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EXECUTIVE SUMMARY

The aim of this dissertation is to answer the neequestion, whether large scale integration
of renewable energy sources for power generatioBdlombia is a sensible alternative to

current conventional energy sources such as hy#reponatural gas and coal. This

dissertation examined the use of new technologmgeped by renewable energy sources in
the long term with a planning horizon of 2010 t&Q0

Colombia is energy self-sufficient today. Howeveatural gas proved reserves are expected
to last only until the year 2020, and oil until theriod 2018 to 2020 depending on the
evolution of demand and production rates. The plwtfof technologies of the Colombian
electricity sector consists mainly of hydropowed dnssil fuel power plants powered by
natural gas and coal. The total capacity of theo@bian power system amounts to 14,367
MW as of 2010. Hydropower has a share of 67.7%.0Atiogly electricity generation is
dominated by hydropower with 67% and 77.8% of thialtproduction by 2010 and 2011
respectively (56.9 TWh and 58.6 TWh). Coal and mastably natural gas complete the
production.

Excluding large hydropower plants (power plantsro26 MW), the share of renewable
energy sources in the portfolio of technologies am® to 3.89% (560 MW). Small
hydropower plants account for 96% of this capacityis is a very modest participation of
renewable energy sources and in particular of ctbarces apart from hydropower.

The power sector in Colombia is characterized sy dependence on hydropower, the
seasonality of hydropower production in particutgr periodic extreme weather conditions
such as strong El Nifilo events, the volatility o$dib fuel prices due to natural gas supply
deficits because of transport restrictions andilfdssel prices coupled with international oil
prices and the volatility of electricity pricesdn by the contribution of hydropower. Figure
1 shows the contribution of energy sources in @tatt generation over the last 15 years and
the effect of EI Nifilo on hydropower generation {ddtcircles) and electricity spot prices.

These facts in combination with the expected spami natural gas and the increase of
demand for energy sources are all drivers promgtiegquest for alternative energy sources
in Colombia.




6,000 250
®Hydropower ECoal Natural Gas Cogeneration
B Small power plants ®Fuel-oil and Diesel OSpot price

o
[=]
o
o

200

4,000

150
3,000

100
2,000

Electricity Generation (GWh)

- 50
1,000 -

Electricity Spot Price (COP/kWh)

N0 0D T = NNDODT TV OONNDODDO O —
DD ODHDNHNO OO0 O0O0O0O0O0O0OO v+ v
ESESEDSETEEDED ETETESESTEZTESESES
1) 1] (4] © 1) (] o 1] © @ w © 1] © ©

_,ﬂ_,ﬂ_,_J_.’ﬁ_)ﬁ_’ﬁ_.’_)__,ﬂﬂ_)ﬁ_)ﬂﬁﬂﬁ_)ﬂ_)ﬁﬂﬂ

Figure 1 Contribution of hydropower and thermal power plants in power generation

Higher shares of electricity coming from fossil-pawplants may affect security of supply by
relying on scarce energy sources, such as natasakghich may have to be imported at some
point. A shift to more power technologies using Icaeghich is abundant, will drastically
increase the current low G@mission of the power sector.

The questions remain, which other energy sourcast dmm hydropower, natural gas and
coal could also help to achieve a more balancedlamutsified portfolio of power generation
technologies, and furthermore, how does Colombaat shaking a suitable transition to a
more reliable, competitive and environmentallyridey power generation system.

Colombia has the potential to use advanced enexghnblogies powered by renewable
energy sources such as wind energy, biomass, gewheand solar energy. Renewable
energy sources and the technologies for their foamsition are already part of power systems
in many countries. In addition, diverse studies fidure energy supply (energy scenarios)
published at a global and national level includ= ke of renewable energy sources.

Power systems with almost or full 100% renewablergy sources are technically possible.
Hydro dominated power systems with storage resexgich as those in Colombia could be
complemented for instance with intermittent soursash as wind and solar energy and
dispatchable technologies with biomass and geotleemergy sources. This may lead to a
power system fully supplied by renewable energyrcsaiin Colombia. In addition, the
economic advantages of a mature technology suchhyakopower combined with
technologies powered by other renewable energycesuvhich are commercially available




and continue reducing costs of investment and oiparanay offer an attractive economic
alternative to the overall power system. This colbdd more noticeable in a scenario of
growing prices of fossil fuels and scarcity of matigas in Colombia.

An analysis of how power generation in Colombia mayfold, including the use of
renewable energy sources is therefore of high itapoe. This dissertation presents such an
analysis. Based on the main research question abtloebjective of this dissertation is to
test the following hypotheses:

(1) Renewable energy sources can fully substitgsiff fuel energy sources and can turn the
hydropower based power system in Colombia intoG%d €enewable energy system.

(2) The introduction of renewable energy source€atombia can be part of the least cost
alternative for the expansion of the Colombian posystem.

This dissertation is divided into a logical sequeid sections which follows the scientific
approach taken to reach the objective. The corlysisas the simulation of the expansion of
power generation in Colombia. For that a revieweagrgy modelling techniques and a
selection of suitable energy models were conduclde: potential of renewable energy
sources in Colombia was also examined, which wagpéemented with a description of state
of the art technologies for electricity supply poee by these sources. To simulate the
expansion of the Colombian power sector, a prognasalysis was essential for all data
required for the energy models until 2050 such las éxisting and new portfolio of
technologies for electricity supply, their investthand operation and maintenance costs and
technical parameters, fuel costs, electricity deinavailability of fossil fuel resources such
as natural gas and coal, and emission factorsssfi fiuels.

Subsequently the simulation of the expansion ofGbembian power sector was conducted
with the energy models selected. The results oktimeilation were put in the context of the
Colombian power sector emphasizing why renewabérggnsources should be part of the
Colombian power sector. In addition other issueshsas Colombia’s dependency on
hydropower, relative COemissions and climate change as well as integraticenewable
energy sources in the Colombian context for thegyasector were addressed.

Regarding the selection of a suitable energy mowe, energy bottom-up models were
selected, which differ from their approach to siatelpower generation systems. The model
LEAP was used to explore energy futures. In that amexpansion of the Colombian power
system with current energy sources (business aal smenarios) was compared to an
expansion scenario with both a modest and sigmifiggenetration of renewable energy




sources (renewable scenarios). In contrast, themation model MESSAGE was used,
which identifies autonomously the least cost exjpampgath for the power system.

Renewable energy sources including biomass, landesmall hydropower, geothermal, solar
and wind energy were assessed for Colombia. Incp&at a detailed assessment of the future
potential for biomass was conducted. The analygygests that every source assessed apart
from Geothermal due to lack of information has &eptal above the current installed power
generation capacity in Colombia (14.4 GW as of 20Hydropower is and will continue to

be a main energy source for electricity productioren its huge potential. The potential of
other renewable energy sources suggest that theypeeome an important contributor of
electricity at a large scale and may displace fdasi energy sources and decrease the high
dependence on hydropower.

