
risk in a way that respects technological and economic constraints, while realistically
representing the cost structure of each sector in a detailed manner.
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