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Although electricity supply is still dominated by fossil fuels, it is expected that renewable sources will have a
much larger contribution in the future due to the need to mitigate climate change. Therefore, this paper presents
a new framework for developing Future Electricity Scenarios (FuturES) with high penetration of renewables. A
multi-period linear programming model has been created for power-system expansion planning. This has been
coupled with an economic dispatch model, PowerGAMA, to evaluate the technical and economic feasibility of
the developed scenarios while matching supply and demand. Application of FuturES is demonstrated through the
case of Chile which has ambitious plans to supply electricity using only renewable sources. Four cost-optimal
scenarios have been developed for the year 2050 using FuturES: two Business as usual (BAU) and two Renewable
electricity (RE) scenarios. The BAU scenarios are unconstrained in terms of the technology type and can include
all 11 options considered. The RE scenarios aim to have only renewables in the mix, including storage. The
results show that both BAU scenarios have a levelised cost of electricity (LCOE) lower than, or equal to, today’s
costs ($72.7-77.3 vs $77.6/MWh) and include 81-90% of renewables. The RE scenarios are slightly more ex-
pensive than today’s costs ($81-87/MWh). The cumulative investment for the BAU scenarios is $123-$145 bn,
compared to $147-$157 bn for the RE. The annual investment across the scenarios is estimated at $4.0 + 0.4
bn. Both RE scenarios show sufficient flexibility in matching supply and demand, despite solar photovoltaics and
wind power contributing around half of the total supply. Therefore, the FuturES framework is a powerful tool for
aiding the design of cost-efficient power systems with high penetration of renewables.

1. Introduction study showed that, between 2014 and 2016, the global energy-related

CO-, emissions have remained constant after decades of increase [2].

Electricity generation is responsible for approximately 25% of
global greenhouse gas (GHG) emissions. As a result, the
Intergovernmental Panel on Climate Change (IPCC) has highlighted the
importance of the decarbonisation of electricity supply and deployment
of renewables as key mitigation measures for the sector [1]. A recent
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The development of renewable technologies, such as solar photo-
voltaics (PV) and wind, has been crucial in achieving this, allowing
them to become more competitive and triggering further increase in
investment in recent years. This has also been stimulated by policy in
different regions. For example, in the European Union (EU), the

Received 3 November 2018; Received in revised form 29 April 2019; Accepted 1 May 2019

Available online 30 May 2019

0306-2619/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2019.05.006
https://doi.org/10.1016/j.apenergy.2019.05.006
mailto:adisa.azapagic@manchester.ac.uk
https://doi.org/10.1016/j.apenergy.2019.05.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2019.05.006&domain=pdf

Applied Energy 250 (2019) 1657-1672

C. Gaete-Morales, et al.
Nomenclature
Parameters
Bg’flt“" scheduled new-build capacity of technology g in year t
MwW)
be learning rate (%)
i fuel cost of technology g in year t ($/unit fuel)
CF,, capacity factor of technology g in year t (%)
CO,/™  carbon tax in year t ($/t)
COZPf’”" CO, emission factor for technology g (kg/MJ)
cvg calorific value of fuel used by technology g (MJ/unit fuel)
Déf’[“l total capacity of technology g decommissioned in year t
(MW)
Dg‘flta" total capacity of technology g planned to be decommis-
sioned in year t (MW)
eff, power plant efficiency for technology g (%)
Eg, electricity generated by technology g in year t (MWh)
Efemand  electricity demand in year t (MWh)
;,"t" annualised capital cost of technology g in year t ($/MWh)
gﬁ” operating and maintenance fixed cost for technology g in
year t ($/MWh)
Igf"t%“"l initial capital cost of technology g ($/kW)
LCOE,, levelised cost of electricity for technology g in year t
($/MWh)
N maximum annual new-build capacity allowed for tech-
nology g (MW)
pleot total installed capacity of technology g in year t (MW)
Pé‘f{,‘,‘f[ initial total installed capacity of technology g (MW)
POF"™ maximum annual phase-out capacity of technology g
(MW)
POJ™  phase-out quota capacity of technology g in year t (MW)
QNCREmin minimum share of electricity from non-conventional re-
newable sources in year t (%)
Qéiffhm“ maximum share of electricity from technology g in year t
(%)
q share of the total phase-out electricity (%)
Ty discount rate (%)
Sg fraction of investment costs used to estimate operating and
maintenance fixed costs (%)
Sloss annual electricity loss in year t (%)
SNCREmin  minimum share of non-conventional renewable electricity
in the target year (%)
SNCREmin  minimum share of non-conventional renewable in the

starting year (%)

Sé“”'""ﬂ"d maximum electricity share of technology g in the target
year (%)
tNCREmin  target year for non-conventional renewable electricity

t gphaseoutxm "t

starting year for the phase-out of technology g

tg,““m""“ year when a maximun electricity share of technology g
starts

vg“f}’b"" carbon tax payable for technology g in year t ($/MWh)

vg‘fd fuel cost for technology g in year t ($/MWh)

vgf” operating and maintenance variable cost for technology g
in year t ($/MWh)

We.t global cumulative installed capacity of technology g in
year t (MW)

We.t0 starting global cumulative installed capacity of technology
g (Mw)

VA total system cost (objective function) ($)

yéVCRE binary parameter denoting if a technology is non-con-
ventional renewable

x;yd"’ binary parameter denoting if a technology is hydropower

Agle“’"i”g binary parameter denoting if technology g has a learning
rate

7 lifespan of technology g (years)

¢gph‘”e""’ binary parameter denoting if technology g is being phased-
out

cogf”h’”a" binary parameter denoting if technology g must achieve its
maximum quota in a given year

Variables

Varg?"  new-build capacity of technology g in year t (MW)

Varg’f?“se"”’ phase-out capacity of technology g in year t (MW)

Subscripts

g technology type

t year

to starting year

tend target year

Sets

G set of technologies

Gs set of technologies with storage

T set of years in the planning horizon

Renewable Energy Directive [3] sets a target of 34% of renewable
electricity by 2020. As a result, the share of renewable electricity in the
EU reached 30% by 2016 [4]. In the US, for instance, the contribution
of renewable electricity in the same year was 15% [5]. In both regions,
wind and solar PV play a significant role, in addition to hydro power.

Renewable power options are predominantly capital-cost intensive
as opposed to fossil-fuel technologies which are marginal-cost plants,
driven by the operational and fuel costs. This poses new challenges to
traditional electricity markets which are mostly based on marginal costs
[6]. As renewables have variable costs close to zero, they can lead to
low system marginal costs (or spot prices) which discourages investors
to fund new projects [7,8]. This could result in a market failure in the
absence of appropriate signals or mechanisms to stimulate investment.
Some South American countries have experienced a similar situation
due to a high contribution of hydropower which has high capital but
very low marginal costs. They have resolved this issue through long-
term contracts for investments while keeping short-term markets for
energy trading to secure electricity dispatch at optimal costs at all times

[7].
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In addition to the market challenges, it is also crucial to ensure that
future electricity systems dominated by renewables can provide reliable
supply to match the demand. Achieving this requires sufficient flex-
ibility in the system to mitigate against the variability, intermittency
and unpredictability of supply from wind and solar PV [9]. In the last
decades, flexibility has been achieved primarily via hydropower,
pumped hydro storage systems and oil and gas power plants, with the
support of base-load sources, such as nuclear, coal, biomass and run-of-
river hydropower. In future power systems shaped by renewables,
storage systems will play a key role in achieving flexibility [10].
Nowadays, depending on energy resource availability and geography,
countries can take advantage of reservoir and pumped hydropower or
concentrating solar power (CSP) thermal storage. Others that lack such
natural resources can rely on battery energy storage solutions. With the
expected significant increase of renewables in future electricity systems,
it will become progressively more important to develop optimal system
configurations with sufficient flexibility to ensure security of supply.