In the prognosis analysis for the time horizon 20 D50, it was essential to determine the
development of the investment and operation andntela@nce costs of all power
technologies. The cost projection for new technigl®gowered by renewable energy sources
was based on the experience curve approach. Wsfiece to a projection of the electricity
demand and fossil fuel prices, the official proijecs were taken and completed based on the
same methodology.

The results of the simulation with LEAP and MESSA@Erespect to the shares of new
technologies powered by renewable energy souragethé planning horizon from 2010 to
2050 in Colombia are summarized in Figure 2. Thenaoo analysis approach with LEAP
shows higher shares of renewable energy sources fera hydropower from 2020 to 2040
in comparison with the least cost approach of MEGEA This suggests the somehow
aggressive introduction of renewable energy sousgdEAP leading to higher overall costs.
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Figure 2 Renewable energy sources share in powenmggation. Results from LEAP and
MESSAGE

An analysis of these results was conducted by mehtiee net present value approach. In the
accounting framework model LEAP the entrance ofeveable energy technologies in all
scenarios resulted in an increase of the overall abthe power system. The overall cost of
renewable scenarios (modest and renewable) areebrt®®.7 and 24.4 billion in 2006 USD,
suggesting that BAU scenarios in LEAP without n@mnewable energy sources are the least
cost alternative. The overall cost of the BAU sc@sain LEAP are between 18.9 and 19.8

billion in 2006 USD.

On the other hand, the simulation with the optima@amodel MESSAGE performed with the
same parameters suggests that despite all setisitivenewable energy technologies will
enter the system by their own economic and techmigaits in an ideal market as the
optimization model assumes. In this case the overdts of the optimization results are
between 13.1 and 15.1 billion in 2006 USD.

The combination of the two model techniques praeele essential to arrive at more precise

conclusions. The results of LEAP’s scenarios helfmedinderstand the cornerstones of the

expansion. For instance the BAU scenarios showedt slmpe the power sector may take if

new technologies powered by renewable energy ssareenot allowed to become part of the

system causing much higher emissions ot @&d a higher dependence on hydropower and
fossil fuels. The results of the simulation with BIEAGE found least cost expansion paths
that include renewable energy technologies. Thhs, Itast cost approach suggests that
renewable energy technologies will be competitigeruentering the system.




Therefore, the results of the simulation with ME&HA suggest that new technologies
powered by wind, geothermal, biomass and solamggn&ill be introduced at a large scale in
the Colombian power sector by their own technicatl e&economic merits. This was
accomplished without driving their entrance by eitiforcing the expansion or giving any
economic incentive to improve their competitiveness

In that sense there is a period from 2015 to 2@8@hich the conditions are given for
renewable energy technologies to be part of the@bian power system with diverse energy
production shares depending on the evolution ofmeococ and technical parameter as
simulated with the sensitivity analysis. Thus, tlesults suggest new renewable energy
technologies will contribute to diversifying thepgly of electricity in Colombia. Fossil fuel
sources will be displaced as the main energy sswoepleting hydropower production by
other renewable energy sources.

Figure 3 shows a pathway of the expansion of thier@bian power sector according to the
simulation with MESSAGE (reference case with lowicgs for fossil fuels and low
investment costs for renewable energy technolodgiebgtter illustrate how renewable energy
sources will enter the Colombian energy mix over time horizon of the analysis and the
importance of hydropower in electricity production.
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Figure 3 Least cost electricity generation for theeference case

The most promising new renewable technology is ped/ey wind energy. In all sensitivities
in the model, wind energy reached a significanteha electricity generation over 10% after




2040. In addition, the maximum potential of 10 G¥t s the simulation is reached after

2040. This suggests the potential to continue ekipgnthe system with wind energy by

increasing and further developing suitable site€Calombia. In all scenarios conventional

geothermal technology was introduced as well asags. In contrast solar technologies such
as concentrated solar power and photovoltaic havelatively modest contribution to the

system.

The results show an expansion path does not readd0% renewable system until 2050
including large hydropower. Despite an importantrdase of fossil fuel sources for power
generation over the years, the system still nebdset sources to be part of the least cost
solution. In other words, the results suggest thaing the time horizon in the analysis, the
Colombian power system will not turn into a 100%eawable system based on market forces.
However, it is worth noting the combination of é¢kig and new hydropower plants with the
introduction of technologies powered by wind, geothal, biomass and solar turning
gradually the heavy based hydropower system in i@bia over the years into a diversified
renewable energy system. Thus, the current shangpab 80% of the electricity supply
coming from hydropower plants will be reduced t@raximately 60%. The introduction of
new renewable energy sources together with hydrepowill increase the share of all
renewable energy sources to 90% as shown in Figure
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Renewable energy technologies do not fully sulistiar avoid the use of fossil fuel sources.
In spite of this the share of gas is drasticalljuaed, whereas coal will continue to have a
small share in the system. The results from analpseformed with MESSAGE and LEAP
showed that Colombia will rely on imported natugas from 2018 onwards. Renewable
energy sources will contribute to decrease the rdgrece on natural gas for the power sector
and to release carbon resources to supply intematimarkets and thus improving the
Colombian’s balance of payments.

A logical effect of reducing the participation afskil fuel energy sources in the Colombian
power sector is the avoidance of £€missions. Otherwise the emissions oL @@l surpass
today's levels. This situation was simulated witle tBAU scenarios in LEAP. The
optimization results suggest that emissions willbedow 12 million tonnes of COeq. per
year during the time horizon of 40 years due toragme of technologies powered by
renewable energy sources. This shows the immendentimd of renewable energy
technologies including large hydropower to maintainrent emission levels over the next 40
years despite electricity demand growth. Betweeh &8 671 million tonnes of G&q. or
between 556 and 731 million tonnes of £€y). for a scenario with lesser contribution of
hydropower can be avoided.

In summary, the results of this dissertation foleast cost expansion paths that include
renewable energy technologies, which will be cortpetto enter the Colombian power
system. The results suggests that the Colombiarepsystem may be transformed from a
system heavily based on hydropower to a system gsetgpof a more diversified portfolio of
technologies and energy sources such as wind, gy@odélh biomass, solar and hydropower.
State of the art coal and gas fossil fuel powentglavill also be introduced into the power
system. A 100% renewable system by 2050 was natiraat. Therefore fossil fuel energy
sources are not fully substituted but they will displaced as main energy sources after
hydropower.

Finally this dissertation closes the analysis vaitdiscussion of the theoretical results of the
simulation and what should be considered in practithe least cost approach of the
simulation does not necessarily reflect the powarket environment that new technologies
face in reality. Therefore it is recommended tha@&sbof market rules towards some
technologies should be abolished to ensure a |@eging field for all technologies in the
Colombian power system. In that way, power markditsv new technologies to be part of
the system at the time of their competitiveness.

Regarding the technical integration of new techgmle into the system, it is also
recommended to conduct an assessment of the @bdtehthydropower to accommodate




intermittent sources such as wind energy due tadpgalver's storage capacity and strong
complementarity of wind energy during dry seasansiprove the firm energy of the system.
In respect to solar energy technologies such asd@8MPV, an assessment of the potential of
solar power should be conducted to attend the deéraaolombia’s Caribbean coast, where
high temperatures are connected to higher consampfielectricity driven by the use of air
conditioning systems. That makes solar technoloigieal for daily and seasonal operation
matching peak and intermediate loads. Such a tomion releases other energy sources to
cover these loads and could also optimize theapetation.

For technologies such as geothermal and biomass,latk of information about the
availability and quality of associated resourcesusth be overcome. The use of solid residues
from sugar plantations in particular the collectidisposal and transport, should be assessed
in detail. These technologies are key since theynat intermittent, therefore contributing to
the supply of firm energy into the system.

Finally the results of this dissertation should dmmplemented with a study to determine

transmission expansion and enforcements to maletsat the Colombian power system can
pull the potential and profit fully from new enertgchnologies powered by renewable energy
sources.
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1 INTRODUCTION

1. INTRODUCTION

This dissertation examined the use of new techmedogowered by renewable energy sources
to generate electricity on a large scale in Col@mbihe core analysis of this study was a
simulation of power generation in Colombia by meafsenergy models to assess the

convenience of having alternative energy sourcés. sSimulation was conducted in the long

term with a planning horizon of 2010 to 2050.

This introductory chapter presents the backgrouhdhis dissertation study, the research
guestion and explains the significance of the diaen. A description of the methodology is
also included. The chapter concludes by notingldienitations of the study.

1.1 BACKGROUND OF THE STUDY

The law 697 of 2001 enacted by the Colombian Casggpeomotes the rational and efficient

use of energy and promotes the use of non-convaitenergy sources. The law mandates
that the State must establish all necessary regns&atind conditions to fulfil the purpose of

this law thereby achieving project implementati@ssuring sustainable development and
creating awareness of the rational use of energykaow-how of non-conventional energy

sources. In addition the decree 3683 of 2003 wasted giving instructions to issue the

required regulations by Colombian institutionsudifthe law 697 of 2001.

The definition of sustainable development adoptedblombian law is development which
leads to economic growth, improvement of qualitylifef and social welfare which does not
exhaust the renewable natural resources base arsgmihe natural environment or the right
of future generations to use it to meet their owads.

The law shows that Colombia embraces the concepaisifiinable development in its energy
policy, which should transform the energy systemcliSa transformation depends on the
actions and decisions made today and in the cofaotoge. Sustainable development, today,
is a well accepted world-wide term since the intrdébn of the Brundtland report (WCED,
1987) and the adoption of its definition by the tédiNations thereatfter.

The Colombian energy sector has been a liberalisadket since 1994 and still continues
with the process of liberalisation of all marketgying the private sector the main role,
introducing competition and thereby minimising stagarticipation. The total energy supply,
including international markets, is dominated bwlowmith a share of 45.1%, oil with a 37%
share, natural gas with a 10.4% share, hydropovteran3.9% share and wood and bagasse
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with a share of 3.4% as of 2010. 91% of coal prtida¢c 12% of gas production and 56% of
oil production are bound for exports (UPME 2011).

The country is energy self-sufficient today. Howevaatural gas proved reserves are
expected to last only until the year 2020, anduatil the period 2018 to 2020 depending on
the evolution of demand and production rates (UPR0R9, p. 147, UPME 2011a, p.144).
Currently, substantial efforts are being made torease production and to explore new
reserves, oil being the most critical. In contrasial resources are plenty. With current
exploitation rates and proved reserves, it is ptedithat Colombia can supply international
markets and the internal demand for 100 years (URDID, p.68).

The portfolio of technologies of the Colombian @ity sector consists mainly of
hydropower and fossil fuel power plants poweredagural gas and coal. Hydropower has a
share of 67.7% of the total capacity (14.367 MWJofeed by natural gas with 27.3% and
coal with 4.9% (UPME 2011Db, p. 50-52). Electrioggneration is dominated by hydropower
with 67% and 77.8% of the total production by 2@t 2011 respectively (56.9 TWh and
58.6 TWh). Coal and natural gas complete the primlucNatural gas covered 20.1% and
13% and coal 6.3% and 2.8% by 2010 and 2011 rasplc(XM 2011).

Excluding large hydropower plants (power plantsro286 MW), the share of renewable

energy sources in the portfolio of technologies ante to 560 MW including the wind park

Jeripachi with a capacity of 18.4 MW. Small hydroe@o plants account for 96% of this

capacity (XM 2011). This is a very modest partitipa of renewable energy sources and in
particular of other sources different from hydrogow

Electricity generation in Colombia is dependenttba availability of the water resources,
which are influenced by Colombia’s seasonal cyeleich includes a dry and rainy season
and more drastically by the EI Niflo and La Nifia thetn Oscillation (ENSO). ENSO causes
extreme weather conditions (droughts and floodpeaesvely), which have a significant

impact on hydropower generation. In addition thimetability of Colombia to climate change

may affect adversely the contribution of hydropoydeam 2010, p.186).

These fluctuations of hydropower generation leagawer generation price volatilities in the
spot market (UPME 2003, p.16; Ayala 2003, p.79;p@ema 2010, p.4-4 and 4-5). As a
result fossil fuel power generation varies subsidptaffecting the cost per kWh. Therefore a
high dependence on hydropower requires a shift nmoee balanced portfolio of generation
technologies (Larsen et al 2004, p.1777; Ayala 20C&L).
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Volatility is also faced by fossil fuel power plandue to natural gas supply deficits because
of transport restrictions and fossil fuel pricesugled with international oil prices.
Consequently, power plants making use of naturslfgee a situation of restrictions in high
demand periods and competition with residentiadusgtrial and transport sectors for the use
of natural gas (UPME 2010, p. 39-40).

A high dependence on hydropower may induce blackant! rationing under severe drought
conditions as experienced in Colombia in 1992 (Ay2003, p.3). The contribution of thermal
power plants has avoided such a scenario since Hanever, higher shares of electricity
coming from fossil-power plants may affect secuofysupply by relying on scarce energy
sources, such as natural gas, which may have tmperted at some point. A shift to more
power technologies using coal, which is abundaiit, drastically increase the current low
CO, emissions and other pollutants such as &@ NQ of the power sector. In that regard
Colombia approved the United Nations Framework @otien on Climate Change
(UNFCCCQC) in Law 164 in 1994 and approved the Ky®wmtocol in Law 629 in 2000.
Recently in December 2011, the conference of thiiggaat the Durban Climate Change
Conference decided on the introduction of a newqmal, another legal instrument or an
agreed outcome with legal force from 2020 to hbklincrease in global average temperature
below 2 °C or 1.5 °C above pre-industrial levelNECCC 2011).

Electricity demand in Colombia has increased ategrage rate of 3% in the last 7 years
(UPME 2011b, p.37), with fluctuations due to thelgl economic crisis which occurred
between 2008 and 2009 as well as extreme weatheditoms. The official electricity
demand projections forecast annual growth ratesdsst 3% and 4% up until the year 2030
(UPME 2011b, p.31). Countries like Colombia expace higher growths in their economies
and population so primary energy use is expectedmtinue to increase.