In an attempt to contribute to this effort, this paper proposes a new
framework — Future Electricity Scenarios (FuturES) — with the aim of
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designing optimal power systems dominated by renewables. The
FuturES framework integrates systems optimisation with an economic
dispatch model. The optimisation model, developed as part of this
study, is a deterministic power system expansion model which gen-
erates optimised electricity scenarios by minimising total system costs
under perfect market competition conditions. The economic dispatch
model PowerGAMA (Power Grid and Market Analysis) [11] evaluates
the extent to which the resulting optimised scenarios can operate with
flexibility by implementing the storage value approach [12] for water
reservoirs and CSP with storage. Therefore, FuturES allows the mod-
elling and optimisation of future electricity scenarios where CSP and
hydropower act as backup options in systems with high penetration of
renewables. The framework is generic and can be used in different re-
gions and countries. To demonstrate its application, Chile is considered
as an illustrative case, as the country has very ambitious plans for
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increasing the contribution of renewables in the electricity mix up to
100% by 2050. This is the first study of its kind for Chile, aimed at
providing guidance to the energy sector and policy makers on designing
techno-economically optimal electricity systems with high penetration
of renewables, capable of matching supply and demand.

The framework is presented in Section 3, followed by its application
in Section 4. Prior to that, the next section gives an overview of lit-
erature, focusing on challenges in power system modelling and opti-
misation.

2. Literature review

Optimisation of power systems has been used extensively over the
years for a range of purposes, including power system planning, trading
and monitoring of market performance [13-15]. Typically, linear

Annual demand

C ompllatlon

Plants inventory
Generating costs
Learning curves

Annual capacity limit,

CFt =

0

CFt

end

-
It

Constant

= Initial

9

[ Solve LP problem ]4——>{ Solver: CBC }
v

end

[CFr - New CFrmJ {

Installed capac

Target year (¢, ,

)
ity

J Power system expansion (PbE)

A

Hourly demand

[ Compilation ]4——-

Plant operation costs
Storage capacity

'

Base storage value
Inflow profile

L Solve LP problem ’4——>[ Solver: CBC

PowerGAMA :

hange input parameter

_ € .
Yes Start a new scenario

)

4—[ Process results }

Fig. 1. FuturES framework for defining optimal power scenarios. [CFty: capacity factor at starting period, CFt.nq: capacity factor at target year, LP: linear pro-
gramming, CBC: COIN-OR Branch-and-Cut mixed integer linear programming solver with an integral linear programming solver.]
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programming (LP) is used for optimisation of power systems. A wide
variety of LP models exists, of which MARKAL [16] and its successor
TIMES [17] are probably the most widely used commercial models.
They both enable optimisation of future scenarios at a national level
based on supply and demand requirements. Equivalent open-source
models are also available, including OSeMOSYS [18], an optimisation
model for long-term energy planning, and PyPSA [19], an open-source
toolbox for simulating and optimising power systems. Furthermore,
Switch 2.0 [20] provides a modelling platform for planning transitions
to low-emission electric power grids. Finally, Calliope [21] and URBS
[22] model energy systems to satisfy heat, power and gas demand with
a focus on planning and flexibility of the systems at different spatial
resolutions.

Currently, the main challenge in power system optimisation is to
design future systems capable of operating reliably with high penetra-
tion of renewables [23]. Given the large heterogeneity of countries and
regions with respect to renewable resources, each power system may
require different models to represent differing conditions.

A further challenge is modelling of energy storage [24]. This is
largely due to two main reasons. First, storage dispatch may vary sig-
nificantly with high capacity of variable-supply technologies, requiring
the model to be able to deal with short-term storage. Secondly, high
contribution of storage may act as a price-maker, as is the case, for
example, with water reservoirs.

Various methods have been developed to deal with these challenges,
as described by Schill and Zerrahn [25]. For example, Hemmati et al.
[26] developed a generation expansion planning model where energy
storage systems enable flexibility by replacing peak-load fossil fuel
options. A similar approach was considered by Balducci et al. [27] who
proposed a taxonomy for assigning benefits of services provided by
energy storage systems.

Hydropower from reservoirs is considered a long-term storage op-
tion that can play an important role in power systems where it has a
significant contribution, such as in Norway [12]. Wolfgang et al. [12]
highlighted that the marginal value of water for different reservoir le-
vels, periods and zones enables an optimal dispatch of hydropower by
exploiting the long-term storage characteristics of reservoirs. To de-
termine the water storage value and allow an optimal dispatch in hy-
drothermal power systems, different stochastic optimisation models
have been developed [28], with that developed by Pereira being one of
the most used models for this purpose [29]. Stochastic methods can be
used where the installed capacity and the energy storage of hydropower
plants are known. However, they have high computational require-
ments when determining the optimal capacity of technologies in a
generation expansion planning model [20].

Several models focus on long-term storage value of hydropower and
oversimplify short-term storage of CSP. The latter is addressed well by
PowerGAMA [11] which extends previous models to consider short-
term storage in CSP and flexible load. Therefore, this model has been
selected for use in the optimisation framework proposed here, in
combination with linear programming (LP).

Various other optimisation and decision-support frameworks have
been developed previously focusing on electricity. However, most are
aimed at either local or regional levels, or focus on single or a limited
number of technologies. For example, Fichera at al. [30] developed a
tool combining spatial and energy issues with optimisation for aiding
urban planners in developing energy strategies. The authors showed
how local production of electricity can be determined due to the in-
troduction of renewable energy. Saber et al. [31] focused on wind en-
ergy only, proposing a multi-objective framework for expansion of
energy storage in systems with high wind penetration. Concentrating on
biomass only, Vadenbo et al. [32] combined optimisation with con-
sequential life cycle assessment to evaluate future bioenergy scenarios
for Switzerland for the year 2035. A scenario-generation approach has
also been proposed for integrating wind, solar PV and small hydro-
power systems [33]. A two-stage stochastic optimisation model is used
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for this purpose to minimise the probability of failing to deploy reserve
in real-time. An example study that went beyond single or few tech-
nologies to consider a full electricity system at the national level is that
carried out for the UK [34]. The authors developed a multi-period
mixed-integer optimisation to determine the most sustainable 2050
electricity scenarios with respect to life cycle costs and environmental
impacts. Another study at the national level, based in Germany [35],
integrated battery storage into an optimisation model to determine the
optimal configuration of the German electricity system for the year
2040.

However, as far as the authors are aware, there are no optimisation
frameworks that enable consideration of future integrated electricity
scenarios with high penetration of renewables at a national level as
proposed in this work. This is detailed in the next section.

3. Methodology
3.1. FuturES framework

As can be seen in Fig. 1, the FuturES framework consists of two
models: an LP power system expansion (PSE) model and an economic
dispatch (ED) model. The former has been developed in this study
(Section 3.1.1) and the latter is based on the open-source PowerGAMA
model (Section 3.1.2).

The PSE model generates optimal scenarios for future electricity
systems by minimising total system costs. The main variable in this
model is the new-build capacity for each technology, which is decided
by the model based on each technology’s levelised cost of electricity
(LCOE) and power output. These two are in turn dependent on capacity
factors. Previous studies have assumed constant capacity factors
[34,36]. However, this assumption holds only if the electricity mix
remains similar over time — if new technologies are included, it is likely
that the capacity factors will change. To overcome this problem, a
second model based on minimisation of marginal costs through eco-
nomic dispatch (ED) is coupled with the PSE model. The ED model
integrates the outputs from PSE (the total capacity of each technology)
with technical parameters, such as variable or marginal costs of tech-
nologies, wind profiles, solar radiation and water inflow. It uses these
parameters to determine the capacity factor of each technology, hourly
marginal costs, filling levels of storage systems, energy spillage (solar,
wind and run-of-river energy harvested but not dispatched) and load
shedding.

The load shedding and capacity factors are considered indicators of
flexibility. When there is no load shedding and the resulting capacity
factors from the ED model are equal to the capacity factors assumed in
the PSE model, then the scenario is considered to be feasible. If the
capacity factors are different, the LCOE initially estimated in the PSE
model will be inconsistent with their expected operation. This leads to
an under- or overestimation of the costs of some technologies.
Therefore, the capacity factors of the PSE model are replaced by the
capacity factors obtained from the ED model and a new iteration be-
gins, as shown in Fig. 1. The starting year (t;) of the PSE model
maintains the actual capacity factors of the technologies in that year.
The resulting capacity factors of the optimal ED model are set as the
capacity factors for the last year (t.,q) of the evaluating period and the
capacity factors between years t, and t.,q are estimated through linear
interpolation. Consequently, the combined PSE and ED models continue
to iterate until the model converges. In other words, the two models run
until the capacity factors of PSE and ED by year t.,q are similar and
reach the condition of feasibility of no load shedding.