Colombian’s dependence on hydropower, the seasprafi hydropower production, the
volatility of electricity prices, the volatility ofossil fuel prices, the scarcity of natural gas,
and the increase of demand for energy sources lardrigers prompting the quest for
alternative energy sources in Colombia. In conttasa transformation of the power sector
only driven by environmental externalities as nafshdustrialised countries, these economic
drivers take precedence in the Colombian powepsect

The questions remain, which other energy sourcast dmm hydropower, natural gas and
coal could also help to achieve a more balancedlamatsified portfolio of power generation
technologies, and furthermore, how does Colombaat shaking a suitable transition to a
more reliable, competitive and environmentallyridey power generation system.
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By looking at the recently released indicative #ieity plan of the Colombian Mine and
Energy Planning Agency (UPME), the expansion reglfor the period 2010 — 2025 is based
mostly on investments in hydropower (6.087 MW) doskil fuel power plants with natural
gas and coal (760 MW and 864 MW respectively) (UPRMHE1b, p.96 — 102). This is a
business as usual expansion of the power systechwises the same conventional energy
sources in the mid-term.

A key strategy for a more sustainable energy fuiaréhe use of renewable sources, the
rational use of energy and the adoption of advaremsetgy technologies for example for

power generation such as wind power, biomass daeobustion and gasification, binary and

flash geothermal, photovoltaic and concentratedrqmdwer. Therefore technological choices
become an important issue.

Renewable energy sources are defined as any forenefgy from solar, geophysical or
biological sources that are replenished by nafpn@tesses at a rate that equals or exceeds its
rate of use. Renewable energy sources in the haovaonment include resources such as
biomass (e.g. sugar cane residues, rice huskscacab), solar energy, geothermal heat,
hydropower, tides and waves, ocean thermal enengywand energy (IPCC 2011, p. 11).
Various types of renewable energy technologies capply electricity. Renewable
technologies for power generation are to a greatdesser extent already available in the
market. Colombia possesses renewable energy sotltaesan be exploited for electricity
generation.

Renewable energy sources and the technologiehéar transformation are already part of
power systems in many countries. The introductibwiaod and solar technologies worldwide
has experienced a high growth in the last 10 y&drsir average annual growth rate (AAGR)
of electricity production corresponds to 27.1% &@B®1% respectively. Biomass has an
AAGR of 7% whereas hydropower has an AAGR of 2.8bderv’er and EDR 2011, p.7). In
addition, diverse studies for future energy sugphergy scenarios) published at a global and
national level include the use of renewable ensmgyces.

This has been noted by a recent analysis fromRR€Is authors in their Special Report on
Renewable Energy Sources and Climate Change Mdigalvhere 164 recent global energy
scenarios were reviewed indicating a substantiedease in the deployment of renewable
energy by 2030, 2050 and beyond and consequergtp\ath widespread of these sources
over the world (IPCC 2011a, p. 794-795). The shafesnewable energy in primary energy
supply reach 43% and 77% in 2030 and 2030 resmdgtior scenarios with the highest

renewable energy shares (IPCC 2011a, p. 803). Riegaglectricity generation, it was found

that renewable energy sources for power generdgorlops more quickly in comparison to

4



1 INTRODUCTION

renewable energy sources for other uses such &asdeaooling and transport (IPCC 2011a,
p. 816).

From four illustrative scenarios selected by th& @ authors for their review, which
comprise a wide range of modeling architecture,at@hprojections and technology portfolio
for electricity supply, it was found that shares@iewable energy sources range from 24% to
95% worldwide by 2050 (IPCC 2011a, p. 818). A sim@donclusion was also obtained from a
previous analysis of energy scenarios before 20@7ich shows important shares of
renewable energy for power generation ranging f2&% to 70% globally in 2050 (Hamrin
et al 2007, p.7).

At the European level, a recent analysis of ensogyarios for the power sector by 2050 was
conducted by the German Advisory Council for thesiEimment. The shares of electricity
with renewable energy sources in Europe are bet\26&t and 42% for reference scenarios
and between 34% and 100% for scenarios with thé @jodecarbonising power systems by
2050 (SRU 2011, p.67). A high decarbonised powstesy is achieved with high shares of
renewable energy sources, e.g. a 100% renewablensys a combination of renewable
sources with nuclear power and fossil fuel powan{d with carbon capture storage.

Power systems with almost or full 100% renewablergy sources in the European studies
include very small shares of fossil fuel sourcasgnd stabilization purposes or imports of
renewable energy electricity from Africa or othegions (SRU 2011, p.65). The high shares
of renewable energy sources are also explainedme £ases by the grade of implementation
of energy efficiency measures to decline electridémand (SRU 2011, p.63).

At a national level, the German Advisory Council tbe Environment in its study Pathways
to a 100% Renewable Power Supply, showed the aption Germany to reach a power

system fully supplied by renewable energy source2@®b0 (SRU 2011, p.31). The study
concludes that a 100% renewable system with domestiewable energy sources is
technically possible. Intermittent electricity siypgrom wind and solar photovoltaic are

backed up by dispatchable biomass technologiescamgressed air energy storage CAES.
By considering an exchange of electricity with Stinavian countries it was found that the
option of using pump storage hydropower plants amvidy would maximize the use of wind

energy and will greatly reduce the use of biomass @GAES to back up the intermittency.

The use of pump storage hydropower plants proveoetthe most cost efficient system in
terms of the overall cost of investments and cestkpVh by 2050 (SRU 2011, p.105).

The use of the hydropower potential of Norway foe tcase of Germany evidences the
advantages in terms of cost and flexibility for @ll fintegration of renewables with
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hydropower. Hydro dominated power systems with agjer reservoirs such as those in
Colombia could offer the opportunity to deal withetintermittency of renewable energy
sources such as wind and solar technologies. At for instance wind and hydropower
generation depending on the availability of the dvand hydro resources could provide a
virtual storage reservoir for wind energy (Masomk2010, p. 3975; IPCC 2011b, p. 627) and
may lead to improvements in the ability of hydrogowo provide more firm energy (IPCC
2011b, p.634; ESMAP 2010, p.41-42). In additiorg flexibility of hydropower provides a
balancing option in the power system (IPCC 2015K28). The integration of a high
penetration of wind and hydropower systems is teettly feasible (Acker et al 2012, p. 11).
The combination of variable renewable sources asdurces from larger geographical areas
could be beneficial in reducing variability (IPC@12b, p.635). This may be the case in
Colombia thanks to the dispersion of hydropowemislaand other potential renewable
sources across the country.

A 100% renewable system dominated by hydropowen vaservoirs is technically possible.
This was shown in an analysis conducted for Newat®h Between 53% and 60% of power
generation coming from hydropower is complementétth @ combination of technologies
using variable sources such as wind and solar asd lmad technologies using biomass and
geothermal energy (Mason et al 2010, p.3983).

With regard to the costs of renewable energy telolyies for power generation, all global
energy scenarios show important reduction of costthese technologies due to their
international expansion, related scale effects expbcted further development (SRU 2011,
p.70; IPCC 2011, p. 816). This trend has been wbdem the last years and has been
described by means of learning curves in severalies (Neij 2008, p. 2200; European
Commission 2006; IPCC 2011a, p.846). In additidwe integration of renewable energy
sources may lead to savings due to their loweratijper and maintenance costs and avoidance
of fossil fuel costs.

Studies conducted for Germany show that the inmtusif renewable energy sources for
power generation reduces the electricity generadiath transmission cost of supply due to
learning effects and increasing fossil fuel co$tsese reductions take place at some point in
the future (between 2029 and 2044 in the scenaiffitise German Advisory Council for the
Environment) in comparison to a system without ghhpenetration of renewables (IPCC
2008, p. 142; SRU 2011, p.180).

Colombia has a heavy based hydropower system thlates up to 80% of electricity
generation from this renewable energy source, thenpial to continue expanding with
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hydropower is still high (ESMAP 2007, p.18). In @&aoh Colombia possesses the potential to
produce power with other renewable energy soumkih have not been exploited.

A combination of hydropower with reservoirs compénted with intermittent sources such

as wind and solar energy and dispatchable techieslagth biomass and geothermal energy
sources may lead to a power system fully suppliecehewable energy sources in Colombia.
In addition, the economic advantages of a matwken@logy such as hydropower combined
with technologies powered by other renewable enesgyrces which are commercially

available and continues reducing costs of investraed operation may offer an attractive

economic alternative to the overall power systehis Tould be more noticeable in a scenario
of growing prices of fossil fuels and scarcity atural gas in Colombia.

An analysis of how power generation in Colombia raafold, including the use of renewable

energy sources, which addresses the issues présardee for the Colombian power sector,
is needed. An analysis that explores different\yatts of how power generation in Colombia
may develop over time is of significance to therggesector and may give additional inputs
on how to provide guidelines and corresponding gneolicies to shape the electricity

sector, especially regarding the role that new rieldgies powered by renewable energy
sources may play in Colombia. This dissertatiors@nés such an analysis.

1.2 PROBLEM STATEMENT

This dissertation aims to answer the research mpueswhether large scale integration of
renewable energy sources for power generation ilor@lma is a sensible alternative to
current conventional energy sources such as hygrepamatural gas and coal.

Based on the main research question above, thetogjeof this dissertation is to test the
following hypotheses:

(1) Renewable energy sources can fully substitgsiff fuel energy sources and can turn the
hydropower based power system in Colombia intoG%d €enewable energy system.

(2) The introduction of renewable energy source€atombia can be part of the least cost
alternative for the expansion of the Colombian posystem.
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1.3 SIGNIFICANCE OF THE STUDY

The approach of this dissertation differs from tlassic approach used for the official
planning analysis of the Colombian Mine and End?tanning Agency (UPME), by including
the use of renewable energy sources for electrigégeration in the long term and by
employing the use of scenario analysis.

A contribution to existing studies is the inclusioha quantitative analysis with a planning
horizon from 2010 to 2050. Power investment densiare made with the long-term in mind
and because the life span of power technologiegesafrom 20 to 60 years, the inclusion of
the long term in the analysis is fundamental. Inngoso power generation based on
renewable energy sources can be better comparemrneentional energy sources. This
comparison helps to make clear the effects of lgpr@mewable energy sources for electricity
generation over the long term.

The pathways derived from the analyses, which datav power generation in Colombia
may develop over the time horizon, provide adddloinformation that help energy policy
makers define guidelines and corresponding enesligi@s to shape the electricity sector.

Last but not least, the analyses and findings f dissertation may be applicable to other
countries, where hydropower also represents a domisupplier of the electricity system,
such as those countries within the range of thee&idountain Range in South America.

1.4 METHODOLOGY:

1.4.1 Type of research

This dissertation is based mainly on quantitativalyses. By means of energy models
simulating electricity generation in Colombia, fethways of the electricity sector from 2010
to 2050 will be assessed. The results of the simomlashow power technologies employed,
their production and energy sources needed to dbeerlectricity demand over the time
horizon. In that sense this dissertation is anuatale study in which the introduction of new
technologies and energy sources in the electrguyply are judged based on their own
economic and technical merits.

Since the core analysis is the simulation of pogemneration in Colombia, a review and
selection of suitable energy models to addressdbsearch question of this dissertation were
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performed as fully discussed in Chapter 3. In aamldito the energy models, the collection of
data to be entered into the models demanded a itpumet analysis, in particular for the

projection of technology costs, electricity demaamd fossil fuel prices as presented in
Chapter 6.

1.4.2 Structure of the study

This dissertation is divided into a logical sequeid sections which follows the scientific
approach taken to reach the objective. ChapteroRiges an overview of the Colombian
power sector. Chapter 3 introduces the theory efggnmodelling to define the technique and
selection of models to simulate the introductiomefv power technologies in Colombia.

Chapter 4 examines the potential of renewable gneaurces in Colombia, which is

complemented with a description of state of the tadhnologies for electricity supply

powered by these sources in Chapter 5. Chaptea @isgnosis analysis for all data required
for the energy models until 2050 such as the exjstind new portfolio of technologies for
electricity supply, their cost and technical parterg electricity demand, availability of

natural gas and coal energy sources, and emisaobor$ of fossil fuels.

The definition of the scenarios of possible pathsvay the power sector in Colombia is

presented in Chapter 7. A screening analysis o$tle@arios with the energy model LEAP is
conducted in Chapter 8 and an optimization appreath the energy model MESSAGE is

conducted in Chapter 9 according to the theoreipptoach defined in Chapter 3 in order to
obtain the results of how the Colombian power systeuld be expanded.

These quantitative results of the simulation wite €nergy models are put in the context of
the Colombian power sector in Chapter 10 emphagizimy renewable energy sources should
be part of the Colombian power sector. In additichmate change issues as well as
integration of renewable energy sources in powstesys and policies for their integration are
analysed.

Finally, conclusions are drawn and recommendatemesprovided from the results of the
dissertation in Chapter 11, where the researchtigmeand the objective of this dissertation
are discussed.
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1.5 DELIMITATIONS OF THE STUDY

The focus of the dissertation is on generation mian The expansion of the Colombian
power system is examined as a whole to determm@alver technology mix, size and timing
of entrance of new power technologies. The behawidiuthe technology and their energy
sources in the system is analysed according tcCtilembian demand profile. It is not the
objective of this dissertation to simulate the hadwar of single power plants in the power
market to determine their optimal dispatch schedmié economics in the wholesale market,
which is more related to the operation of the syste

The expansion of the power system is related to dhpacity and expansion of the
transmission network. The optimal location of powesrhnologies to supply electricity to load
centers goes through an analysis of the locatiorersdrgy sources, availability and/or
infrastructure for their transportation and theimpd point in the transmission network to
connect the new power plants. An expansion of theep sector due to growing demand also
requires investments for upgrading the network ashding new lines to transport electricity
from generators. Such an analysis is beyond thaeesobthis dissertation
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2. COLOMBIA'S ELECTRICITY PICTURE

This chapter serves as a preamble to the dissert@tiprovide a brief overview of Colombia
and introduces the Colombian power sector in otdeacknowledge what an energy model
should simulate for the case of Colombia. Furtmedyses of the Colombian power sector are
conducted in the following chapters of this disz&on.