The PSE model has been developed using Pyomo, an open-source
tool for optimisation applications [37] with a COIN-OR Branch-and-Cut
(CBC) mixed integer linear solver, which also contains a linear pro-
gramming solver [38]. PowerGAMA [11], used for the ED model, was
developed using the Python programming language. Each model is
described in turn in the next sections.
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3.1.1. Power system expansion model
A linear programming problem can generally be formulated as:

minimise f (x)
s. t. h(x)=a
gx) <0

x €R" (€Y

where f(x) is an objective function, h(x) represents equality and g(x)
inequality constraints, and x is a vector with n real variables. The ob-
jective function and constraints are defined in the following sections.

3.1.1.1. Objective function. The objective function Z represents the total
system costs over the life cycle of each power technology over the
planning period and is to be minimised as follows:

Z = min dec . ZtET E,LCOE,, @

where E,, is electricity generated by technology g in year t, while
LCOE,, is the levelised cost of electricity for technology g in year t. Eg
is a function of two types of variables, Var;{" and Varéf?“se"‘“, that
represent respectively the new-build capacity online in a given year and
the existing capacity awaiting phase-out. For simplicity, these are
included as part of the total installed capacity (Pg‘f‘f“l) function as
shown below:

Ey( = 8760-CFy Pl 3)

where CF,; is the capacity factor of a technology in year t and 8760 is
the total number of hours in a year. The total installed capacity of
technology g in year t, P is defined as:

gt »
total plan new __ mytotal __ phaseout ¢ o
plotal _ Poinie + Bgy + Vargy Dy’ Vargt , ift—1<ty
et = .
POl + BP™ 4 Var!W — DI — Varli®eot, if 1 —1 >t

(€]

As can be seen in Eq. (4), P is made up of the following:

e initial existing capacity (Péf’{gft) or the capacity in the previous year
(P, é?tm_lﬂ;

® a new-build capacity (B;’,“") under construction;

® a new-build capacity (Varg:") determined by the model (main de-
cision variable); and

e total decommissioned (Dg’,‘“l) and phase-out capacities (Varg?“mm).

Varg",ﬁ"’“"”’ is a decision variable considered for technologies like coal
that will eventually be phased out. The decision variables are all in the
domain of positive real numbers.

The total decommissioned capacity (Dé‘ff"l) constitutes old plants
that are planned to be decommissioned (Déff’[“") and new-build capacity
that has reached the end of its lifespan within the modelling period
(Varﬁ‘frg ), where 1, represents the lifespan of technology g:

total _ pnyplan new
Dy, = Dy +Vargvt,rg

5

LCOEg, is defined as the sum of levelised and annualised investment
costs ( f;;"[“ ), fixed and variable operating and maintenance costs (O&M)

( g"’ and v(g?” , respectively), fuel costs (vg"fl) and carbon tax (vgf‘[b“"):
_ finv OM OM fuel carbon
LCOEg, = ot + ot + Vg Vg Vg 6)

The levelised and annualised investment cost is defined as follows:

logy (1—bg)
) .

capital
8,10

8.76-CFy 1+ (1 +1,)%

Te Wet

Wy to

inv _
gt =

. learning
ez

)
The investment cost of a technology in a particular year is estimated

taking into account its initial capital cost (Ig’t%““’) which is annualised
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considering a discount rate (1) and technology lifespan (z,). The ca-
pacity factor (CF;) and 8.76 convert the annual investment cost to
levelised cost of electricity from $/kW-yr to $/MWh. The cost must also
be adjusted through time based on a learning rate (b,) for that parti-
cular technology. The learning rate lé““’”i"g is a binary parameter, de-
noting if a technology has a learning rate (1) or not (0). The application
of the learning rate is based on the global cumulative installed capacity
of the technology at the initial modelling time (W, ) and the global
installed capacity of the technology in year t (Wg,,).
O&M fixed costs are defined as follows:

Icapital . )logz(lbg)
&L -1

810 8

Wy, t0

oM _ Sg

— g1 +Alearning
& 8.76-CFy, € (

®

where S, is a fraction of investment costs used to estimate O&M fixed
costs. Fuel costs are equal to:

1
3600-CJ4°

cvgveﬁg

fuel —

V.t

)

where 3600 is a factor to convert MJ to MWh; Cgfj“fl is the cost of fuel per
unit of mass or volume, cv, is the calorific value of the fuel for tech-
nology g in MJ per unit of mass or volume; and eff, is the fuel efficiency
of the technology. Cﬁel and cv, are parameters expressed in different
units depending on the type of fuel; for example, for coal, natural gas
and diesel, the units are tonnes, Nm®, and billion barrels (bbl), re-
spectively.

Carbon costs are estimated taking into account carbon tax per tonne
of CO, emitted (CO,/™), the carbon emission factor (CO,¢™), the power

g
plant efficiency and a factor 3.6 to convert MJ to kWh, as shown below:

3.6:COy/*™-CO ™
eff,

carbon __
ot -
) (10)

3.1.1.2. Energy balance. The power demand is estimated at the
consumer side (Ef¢"@?); therefore, the energy loss in the grid (S/°*) is
included in the estimates of the total energy demand at the supply side
(Efemand (1 4 gloss)). Total energy demand must be equal to or lower
than the electricity supply, as follows:

demand loss
dec Ey; > E; A+SP)VYteT an

3.1.1.3. Non-negative total capacity. For each technology, the total
capacity in each year must be non-negative. This constraint is
essential; otherwise, if more economical technologies are available,
the model can set a phase-out capacity exceeding the sum of the other
capacity variables in Eq. (4), creating an illogical condition. This
constraint is defined as follows:

PO >0 VgeEGVLeET 12)

3.1.1.4. New-build capacity. In each year the total electricity demand
must be satisfied by the supply. When the current installed capacity
cannot fulfil the demand, the model evaluates the available
technologies to decide the new-build capacity. ¢gp”““'°'” is a binary
parameter that indicates if a technology is going to be phased-out and,
if so, that particular technology cannot be eligible for new-build
capacity. For the rest of the technologies, the new-build capacity
must be equal to or lower than the sum of maximum annual new-
build capacity (N,""), total decommissioning capacity and a phase-out

quota capacity (POZ{"™), as follows:
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Ny + D + POgY™, if g =0V ge G VteT

Varg?"’g s
’ 0, if¢;"§e““‘:1VgeG,VteT

13)

The phase-out quota capacity POJ{*“represents the capacity of
technology g with a share (q) of the total phase-out electricity in a
particular year. The share q ensures that the PSE model does not select
only the most economical options to replace the phased-out power
plants. In other words, g ensures that more than one power option is
invested in, thereby guaranteeing some supply diversity. The phase-out
quota is defined by the following equation:

q deg Vargi’taseuut.CEg’[
CFy,

Pog’l;ota -
(14

3.1.1.5. Phase-out of plants. Whether a technology has been selected to
be phased-out is denoted by a binary parameter ¢;’h’m”“’ (=1). If not,

the phase-out capacity decision variable (Var2{****) must be equal to

zero. Technologies that are to be phased out are assigned a phase-out
starting year (tg"“se‘)”‘m”). Before that year, the phase-out capacity
decision variable must be zero, otherwise the capacity must be equal
to or lower than a maximum annual phase-out capacity (PO;"*) for a
particular technology, as follows:

0, if gfheeut=0 VgeGVteT

Vargizaseout </{o, if ¢gphaseouf =1 and t< [gphaseoutmn VgeG

POJ™, if gPh®«™ =1 and (> (Pl v ge G

(15)

3.1.1.6. Hydropower capacity retention. A binary parameter thyd’"

indicates whether a technology is a hydropower option. This is
necessary to account for the unique system benefits of hydropower
options, such as flexibility, reliability, security and in-built storage
capacity. Due to these benefits, it is assumed that system operators with
existing hydropower capacity would not wish to lose that capacity.
Therefore, the new-build capacity of hydropower must be equal to or
higher than the total decommissioning capacity, so that the total
hydropower capacity remains constant or increases:

Var)e" > Do, if k™0 =1 VgeG VteT (16)

3.1.1.7. Non-conventional renewable electricity. Many countries have
implemented policy frameworks to enable corporate sourcing of
renewables, such as quota support schemes and green certificates
[39,40]. Examples of such countries in Europe include the
Netherlands, Norway, Sweden and the UK and in South America,
Argentina, Brazil, Chile and Mexico. Australia, China, India and the
US also have such policy frameworks in place. To reflect this in the
model, non-conventional renewable electricity (NCRE) is defined to
include all renewable options except large hydropower plants. A
minimum quota (QN“®Emin) for the electricity supplied by NCRE
options is set to increase with time. A binary parameter (y?CRE) has
been established so that the model can identify the NCRE options as
follows:

Yeo

The minimum quota (QN“*¥min) increases through time linearly;
therefore, SNCREmin represents the quota share at a target year (¢tNCRBmin),
usually set in energy policies, while SY*Fnin is the quota at the starting
year. After the target year, the quota remains constant as defined below:

NCRE,

NCREmin
Ve RE By 2 Qf dec E, VteT a”
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SNCREpmin _ S[%fCREmin

. NCREmin  ; NCREp;
QNCREmin = NCREmin L+ Sy, i fo <t < NCOREmin

SNCREmm7 if tNCREm,'n <t < tond

(€E))

3.1.1.8. Maximum energy share of a technology in the production mix. A
constraint is defined to allow specific technologies to be set a quota
(fof”max) of electricity that ensures an electricity production equal to or
lower than the quota (Séec"'"ax‘f"d) in the last year of the planning horizon.
The constraint starts in a predefined year (té,“hmw"”“ ) where the existing
quota (Q;,ffhmx) of the technology is set at 100%, after which point the
quota decreases linearly through the years until reaching the target
quota (Sé“"hm‘”E"d). The technologies achieving their maximum possible
quota in any given year can be identified by the model due to a binary
parameter (cog“’c"m“) equal to 1. The constraints are defined as follows:

tech i tech, -
Egp > Q" dec By ifagne=1 VgeGVieT 19)

1-— ngEChmaxEnd

nghmu.x = (t — tend) + Sgl"eChmaxEnd’ if ¢ > t)é“hmaxlnit

tech i
tg maxInit __ [end

(20)

3.1.2. Economic dispatch model

The PowerGAMA model has been implemented within FuturES to
run economic dispatch for scenarios from the PSE model, focusing on
the implementation of storage strategies to enable high penetration of
renewables.

Storage values have been estimated as follows:

Vih = viyo-ﬁ.i,f ']/)\-i,h VieGs Vhe|0..8760], va [0%. .100%] 21
where v;, is the storage value of a technology with storage capacity i at
hour h. It depends on a base storage value v;,, relative storage value
related to the filling level of the storage #.;;, and a relative storage
value which relates to time of the year; f is the filling level and varies
according to the optimal dispatch. The base storage value is a para-
meter set by the modeller based on a tuning process [11]. The filling
level and time-related storage values are specific to local conditions and

are discussed in the next section.
4. FuturES application: Electricity scenarios for Chile

As mentioned earlier, application of the FuturES framework is il-
lustrated through the case of Chile. This section provides motivation for
the study, followed by the input data used in the modelling.

Chile accounts for only 0.22% of global GHG emissions [41]. De-
spite that, the country has been shown to be very vulnerable to the
effects of climate change [42]. In an attempt to mitigate these effects,
Chile has committed to reducing GHG emissions by ratifying the Paris
agreement on climate change [43]. One of the priority sectors identified
for reduction of emissions is electricity generation.

More than half of Chilean electricity is supplied by fossil-fuel
sources, with the rest being from renewables (Fig. 2). Among the latter,
hydropower has the highest share (35%). Over the past few years, Chile
has started deploying significant solar PV and wind capacity, with the
latter doubling each year since 2014 [44]. This has been possible owing
to technology cost reductions, the successful implementation of public
policies in the sector and the outstanding resource availability in some
areas of the country [40,45,46]. The new energy policy sets two targets
for the penetration of renewables in the electricity system: 60% by 2035
and 70% by 2050 [47]. However, a recent study has estimated that
renewable sources will have a contribution of about 75% by 2030 [48],
suggesting that both targets can be met much sooner than envisaged by
the policy. Therefore, the government is considering increasing the
2050 target to 90% or even to 100% [49].

For that reason, the FuturES framework models two main scenarios
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Fig. 2. Contribution of different sources to the total generation of electricity in
Chile in 2015 [44].

for the year 2050: Business as usual (BAU) and Renewable energy (RE).
The former considers both the fossil and renewable options in the mix
while the latter aims to phase out fossil fuels and maximise the con-
tribution of renewables. Each scenario has two sub-scenarios, differing
by the total capacity of different technologies deployed. The inventory
data and assumptions are presented below, together with a description
of how the scenarios have been developed.

4.1. Electricity technologies and resources

Eleven electricity-generating options have been considered as part
of this work. These have been selected by considering the current op-
tions (in the baseline year 2015), as well as technologies that are not yet
part of the national power system but have high potential for future
deployment, such as CSP with energy storage and geothermal [50]. The
technologies are divided into different categories (Fig. 3), based on
whether they are conventional (fossil fuels and hydro), non-conven-
tional (all renewables except hydro) and/or able to store energy. De-
pending on the type of technology, the constraints described in Sections
3.1.1.5-3.1.1.8 may apply.

4.1.1. Technical and economic parameters for the PSE model

The main technical and economic parameters and assumptions for
each technology are presented in Tables 1 and 2. Note that all costs are
in US$. An inflation rate has not been included in the analysis and,
therefore, all the costs are based on the base year 2015. Considering
that Chile has historically maintained inflation to a level that has al-
lowed price stability, this assumption should not affect the results over
the planning horizon [51].

The maximum annual new-build capacity (Ng”‘”‘) has been calcu-
lated considering the current technical potential for each technology,
along with the historical trend of investment (see Fig. S1 and Table S1
in the Supporting Information (SI)). Based on the historical investment
trends, rates of investment can be estimated directly from real-life
outcomes in different periods. This is particularly useful because such
rates reflect underlying aspects that cannot be quantified easily, such as
the difficulty in obtaining environmental permits for new hydropower
installations due to their historically low social acceptability.

In Chile, hydropower reservoirs and run-of-river have both had a
constant increase in capacity of 171 MW/yr between 1990 and 2017
(Fig. S1). Coal power has had steady investment between 2008 and
2018 of 348 MW/yr. Oil power had a short period of high investment
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between 2004 and 2010 at a rate of 270 MW/yr, while gas power in-
creased at a rate of 347 MW/yr from 1995 to 2008. Finally, renewable
options have had a high increase in investment between 2013 and 2017
at a rate of 869 MW/yr, mostly for solar PV and wind power. Based on
these values, conservative assumptions have been made for the max-
imum annual new-build capacities (Né”‘”‘) which are shown in Table 1.
However, for solar PV, CSP and wind, which have high future potential
(Table S1) but uncertain maximum sustainable growth rates, the max-
imum annual new-build capacities have been varied between 260 MW
and 750 MW, as discussed further in Section 4.2.1.

Regarding other parameters in Table 1, the total initial installed
capacity has been estimated based on all operating power plants in
2015. The technology lifespan has been defined for each technology
based on literature [52,53]. The capacity factors of the technologies in
2015 have been obtained from records of the system operation in that
year and the capacity factor by 2050 is an output value from the si-
mulation (Fig. 1). The year of decommissioning of current power plants
has been estimated based on the starting year of operation and the
lifespan of each power plant, the latter of which is based on 2015. Si-
milarly, current plants which are under construction have been in-
cluded in the model [52,53]. Tables S2 and S3 in the SI provide a
breakdown of the capacity undergoing decommissioning or construc-
tion in each year for which data are available.

The data for investment, fixed and variable costs, as well as the
learning rates and global cumulative installed capacity trend (Fig. S2)
for wind, solar PV and CSP have been obtained from literature. The
following assumptions have been made:

e The Chilean energy authority has set a carbon tax of $5/t CO,. Based
on literature [54,55], this tax is assumed to increase to $10/t CO,
from 2030 onwards.

To estimate annualised investment costs, a discount rate of 7% is
assumed [56,57].

Fuel costs have been obtained from US data based on their Free On
Board (FOB) price [58]. The Cost, Insurance and Freight (CIF) costs
have been estimated to reflect the fuel costs in Chile in any given
year (Fig. S3).

Since biomass prices depend on the local market, the biomass costs
have been estimated on the basis of biomass production, processing
and transport costs in Chile [59]; these costs are assumed to remain
constant throughout the assessment period.

e The potential for biogas power has been estimated based on the

Conventional

Gas

Coal 0il

With storage

Hydro reservoir

CSP

Bi
tomass Geothermal

Solar PV

Non-conventional

Fig. 3. Classification of technologies considered in the study (CSP: con-
centrating solar power).
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Table 1
Technical parameters considered for the power system expansion (PSE) model [52,53,62-64].
Parameters Technology
Coal Gas oil Biomass Biogas Run-of- Reservoir Wind Solar PV CSP Geothermal
river
Maximum new-build capacity 260 260 260 100 25 60 60 260-750 260-750 260-750 150
(MW/yr)
Initial installed capacity (MW) 4179 3722 3836 408 47 2726 3714 890 509 0 0
Current electricity share® 36.2% 16.5% 3.7% 3.0% 03% 17.7% 17.4% 3.2% 2.0% - -
Lifespan (yr) 38 35 35 40 20 80 80 25 20 25 25
Current capacity factor® 0.79 0.41 0.09 0.67 0.62 0.6 0.43 0.28 0.25 0.35 0.6
Maximum capacity factor” 0.8 0.8 0.8 0.8 0.8 0.6 0.43 0.32 0.25 0.35 0.8
Efficiency” 36% 46% 42% 18% 32%
Carbon emissions (kg.CO,/MJ) 98 62 89 - -
Calorific value (unit) 29,290 (MJ/ 1055 (MJ/ 6120 (MJ/ 18,100 MJ/ -
0 Nm?®) bbl) 0

2 Data for 2015.

> The maximum capacity factor (CF) for PV, wind, reservoir and run-of-river reflect the annual capacity factor for each technology in 2015 [63]. The CF for GSP is

from literature [64].

biogas production capacity of existing landfill sites (Table S3),
yielding a relatively low maximum of 1 GW. Therefore, a low annual
new-build capacity has been assumed of 25MW/yr and zero fuel
cost has been considered for this technology since the biogas is
produced in landfill from waste. Other sources of biogas are not
considered due to a lack of data.

4.1.2. Technical and economic parameters for the ED model

The main assumptions considered for the ED model are shown in
Table 3. The relative storage values are presented in Figs. 4 and 5 and
the hourly profiles for hydropower, wind and solar power can be found
in Figs. S4-S6 in the SI. Merit order is established according to the
technologies’ marginal costs, which comprise variable and fuel costs as
well as carbon tax. As can be seen in Table 3, most renewable options
have low or zero marginal costs, due to low variable costs (for the
latter, see Table 2).

The selected base storage values for the two technologies with
storage (reservoir and CSP) are also given in Table 3, along with the
assumed storage capacity and the initial filling levels. To determine the
opportunity cost of using a unit of stored energy at the present time
(rather than in the future), a shadow price of the storage in reservoirs
and CSP can be estimated [60]. However, this is very challenging [61].
Therefore, a simple method for estimation of shadow price has been
used based on storage value of reservoir hydropower and CSP, focusing
on using the storage as efficiently as possible.

As Chile has large reservoir capacity at low prices, this technology is
used as backup for the variable renewable options (wind and solar PV).

Table 3

Input data assumed for the economic dispatch model [52,53].
Technology Merit order” Base storage Storage Initial

($/MWh) value ($/MWh) capacity (h) filling level

Coal” 44
Gas” 91
oil® 175
Biomass® 75
Biogas® 15
Run-of-river® 3
Reservoir - 20 1670 35%
Wind® 0
Solar PV© 0
CSP - 46 17 40%
Geothermal® 2

& Marginal costs: Variable costs + fuel costs + CO, tax.

b Marginal cost estimated from variable costs assumed constant between
2015 and 2050 (see Table 2). Fuel costs in 2050 estimated from fuel cost trends
(see Table S3 and Eq. (9)) and carbon tax in 2050 of $10/t CO, (see Table 2 and
Eq. (10)).

¢ Marginal costs estimated from variable costs assumed constant over the
period 2015-2050 (see Table 2). Biomass fuel costs also assumed constant over
the period (see Section 4.1.1).

A base storage value of $20/MWh has been selected to ensure the
readiness of reservoir power plants when other renewables are not
available. Furthermore, the dispatch of coal power can be delayed by
the dispatch of reservoir hydropower since coal power has a marginal

Table 2

Economic parameters considered for the power system expansion (PSE) model.”
Parameters Technology

Coal Gas Oil Biomass Biogas Run-of-river Reservoir Wind Solar PV CSP  Geothermal

Initial capital cost ($/kW)" 3000 1150 1150 3100 3500 4050 2200 1800 1800 9000 7800
Capital cost share for fixed costs” 2% 1% 1% 3.5% 3.5% 1% 1% 2% 1.5% 1% 1.5%
Variable costs ($/MWh)" 2 3 4 10 15 3 3 0 0 0 2
Learning rate® - - - - - - - 10% 15% 11%
Discount rate 7% 7% 7% 7% 7% 7% 7% 7% 7% 7% 7%
Carbon emission tax 2015-2029 ($/t.CO2)¢ 5 5 5
Carbon emission tax 2030-2050 ($/t CO,) 10 10 10
Fuel costs (unit)® 83.2 ($/0) 7.4 ($/Nm®) 43.4 ($/bb) 58.9 ($/1)

2 All data for 2015.

b Source: [65].

¢ Source: [66,67].

4 Source: [54,55].

¢ Data for coal, gas and oil from [58] and for biomass from [59].
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Fig. 4. Relative storage value depending on the storage filling level for hydro
and solar CSP (adapted from [11]).

cost of $44/MWh, which is double that of reservoirs. A base storage
value of $46/MWh has been assumed for CSP to position its marginal
costs above coal’s marginal cost and reservoir hydropower’s storage
value, and also below biomass, gas and oil power marginal costs
(Table 3). This is necessary to enable CSP to support peak-load options.
Although reservoir and CSP storage values depend on the filling level,
the time of the year and/or hour of the day (Eq. (21)), the storage value
will vary around the base storage value. Ultimately, the storage value is
related to the utility of energy storage to the grid at any given time. For
example, CSP can have a storage value of zero between 23:00 and 4:00
and above $70/MWh when its storage filling level is below 60% (Figs. 4
and 5a) [from Eq. (21): 46 X 0.95 x 1.6 = 70]. The lower storage
value at night allows CSP to empty the storage, while during the day the
storage filling level increases to be available for peak-load times. Si-
milarly, reservoirs increase their storage value in summer when there is
lack of precipitation, reaching storage values above $35/MWh when
the filling level is below 40% [from Eq. (21): 20 x 1.4 x 1.25 = 35]
which eventually can be higher than coal and even CSP.

Different operating modes can be established for CSP with storage;
for example, as a base-load or peak-load dispatch mode. As mentioned
before, in this study CSP is considered as a peak-load option. This is
reflected in Fig. 5a which shows high relative storage values at high
solar radiation times of the day and before peak-load hours, after which
the relative storage value reduces until reaching zero at night.

The storage values for reservoir hydropower in Fig. 5b are based on
the inverse of water inflow records (precipitation) [63]. Therefore, in
winter and spring when high precipitation occurs, the relative storage
value is low for reservoirs (i.e. stored energy is cheap), leading to
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hydropower being the first option to be dispatched after wind and solar
PV.

4.2. Electricity demand

The annual electricity demand in Chile is expected to increase by
2.2% in the period from 2015 to 2050 [68]. Based on this and a 7%
energy loss during transmission [52,53], the average load by 2050 has
been estimated at 18,261 MW. Fig. 6 shows the hourly load profile for
2050 which has been developed from historical records of ten years of
power dispatch [63] by applying typical hourly load curves to the ex-
pected demand in the 2050. Thus, the model assumes that the load
profile in Chile does not change significantly over the period of as-
sessment, with the highest loads occurring between 8:00 and 21:00 in
the autumn and winter months. The high load during the day is largely
due to the mining industry which consumes 54% of electricity and has a
constant load during the day [69].

4.2.1. Scenarios — Rationale and constraints

The two future scenarios — BAU and RE — have been defined based
on the Chilean energy policy of 2015 which set a minimum target of
70% for the contribution of renewables to the electricity supply in 2050
[47]. BAU has no constraints on the type of technology deployed and,
therefore, all 11 options (Table 1) can be chosen by the model. The RE
scenario imposes the constraint that 100% of the electricity should be
provided by renewable options by 2050. Also, in order to increase the
electricity from wind, solar PV and other renewables, the government
enacted a quota system with a target of 20% of non-conventional re-
newable energy electricity by 2025, starting with 10% in 2015 [70].
This constraint has been implemented in all scenarios as shown in
Table 4.