2.1 COUNTRY BRIEF

Colombia's total area is 2,070,408 %kmwhich is constituted by 1,141,748 kmf mainland
and 926,660 kmof territorial waters. Colombia’s mainland areadigided into five natural
regions, Caribbean, Pacific, Amazonia, Orinoco Andes. Island regions are located in the
territorial waters of the Caribbean. An outstandiegture of the mainland are the ranges of
the Andes in three major divisions, west, central aast; separated from each other by their
valleys of the Cauca and Magdalena rivers, withimarn altitudes between 4,700 and 5,400
m above sea level (IDEAM 2010, p.45). The politeat physical map of Colombia is shown
in Figure 2-4 and Figure 2-5

Colombia is located on the equator in the northtwesner of South America. The region is
influenced by the Intertropical Convergence ZoreCd), a zone of trade-wind convergence
that encircles the earth, which plays a large nolehe controlling of weather patterns over
Colombia including the distribution of rainfall space and time and cloud cover. The diverse
topography of Colombia produces a variety of clengatterns ranging from hot temperatures
to perpetual snows. In general, the coastal arethee d’acific and the Caribbean as well as the
regions of the Orinoco and Amazonia have a warmtawpical climate. The ranges of the
Andes have a cool climate throughout the year (IDE2010, p.45).

In political terms, Colombia is a democratic republith three executive branches,
executive, legislative and judicial. The executieeanch is led by the President. The
legislative branch comprises the Senate and thesélotiRepresentatives elected by popular
vote. The President is also elected by popular.vbte territory is divided administratively
into 32 Departments, which are in turn subdivid&d municipalities (Proexport 2011, p.5).

The population amounted to 46,044,601 (2011 estim@ANE 2012). Approximately 25
million people are under 30 years of age. The Andezgion is home to 75% of the
population, and the Caribbean region to 21%. Thersdargest cities hold 34% of the total
population, and have higher demographic growthsrdtan the rest of the country. Colombia
is the second most populous country in South Araesied the fourth in the Americas. The
official language is Spanish (IDEAM 2010, p.45).

11
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Colombia’s GDP per capita has almost tripled sid@@3 from 2,233 USD to 6,153 USD in

2011. The GDP per capita amounts to 9,300 USD tatjusy the Power Purchase Parity in
2010. In real terms (2005 USD), the GDP per calpits increased 32% from 2003 to 2011
(Proexport 2012, p.40). The goal of the CentrallBento keep the Consumer Price Index
(CPI) between 2% and 4% in the long term. The GRdunted to 3.7% in 2011 (Banco de la
Republica 2012).

The total energy supply in Colombia consists ofl @ath a share of 45.1%, oil with a 37%
share, natural gas with a 10.4% share, hydropovteran3.9% share and wood and bagasse
with a share of 3.4% as of 2010. The country exp®di% of coal production, 56% of oil
production and 12% of gas production (UPME 201Igwiver, natural gas proved reserves
are expected to last only until the year 2020, @hdntil the period 2018 to 2020, depending
on the evolution of demand and production ratesMEBR2009, p. 147, UPME 2011a, p.144).
Coal resources are plenty and is predicted thatr@loila can supply international markets and
the internal demand for 100 years (UPME 2010, p.68)

Currently, substantial efforts are being made toradase production and to explore new
reserves, oil being the most critical. A furthealysis of natural gas and coal resources and
demand projections is conducted in section 6.7saation 6.8 respectively.

2.2 COLOMBIA’S POWER SECTOR

The power sector in Colombia is a liberalized markehere the main chain activities
generation, transmission, distribution and retail@re separated. Retailers and large
consumers acquire their electricity in the wholesalarket, which is driven by supply and
demand. Transactions in the spot market accounte?ilf2% of total energy commercialized
in the electricity market in 2011. Bilateral cortis between generators and consumers
amounted to 78.8% (XM 2012).

The market participants are constituted by 41 genes, 69 retailers, 29 grid operators and 9
transmission operators as of 2011. The wholesatkahaperator is XM (XM 2012). The role
of the Colombian state is restricted to regulatiplanning and control activities by the
Regulatory Commission for Electricity and Gas (CREtBe Energy Mining Planning Unit
(UPME) and the Superintendency for Residential uSkrvices (SSPD) (UPME 2011a,
p.98).

In relation to the electricity generating industrglectricity supply in Colombia is
differentiated between generators connected toNtigonal Grid (SIN), and generators of

12
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Non-Interconnected Areas (ZNI). The national grahsists of 24,405.8 km of transmission
lines (XM 2012). Figure 2-6 shows a map with curteansmission lines in Colombia.

The portfolio of technologies of the Colombian @ity sector consists mainly of
hydropower and fossil fuel power plants powerednbyural gas and coal. The total power
capacity in Colombia amounted to 14,367 MW in 20d@dropower has a share of 67.7% of
the total capacity followed by natural gas with33.and coal with 4.9% as of 2011 (UPME
2011, p. 50-52). Table 2-1 shows the capacitiegn®rgy sources from 2003 to 2010. The
total capacity has increased by approximately 748 fvom 2009 to 2010 by the addition of
a new hydropower unit of 660 MW and other small poplants.

Table 2-1 Capacities in MW and shares in the Coloman power sector

Hydropower Coal Gas Wind Others Total

Year | MW) () | MW) (O | MW) ©Gof MW) o MW) (%) (MW)

2003 | 8,839 67.0 692 5.2 3,656  27.7 0 0.p 13 01 13,200
2004 | 8,923 66.5 692 5.2 3,766  28.1L 20 0.1 16 0.1 13,417
2005 | 8,948 67.0 694 5.2 3,682 27p 20 0.1 14 0.1 13,348
2006 | 8,956 67.4 700 5.3 3,585 27 18 0.1 20 0.2 13,279
2007 | 8,997 67.1 700 5.2 3,675 274 18 0.1 20 0.1 13,410
2008 | 9,002 66.8 700 5.2 3,739 27 18 0.1 20 0.1 13,479
2009 | 9,036 66.7 700 5.2 3,759 278 18 0.1 30 0.2 13,543

Source: Data from XM 2011.

While the share of capacities has been constamttbge/ears, the electricity production share
reveals a completely different picture. The shafeslectricity generation in Colombia is
dominated by hydropower. 67% of the total produttby 2010 (56.9 TWh) was delivered by
hydropower plants, this increased to 77.8% of thal pproduction by 2011 (58.6 TWh). Coal
and natural gas complete the production. Naturslogaered 20.1% and 13% and coal 6.3%
and 2.8% by 2010 and 2011 respectively (XM 2011gufeé 2-1 shows the contribution of
energy sources to total electricity generation f887 to 2011.
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Figure 2-1 Shares of in electricity generation in Glombia
Source: Data from XM 2011.