The annual new-build capacity limit is a significant parameter that
may distinguish the scenarios developed by the model. Since wind and
solar PV are becoming more competitive and have high potential, along
with CSP, the BAU and RE scenarios are further divided into two sub-
scenarios, based on the cap on the annual new-build capacity for solar
PV, CSP and wind power:

(i) one with a low annual new-build capacity limit of 260 MW; and
(ii) another with a high value of 750 MW.

These two values have been obtained after initial testing of different
annual new-build capacity values which demonstrated that values
below 260 MW and above 750 MW resulted in infeasible scenarios. This
is because in the lower range the model does not have enough new-
build capacity to meet the future demand. In the higher range, the
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Fig. 5. Relative storage values for concentrating solar power (CSP) and reservoir hydropower depending on time of day (Storage time: CSP: 17 h/yr; Reservoir: 1670

h/yr. Both figures obtained based on criteria in [11]).
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Fig. 6. Load profile (MW) in 2050 estimated based on historical records for an average load of 18,261 MW.

model considers higher investment for solar and wind with large energy
spillage and reduced dispatch of the other technologies, which in turn
leads the model to look for new-build capacity to meet the demand,
until it runs out of new-build capacity after some iterations. Therefore,
the four resulting sub-scenarios are referred to as BAUsgg, BAU7s(,
REg0 and RE;5o. These are summarised in Table 4 with reference to the
constraints described in Section 3.1.1.

A sensitivity analysis has also been carried out to evaluate the extent
to which the technologies with storage (CSP and reservoir hydropower)
help to keep electricity costs low while providing flexibility. Therefore,
two additional BAU and RE scenarios have been modelled: (i) without
CSP; and (ii) without new-build capacity for hydropower (run-of-river
and reservoirs).

5. Results and discussion

The following sections discuss the outputs of the FuturES framework
applied to the case of Chile. First, the makeup of the optimised sce-
narios obtained through the modelling is discussed, followed by their
feasibility, economic assessment and a sensitivity analysis. Finally, the
limitations of the study and recommended future work are outlined.

5.1. Installed capacity, electricity contribution and capacity factors

A summary of the main results of the optimisation model is pre-
sented in Table 5 and Fig. 7. These show the estimated installed ca-
pacity, capacity factors and electricity generation of different sources
taking into account the annual new-build capacity limits of 260 MW
(BAUZGO and RE250) and 750 MW (BAU75() and RE750).

It can be seen in Table 5 for BAU,q, that biogas, wind and geo-
thermal power have higher capacity factors than in RE,¢o. Furthermore,
capacity factors are higher in BAU,4 than in BAU;so. These variations
can be explained as follows. Reservoir and run-of-river hydropower,
wind, solar PV and CSP depend strongly on the resource availability
(weather conditions). Therefore, it is expected that the capacity factors
of these options should be derived from their local resource availability
(Table 1). In BAU,¢0, the installed capacities of these technologies are
maximised according to their expected capacity factors. However, in
other scenarios it is possible to produce excess energy from these
technologies at certain times, leading to energy spillage and, hence, the
capacity factors become lower. This is observable, for instance, for wind
power in RE,so where the capacity factor is 30% instead of 32%

(Table 5) due to some of the harvested wind energy exceeding demand
at the time of generation.

In BAU;50 and RE;sq, the energy spill is even higher. For example,
run-of-river has capacity factors of 47% and 49% in BAU,s, and RE;5o,
respectively, instead of its potential capacity factor of 60%. In the case
of wind, BAU;s5¢ and RE;s5 have a capacity factor of 25%, 7 percentage
points below the maximum capacity factor. For both run-of-river and
wind, this energy spillage occurs because in these scenarios the in-
stalled capacity of solar PV is larger than the demand around midday,
leaving the other power options without demand to fulfil. Reservoir and
CSP do not show energy spillage in any scenario, since both options
store energy to be dispatched later.

In terms of the contribution of different technologies to the elec-
tricity mix, it is notable from Fig. 7 that the only fossil fuel option re-
tained in the BAU scenarios by 2050 is coal power, which decreases
from 57% at present to 19% in BAU,¢o and 10% in BAU,sq. This is due
to the fact that, even when fossil fuel options are allowed by the con-
straints in the model, by 2050 gas and oil power are no longer cost
competitive against coal and the renewables.

Over the period of 2015 to 2050, the installed capacity of coal in-
creases from 4179 MW to 9876 MW in BAU,4, and to 6500 MW in
BAU7s50 despite its decreasing share in the mix. This is partly due to the
doubling of the electricity demand over the same period, but also due to
a significant reduction of the capacity factor from 79% to 36% in
BAU,¢0 and to 28% in BAU;s50. This is a consequence of the increase in
solar PV and wind power, the fluctuations and variability of which force
the other technologies to reduce their capacity factors via increased
regularity in the ramping up and down of their output.

Solar PV increases its contribution significantly in all the scenarios,
from 2% at present to 20-33% in 2050 due to the large Chilean solar
resource and rapidly decreasing costs. In each scenario it is the option
with the highest contribution by 2050, followed by wind and run-of-
river hydropower. The contribution of reservoir power decreases from
17% at present to approximately 14% in all scenarios as the other re-
newables become more cost competitive. Nevertheless, its overall in-
stalled capacity still increases by 60-67% compared to the present,
suggesting that hydropower remains competitive and the capacity re-
tention constraint described in Section 3.1.1.6 may not be necessary to
ensure continued use of reservoirs.

Geothermal power has a higher contribution in the RE scenarios
(9% in RE,¢0 and 14% RE;sp) in order to fill, in part, the electricity
generation gap left by fossil fuels after their phasing out. Finally, biogas

Table 4

2050 scenarios and key constraints.
Constraints Scenarios
Description Section describing constraints BAUy60 BAU;s5¢ RE260 RE750
Maximum total new-build capacity (MW/yr) for solar PV, CSP & wind 3.1.1.4 260 750 260 750
Fossil-based power phased out by 2050 3.1.1.5 No No Yes Yes
Hydropower options replaced at end of lifetime 3.1.1.6 Yes Yes Yes Yes
Non-conventional renewable electricity quota in the mix in 2015 3.1.1.7 10% 10% 10% 10%
Non-conventional renewable electricity quota in the mix in 2025 3.1.1.7 20% 20% 20% 20%
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Table 5
Installed capacity and capacity factors for the technologies in the proposed 2050 scenarios.®

Technologies 2015 BAUsy¢0 BAU;50 RE260 RE;s50

Coal Capacity (MW) 4179 9876 6500 - -
Capacity factor (%) 79% 36% 28%

Gas Capacity (MW) 3722 - - - -
Capacity factor (%) 41%

0il Capacity (MW) 3836 - - - -
Capacity factor (%) 9%

Biomass Capacity (MW) 408 - - 4000 4000
Capacity factor (%) 67% 3% 4%

Biogas Capacity (MW) 47 635 618 1073 449
Capacity factor (%) 62% 70% 55% 66% 57%

Run-of-river Capacity (MW) 2726 5974 5804 6418 5632
Capacity factor (%) 60% 60% 47% 60% 49%

Reservoir Capacity (MW) 3714 5928 5931 6212 6092
Capacity factor (%) 43% 43% 43% 43% 43%

Wind Capacity (MW) 890 11,741 12,419 12,413 13,081
Capacity factor (%) 32% 32% 25% 30% 25%

Solar PV Capacity (MW) 509 14,611 27,702 15,111 25,807
Capacity factor (%) 25% 25% 22% 25% 23%

Concentrating solar power Capacity (MW) - - 4831 5524 2073
Capacity factor (%) 35% 35% 35%

Geothermal Capacity (MW) - 1215 - 2642 5000
Capacity factor (%) 67% 59% 53%

Total Capacity (MW) 20,031 49,980 63,805 53,394 62,134

% BAU: Business as usual; RE: Renewable electricity. The subscripts “260” and “750” refer to the annual cap on the new-build capacity in MW for solar PV,

concentrating solar power and wind as described in Section 4.2.1.

has the lowest share in the electricity mix (< 4% in all scenarios) due to
its low annual new-build capacity.

Overall, BAU,s has the lowest total installed capacity of
49,980 MW (Table 5). This is due to the absence of energy spillage,
together with the lowest installed capacity of solar PV and wind. By
contrast, BAU;s( has the largest installed capacity of 63,805 MW caused
by the high energy spillage of run-of-river, wind and solar PV power
and large installed capacity of solar PV, wind and coal power plants.
Because the model chooses coal as an economic option together with
solar PV, this enables high new-build capacity of both power options,
even though the high capacity of solar PV leads to a low capacity factor
for coal (28%). While the RE scenarios have lower energy spillage than
BAU;s5, they have total installed capacity in between BAUsg, and
BAU750.

5.2. Scenario feasibility

The PSE model prioritises technologies with low levelised costs of
electricity, while the ED model prioritises technologies with low mar-
ginal costs (variable costs, fuel costs and carbon tax). After running the
two models iteratively (see Fig. 1), it can be seen in Fig. 8 that tech-
nologies with low investment costs and low marginal costs (wind, solar

Oil

m Coal ™ Gas Biomass

Current situation

Biogas ® Run-of-river ® Reservoir

PV, run-of-river and reservoirs) are prioritised, while high marginal cost
options (oil, gas and biomass) are avoided. For example, oil and gas
power have the lowest investment costs (Table 2), but high marginal
costs (Table 3). In addition to this, since the ED model considers these
options at peak-load times, their capacity factors are lower (Table 5)
leading to high LCOE and, consequently, new-build capacity is dis-
couraged by the PSE model. A worse situation is found in the case of
biomass power since it has both higher investment and higher fuel costs
(Table 2) as a result of the low calorific value of biomass (18,100 MJ/t)
and low efficiency (18%) of the power plants.

The installed capacities of CSP are 4831 MW in BAU;sg, 5524 MW in
RE260 and 2073 MW in RE;s(, (Table 5). These allow CSP to attain the
maximum capacity factor due to a high availability of solar radiation,
with a LCOE of $139/MWh across the scenarios. When solar radiation is
low, as in autumn and winter, CSP seldom has excess energy to store
and therefore can barely contribute to grid flexibility for BAU;50, RE260
and RE;s5,. Hence, in those periods, hydropower reservoirs provide the
main contribution at peak-load times, supplemented by biomass (except
for BAU,go which relies mostly on reservoirs).

Wind and solar PV have the highest contributions to electricity
generation in all the scenarios (17-21% in BAU and 20-33% in RE).
This is a result of their low capital costs estimated on the basis of their

Wind ®mPV ®mCSP = Geothermal

4% 3% 18% 3%I/o

BAUj¢ 21% 4%
REy40 9%
RE75 1 15% 18% 14%

0‘% 1 6% 26% 3(;% 46% 56% 6(;% 76% 86% 96% 1 OIO%

Electricity contribution

Fig. 7. Contribution of different technologies to electricity generation in the four scenarios [BAU: Business as usual; RE: Renewable electricity. CSP: concentrating
solar power. The subscripts “260” and “750” refer to the annual cap on the new-build capacity in MW for solar PV, concentrating solar power and wind.]
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Fig. 8. Levelised cost of electricity (LCOE) in 2050 for different technologies. [BAU: Business as usual; RE; Renewable electricity. The legend refers to the annual cap
on the new-build capacity in MW for solar PV, concentrating solar power and wind.]

learning rates, which lead to the 2050 LCOEs of $45-50/MWh for solar
PV and $49-63/MWh for wind power. In BAU,so, wind has its lowest
capacity factor of 25%, causing an increase in the LCOE ($64/MWh)
due to electricity spillage. Even though higher installed capacities of
wind and solar PV lead to the spillage, investments in these two options
are prioritised to the detriment of other renewable options due to their
very low LCOEs.

As illustrated in Figs. 9 and 10, the higher contribution of hydro-
power reservoirs in the RE scenarios occurs in autumn when solar ra-
diation is low. Therefore, reservoirs provide seasonal storage and sup-
port the fluctuations in solar and wind power, assuming that sufficient
water inflow is available. Although hydropower reservoirs have enough
storage capacity, their maximum dispatchable load is not usually suf-
ficient to replace the missing solar PV, CSP and wind output during
autumn and winter due to the very high installed capacities of those
technologies in the RE scenarios. Hence, biomass is dispatched for short
periods as the only other flexible non-fossil technology. This low utili-
sation of the biomass plants leads to very high LCOEs of up to $1295/
MWh. Such a high cost would likely not be tolerated by the market
without other financing mechanisms in addition to the standard energy
market as included in the PSE model. An example would be the inclu-
sion of a capacity market for reserve margin in order to provide a

25000 ‘ ‘ BAU - 260 MW cap

supplementary financing mechanism for technologies that contribute to
grid flexibility. Such considerations are outside the scope of this work
and could be explored as part of future research.

In summary, it can be seen that all the scenarios are fully feasible in
terms of grid stability and electricity supply, including the ones with
100% renewables, demonstrating that it is possible to deploy such
systems in the future. The following section discusses the economic
feasibility of the scenarios.

5.3. Economic assessment

The optimised LCOEs obtained through the FuturES framework are
presented in Fig. 11 for each scenario. As indicated, the two BAU sce-
narios have the lowest LCOE by 2050 ($72.7/MWh in BAU,e and
$77.3/MWh in BAU;50), with up to 6% reduction compared to the
current situation ($77.6/MWh). The RE scenarios show LCOEs that are
5-12% ($81.3-86.9/MWh) higher than today’s electricity cost and
12-20% higher than in BAUg.

Based on the learning rates assumed for solar PV, CSP and wind
[66,671, their costs are expected to decrease greatly over the coming
decades. Therefore, these options are systematically selected as new-
build capacity to meet the demand. As discussed above, biomass power

RE - 260 MW cap
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Fig. 9. Load dispatch for a sample of seven days for the BAU and RE scenarios for the annual new-build capacity limit of 260 MW for solar PV, concentrating solar
power and wind. [BAU: Business as usual; RE: Renewable electricity. CSP: concentrating solar power.]
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Fig. 10. Load dispatch for a sample of seven days for the BAU and RE scenarios for the annual new-build capacity limit of 750 MW for solar PV, concentrating solar
power and wind. [BAU: Business as usual; RE: Renewable electricity. CSP: concentrating solar power.]
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Fig. 11. Estimated levelised cost of electricity in different scenarios compared
to the current situation. [BAU: Business as usual; RE; Renewable electricity. The
subscripts “260” and “750” refer to the annual cap on the new-build capacity in
MW for solar PV, concentrating solar power and wind.]

has been included in both RE scenarios, but the very low capacity
factors (3-4%) and therefore high LCOEs have discouraged its invest-
ment.

Regarding the total system cost (Fig. 12), the RE scenarios are the
most expensive in 2050 with total costs of $356-361 bn, while the BAU

400

336.5
337.9
355.7
361.4

350

300

250

200

150

Total system costs ($ bn)

100
50

0

BAU RE [BAU RE
Total

Capital cost

m260 MW cap

BAU RE

Fixed cost

scenarios are in the range of $337-338 bn. The higher costs of the RE
scenarios are due to higher contributions of biogas and geothermal
power as base-load options and the energy spillage from wind and run-
of-river. This in turn leads to lower capacity factors (25% for wind and
49% for run-of-river) than their resource availability could support
(32% for wind and 60% for run-of-river), as can be observed in Table 5.
When REyq is compared with RE;so, the higher annual new-build ca-
pacity of 750 MW for wind, solar PV and CSP in RE;5, allows wind and
solar PV to have greater installed capacity than in RE,s,. However,
during periods of high resource availability, this high installed capacity
causes the generation of wind and solar PV to be greater than the load
(demand). Therefore, energy spillage occurs and the capacity factor of
other generators, such as run-of-river, is reduced, which leads to RE;so
having higher overall system costs. These higher costs could potentially
be offset if the energy spillage could instead be put to productive use
elsewhere in the economy via some form of demand-side management,
the consideration of which is beyond the scope of the current study.

Fig. 12 also shows that capital costs contribute the most (67%) to
the total system costs in the BAU scenarios, followed by fuel (17%) and
fixed costs (13%); carbon tax adds a further 3%. In the RE scenarios, the
contribution of the capital costs is even higher (70%) but that of the fuel
costs is lower (12%) than in the BAU scenarios; the fixed costs account
for 17% of the total.

u750 MW cap

BAU RE [BAU RE [BAU RE

Variable cost| Fuel cost | Carbon cost

Fig. 12. Total system costs in 2050 and contribution analysis by scenario. [BAU: Business as usual; RE; Renewable electricity. The legend refers to the annual cap on
the new-build capacity in MW for solar PV, concentrating solar power and wind.]
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In addition to the capital costs, the cumulative investment has also
been estimated (Fig. 13). This represents the investment cost of power
plants that need to come online in a specific year and is aggregated over
the period 2015-2050. This differs from the capital costs which have
been estimated considering annualisation of the investment of each
technology, taking into account lifespan and discount rate while in-
cluding both existing and new capacity. As can be seen in Fig. 13, the
BAU,6o and BAU;5, scenarios have the lowest cumulative investment,
estimated at $123 and $145 bn, respectively. The latter is close to the
investment of $147 bn needed in RE,go, while in RE;s5o the value is
slightly higher at $157 bn.