Electricity generation in Colombia is dependentlo® availability of water resources, which
are influenced by Colombia’s seasonal cycle, wincludes a dry and rainy season and more
drastically by the EI Nifio and La Nifla Southern imion (ENSO). The ENSO can cause
extreme weather conditions (droughts and floodse&svely) over the region. This situation
has a significant impact on hydropower generafidre resulting fluctuations of hydropower
generation lead to power generation price volediin the spot market (UPME 2003, p.16;
Ayala et al 2003, p.79; Corpoema 2010, p.4-4, 4A8)a result, fossil fuel power generation
varies substantially, which affects the cost perk\iigure 2-2 shows electricity generation
and spot price development in Colombia.
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Figure 2-2 Electricity generation and electricity ot price in Colombia
Source: Data from XM 2012.

Electricity demand in Colombia has increased atwegrage rate of 3% in the last 7 years
(UPME 2011, p.37), with fluctuations existing beeme2008 and 2009 due to the global
economic situation paired with extreme weather ¢@rd. The official electricity demand
projections forecast growth rates between 3% andug%ntil the year 2030 (UPME 2011,
p.31). Figure 2-3 shows the increase of demandaidid over the last years.
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Figure 2-3 Electricity demand and GDP growth in Cabmbia
Source: Data from XM 2012 and Banco de la Repuld@E2. COP = Colombian Pesos.
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2 COLOMBIA'S ELECTRICITY PICTURE

A more detailed assessment of the Colombian etégtppower sector is performed, and is
described in the following chapters of this dissgon, in particular in the prognosis analysis
(Chapter 6) and in the analysis of renewable enardgiie context of the Colombian power
sector (Chapter 10).

This overview of the power sector in Colombia destoates what an energy model should be
capable of; that is, a simulation of the delivery eectricity from different power
technologies to cover a growing demand. A revied salection of suitable energy models
for the simulation is described in the next chapter
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Source: IGAC 2012
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3 ENERGY MODELING

3. ENERGY MODELING

A review and selection of suitable energy modeislie simulation of large scale integration
of renewable energy sources for power generaticdDolombia is conducted in this chapter.
The chapter begins with the rationale of power gaien planning. A literature review of

modeling of energy systems that tackle the isstig®wer generation planning is conducted
in order to select the model classes that bettiertilser objective of this dissertation. The
methodology to conduct the quantitative analysigtie dissertation closes this chapter.

3.1 POWER GENERATION PLANNING

Electricity is an economic good with unique featuile comparison with other commodities;
it cannot easily be storedind therefore has to be consumed as it is produsédt is
demanded has to be available, ready for deliverg aompatible with the quality
requirements of the grid. A real time balance betwsupply and demand takes place by
coordinating generators and demand centers, alemed by the same transport system.
Although there are variations such as independewep production not relying on the grid
and distributed generation (small scale indepengemtiuction at low voltages), the major
bulk of electricity is conceived in such a system.

The demand for electricity varies on all time ssaleourly, daily (day and night), seasonally
(e.g. winter and summer) and yearly (e.g. more wmess, economy boom or recession). The
electricity needs of consumers shape the demandrding to their energy practices and
income. In a broader sense, the performance ottb@omy, population growth, grade of
industrialization, location of consumers and accdss electricity (physically and
economically) define the volume of the demand &mdhape in a given period.

! Pump storage plants, hydrogen production, and cesspd air energy storage are examples
of technologies which transform electricity in otherms of energy to make storage possible.
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3 ENERGY MODELING

A general challenge is having the necessary powaergtion and transmission capacity at
disposal in order to cope with both demand fluatuwest and growing demand. From the

generation-side, the key questions are: a) what &frtechnologies are needed, b) how many
of them are needed, c) when is the optimal timenBw power plants to enter into operation

and d) at what cost. To exemplify this in more detaload duration curve representing the

demand is shown in Figure 3-1 (Stoll 1989, p.486 @503; SEI 2006, p.103).

A load duration curve plots capacity required peurh(the power demand) against the
number of hours in a year. Load duration curve$ 8@ demand from the highest to the
lowest value of a year. Thus, a cumulative grapghegaresentation of the number of hours in
which the power demand exceeds a given value &rdat. The load duration curve improves
schematically the representation of both powerirequents and dispatch of different types of
power plants.

Peak Load

Intermediate Load \

Base Load

Power Demand (GW)
o =2 N W S, O O N 00

0 1000 2000 3000 4000 5000 6000 7000 8000
Hours

Figure 3-1 Load curve
Source: Data from XM 2007.

From Figure 3-1 three main levels can be distirtprds The first level, called the base load,
requires generation technologies to serve full timecontrast, a peak load level is needed to
serve high load demands that occur at given hoerg. (@ 7 pm in Colombia). The
intermediate load level is in between.

The selection of a power plant to a load is a daeisombining the technology’s technical
features and costs. Base load power plants, ftanos, have low variable generation cost and
do not change production to match fluctuating posdamand. In contrast, higher variable cost
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3 ENERGY MODELING

power plants such as combined cycle plants areerbstiited to match fluctuating power
demand and are typically used to serve the intelateedoad. High variable cost peaking
power plants such as combustion turbines are nesgonsive, run more easily and are faster
on line so they serve peak loads.

Identifying the optimal type of technology to delivelectricity to a given load at theast
costcan be explained using a screening curve analjsish combines the economic merits
of different types of generation technologies ahd humber of hours at which they can
operate to determine their suitability to attenddyantermediate or peak loads (Stoll 1989,
p.501; Stoft 2002, p.34).

A screening curve analysis is exhibited in Figur€.3The economic merits of the

technologies are shown in the levelized annual caste. This curve plots the capacity factor
and the levelized annual cost of every technolddy capacity factor is the ratio of a given
output of a power plant over a period of time asdutput if it had operated at full nameplate
capacity the entire time. The levelized cost isr®ult of a cash flow analysis over a given
time horizon where all costs are annualized aebifit capacity factors.

The intersection of the levelized cost curve of¢bal and combined cycle unit shows that the
coal unit is able to operate at capacity factorsr®b6% per year (more than 4,818 hours) at
lower costs than the combined cycle unit. Thereftre coal unit can serve the base load of
the electricity demand optimally from an econonmminp of view. In this case, approximately
2,500 MW of coal units are needed for base loashasvn by a projection of the intersection
between the load duration curve and the 55% capfaaitor.

The coal power plant has a high capital cost thatounteracted by the low operation cost.
Below 55%, the coal power plant is not competitiidne combined cycle power plant

performs better at capacity factors between 15%5%9d. Despite a lower capital cost, the
combined cycle power plant has a higher operatmst than coal. The gas turbine power
plant serves the peak periods, it has a very Igitadecost but high operational cost.
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Figure 3-2 Screening curve
Source: Modified from Stoll 1989, p.503.

The screening curve analysis shows schematicatiyvery simplified way the generation mix
concept in which technologies based on their magtwve the different loads in the load
duration curve. This analysis must be further impib to include needed future power
generation expansion over a time horizon, repla@hgld units, environmental criteria,

forced and scheduled outage rates of power plartexmittency of energy production, etc.
The next sections will introduce the techniquesilalike that include these aspects and allow
a simulation of the delivery of electricity of antee power system over the years.
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3.2 MODELING OF ENERGY SYSTEMS

A model of a system or a process is a mathemagpaésentation of the system’s functioning
to make possible the understanding of how the systerks and behaves under various
conditions or scenarios (Tester et al 2005, p.2¥Bg core analysis of this dissertation is to
simulate the expansion of the Colombian power semter the long-term. A model therefore

must be designed or selected that integrates pswygaly, electricity transport and demand to
weigh diverse portfolios of generation technologiBsis allows the assessment of impacts of
technological choices on the economy, environmedtsaciety.