As illustrated in Fig. 13, the BAU scenarios have lower investment in
biogas, biomass and gas power due to their LCOEs being higher than
coal, wind, solar PV and run-of-river. However, the RE scenarios exhibit
lower investment in biogas due to its low annual new-build capacity
and its high LCOE, but also, in coal, gas and oil power due to the fossil
fuel power phase-out constraint.

In relation to low and high annual new-build capacity limits (260 or
750 MW), it can be seen that the cumulative investments are larger in
scenarios with the higher limit due to the increased investment in solar
PV and wind in both the BAU and RE scenarios (Fig. 13). It is also
notable that BAU;s5, has lower investment in coal power than BAUyg,
(reducing from $27 to $17 bn) due to the model diverting the funding
into renewable projects, most of which become cheaper than coal
power in future.

Across all scenarios, there is a clear trend of investments led by solar
PV (with an average investment over the period of $31 bn), wind ($23
bn) and run-of-river ($20 bn). In the RE scenarios, geothermal power
and CSP also have significant contributions ($34 and $18 bn, respec-
tively). The average annual investment estimated across all the sce-
narios is $4.0 = 0.4 bn/yr.

5.4. Sensitivity analysis

A sensitivity analysis has been performed to investigate the impacts
of storage on the costs by estimating the LCOE of systems without CSP
and new hydropower (reservoir and run-of-river) capacity. The results
are shown in Fig. 14 which compares the LCOE of the original scenarios
with eight new scenarios: BAUsgono BAU260-n0
BAU750»N0 CSP> BAU750»N0 new hydros REZGO»NO CSP> REZ6O-N0 new hydros
RE750-N0 csp and RE750.No new hydro-

Since in the base case the BAU,¢( scenario does not have CSP, the
results show that there are no differences in the LCOE between this and
BAUs60.n0 csp Scenario. The remaining scenarios without CSP have only
marginally lower LCOE than their equivalent base-case scenarios

CSP» new hydros

180

156.7

160

140

120

100

80

60

Cumulative investment ($ bn)

40

20

AN NN — So A

NN 09 T e ST T 1
AN

m260 MW cap

Applied Energy 250 (2019) 1657-1672

(Fig. 14). This outcome appears counterintuitive since the optimisation
model should choose the minimum cost option, and thus the four base-
case scenarios should be the cheapest within their respective con-
straints. This outcome can be explained as follows. In the base-case
scenario, CSP has zero marginal cost at peak-load times; hence, the
model selects this option in preference to geothermal power, leaving
the latter with lower capacity factor. As a consequence, geothermal has
higher LCOE than CSP in the presence of CSP. However, when geo-
thermal power is not in competition with CSP, it is dispatched more
frequently, attaining a high capacity factor and a lower LCOE than CSP.

While the cost impacts of omitting CSP from the mix are minimal,
the effect of omitting new-build hydropower is much more pronounced:
the BAU scenarios with no new hydropower have 8-13% higher LCOEs
than the base-case scenarios, while the RE scenarios with no new hydro
are 13-18% more expensive than their base-case equivalents. The
seasonal storage capacity of reservoirs, along with their relatively low
investment costs per unit capacity, enable both reservoirs and run-of
river to play a critical role in helping to keep the electricity costs low
while maintaining flexibility in the system.

5.5. Advantages, limitations and recommendations for future research

This study has been developed based on a simplified representation
of complex interactions in power systems with as reasonable as possible
considerations of the main aspects that drive the power market. The
main advantages of the proposed framework include:

e estimation of investment needed for different power technologies
and the whole system up to 2050;

high penetration of renewables while maintaining the system’s
flexibility and matching supply and demand; and

the inclusion of storage with concentrating solar power serving as
short-term and hydropower reservoir as long-term storage.

Some of the limitations of this work are that:

no distance and site-specific differences have been considered be-
tween the technological options. In that sense, transmission and
distribution power constraints are assumed equal for all 11 tech-
nologies;

although hydropower has been represented by two distinct power
options (reservoir and run-of-river), in reality, interactions occur
among those two options, such as in serial arrangement of plants
with the effect of upstream inflows and water infiltration; these
relationships have not been taken into account; and

750 MW cap

Fig. 13. Total cumulative investment by technology. [BAU: Business as usual; RE; Renewable electricity. The legend refers to the annual cap on the new-build
capacity in MW for solar PV, concentrating solar power (CSP) and wind. Geo: geothermal.]
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Fig. 14. LCOE of scenarios with sensitivity analysis. [BAU: Business as usual; RE; Renewable electricity. The subscripts “260” and “750” refer to the annual cap on the
new-build capacity in MW for solar PV, concentrating solar power (CSP) and wind.]

e inflation has not been considered.

To improve the FuturES framework and its constituent models, fu-
ture studies in this field should include the following:

consideration of technological improvements for biomass power to
find out if this option can be more competitive as well as its con-
sideration for peak-load dispatch;

estimation of biogas potential and its production cost, since in this
study only landfill gas with zero marginal cost is considered, while
the high installed capacity estimated in the RE scenarios would re-
quire additional production of biogas;

evaluation of the effects of including other energy storage systems
(e.g. pumped storage and batteries);

integration of small- and medium-scale distributed energy genera-
tion systems into the power system;

investigation into the effects of climate change on water availability
for hydropower generation;

assessment of alternative uses of energy spillage, such as hydrogen
production, water desalination, energy export/import and regional
grid integration; and

estimation of future load profiles taking into account electric ve-
hicles, electrical heating devices and consumer behavioural
changes.

. Conclusions

This paper has presented a new framework for development of cost-
optimal electricity systems with high penetration of renewables. The
framework enables consideration of different power technologies taking
into account their technical and economic characteristics. Some of its
key advantages over other frameworks include the ability to consider
high penetration of renewables while maintaining the system’s flex-
ibility and matching supply with demand as well as the inclusion of
short and long-term storage.

The application of the FuturES framework has been illustrated
through the development of scenarios for Chile for the year 2050. The
results reveal that the cost-optimal Business as usual (BAU) scenarios
comprise 81-90% renewables. This is close to the Renewable electricity
(RE) scenarios both of which consist of 100% renewables. The RE
scenarios show sufficient flexibility in matching demand and supply,
despite solar PV and wind power having a combined contribution of
around 50%.

Run-of-river hydropower is used as a base-load option in all the
scenarios, while coal power provides base-load only in the BAU
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scenarios. As gas and oil power have high marginal costs, they operate
at low capacity factors within the modelled power systems, which leads
to higher levelised costs of electricity (LCOE) than for the hydropower
options, solar PV and wind. Consequently, no gas or oil capacity is
selected by the model in either of the BAU scenarios. Biomass also has
high marginal costs and hence very low capacity factors (3-4%).
Together with high capital costs, this leads to a LCOE of biomass in
excess of $1295/MWh. Thus, this option is only retained in the RE
scenarios to substitute for missing solar generation in the winter
months.

The BAU scenarios have lower costs than today ($72.7 and $77.3 vs
$77.6/MWh), while the RE scenarios are up to 12% more expensive
than at present. Compared to BAU, they have 12-20% higher costs. The
cumulative investment across the scenarios is between $123 and $157
bn, requiring an annual average investment of $4.0 = 0.4 bn.
Reservoir and run-of-river hydropower are crucial for keeping a low
cost of electricity: excluding hydropower increases the costs of the
system by 8-18% (up to $102.9/MWh).

If all the costs are considered, the BAU scenarios are the most
economical, although this means that the coal power capacity would
double. All the scenarios sit within approximately + 10% of the present
system costs.

This paper has demonstrated that the FuturES framework is a
powerful tool for providing economic and technical insights into the
challenges of achieving cost-efficient power systems with high pene-
tration of renewables. The outputs of the framework can also be used
for analysing the environmental and social consequences of the re-
sulting scenarios, helping to identify overall the most sustainable con-
figurations of future electricity systems.
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