The development of energy models can be traced toattle early 1970s where the oil price
shock made necessary the design of energy potiziésd ways of reducing dependence on
oil. Since then, a variety of models have been ldgesl. In the late 1980s the inclusion of
global warming in the analysis to assess @@igation strategies and other energy pollutants
such as sulphur dioxides, nitrogen oxides and qadstie matter became essential. Cost was
no longer the main driver in energy analysis, dgcénd environment factors had become
also relevant (Messner 1997, p.293; Lesourd J.Rl 4096, p.xxxi; Diakoluaki et al 2005,
p.860).

In the section to follow a literature review of egye models is presented. The objective of this
review is to identify the model class that betteitssthe objective of this dissertation. An
analysis of suitable models is later detailed iotas 3.3 and 3.4.

3.2.1 Model classes

Energy models can be classified under differemeca such as the theoretical foundation, the
time horizon, and data requirements. In generarargy model does not belong to a single
category. From a broad perspective models belomngdalasses (Messner 1997, p.292; Koch
et al 2003, p. 45):

i) Technology oriented optimization and simulatimodels known aBottom-Up Modeland
i) economy oriented models with an emphasis orrggn@s a sub sector of the overall
economy known asop-Down Models

Bottom-up models are often referred to as energyesy models or end-use models. Top-
down models are also known as energy-economic maiteinacro or econometric models.
Models combining the two approaches, hybrid modaits, also found linking technology

oriented models with the overall economy.
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The top-down analysis is a macroeconomic approachddel energy-economy interactions

and the costs of changing those interactions. boteom-up analysis the energy analysis is a
disaggregate approach to model energy supply amamd Supply and demand are altered to
find alternatives and their corresponding coststt@@o-up and top-down models were

conceived and designed through disciplines, fded#ht purposes and lead to very different
conclusions as noted by Wilson and Swisher in tt@irdown versus bottom-up analysis

(Wilson et al 1993, p.249).

A further classification of energy models accordiaghe theoretical approach better explains
the basic methodological differences between botipra top-down approaches (Heaps 2002,
p.2; Alfstad 2005, p.44; Méakela 2000, p.17; Koclale2003, p.71; Wilson et al 1993, p.250):

i) General equilibrium models
i) Optimization models
iii) Simulation models

The General Equilibrium Models a top-down model since macro-economy factocsath
the main parameters (e.g. level of income). Hepplsuand demand functions describe the
market relations. The equilibrium is found in tikersection of the two curves indicating the
market optimum between price and quantities. Eaigts are included to account for changes
in quantities due to variation in prices. The egeggctor is then represented with the help of
production functions based on capital and laboickvdo not allow for a detailed description
of technological alternatives. Thus, the behavibcansumers and producers are simulated
under various signals such as energy prices, inclev&s, and policies. As a result the
energy prices are found endogenoushRatial Equilibrium Modelis used when the analysis
is for one sector, e.g. the energy sector. Gemgpailibrium models are useful to analyse the
relationship between the energy sector and theativeconomy. Examples are LEAN, and
NEWAGE (Koch et al 2003, p. 50).

In anOptimization Modethe energy systems are represented by the te¢hewramomic and
environmental features of technologies. Unlike theneral equilibrium models, the
optimization model requires as input of what cdogts the supply (energy resources and
technologies) which is available and a portfolimefv technologies. This structure makes it a
bottom-up model. Thus, the model selects the seitalix of technologies according to the
parameters given by the modeler. This is achieyednboptimization routine based on linear
or dynamic programming to maximize or minimize dneative function, normally the least
cost energy supply under various constraints ssde@hnology availability, emissions caps,
mandated renewable energy shares, reserve margtos, Demand is given mostly
exogenously in the model. Optimization models aesgriptive rather than descriptive (ERC
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2008, p.2) since the optimization routine with tigective function and constraints set by the
modeler finds the solutions instead of indicating model what the outcome should be as it is
found in accounting framework models. Optimizatimodels are useful for questions of
technological choice. Examples are MARKAL, MESSAGiR0 RAINS models from IIASA,
IKARUS, PERSEUS, E3NET and WASP (Koch et al 2003%%66; Lund 2008, p.83-84).

Similarly, Accounting Framework Modets Simulation Modelsire represented by technical,
economic and environmental features of the singihriologies and hence, belong to a
bottom-up model. While the optimization model iswrolled by the objective function and its
constraints in the mathematical formulation becaiiseses a prescriptive approach, the
accounting framework models on the other hand ysgenously specific outcomes set by the
modeler, the descriptive approach. Thus, technoddgievelopment is an input into the
model, e.g. the rate of penetration of wind eneirgyhe system which differs from the
learning curve approach in an optimization problerhere the rate of penetration is
endogenously determined. In that way other objest&part from the least cost goal can be
taken into account in the analysis such as soo@lesmvironmental factors. The advantage is
that the model can integrate detailed expertisshépe the results making the model ideal for
scenario analysis examining possible futures. & major difference with models making
use of historical data, time series analysis, tooaplish a forecast analysis as general
equilibrium models do. The model carries out aroaating balance for the flow of energy
from resources, extraction, and transformationluetid users consumption. Accounting
framework models are useful to analyze the impbeet of policy objectives. Examples of
this approach are the models LEAP, GEMIS and EfANCE (Koch et al 2003, p. 70;
Lund 2008, p.83-84).

A further classification of energy models can befqgened according to the treatment of the
energy demand. Rartial Equilibrium Model(the term partial is used because the analysis is
for one sector; the energy sector) calculates balanices against supply and demand curves
of energy; therefore the demand is endogenoustyilzdéd, whereas in fixed demand models
the demand is an exogenous variable determinedeéosnbdel user (Markela 2000, p.18).

Static, Quasi-Dynamic or Dynamilodels are also other classification categories. Static
refers to the representation of one point in timethe analysis (e.g. peak load). Quasi-
dynamic optimizes the energy system for a giverogeof time and the results become the
input for the second period. The dynamic modelrojzies the solution for the time horizon
instead (Markela 2000, p.19).

Furthermore a distinction betweamddle- and long term analysis and short term fasting
can be made. The middle and long term modelingfared in parametric models like the
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ones described above where the data is based muvaources such as literature, official
statistics, policies, modeler assumptions and juElgmwhereas the short term models make
use of econometric models based on statisticalysisabf time series data (Markela 2000,
p.19).

3.2.2 Model for the long term of power generation plannirgy

After introducing the model classes, a suitable ehathss can be selected that addresses the
research question whether large scale integratforemewable energy sources for power
generation in Colombia is a sensible alternativeutment conventional energy sources.

Bottom-up or top-down

The modeling of technological choices for supplyemdatives requires the handling of
extensive data. The degree of detail requiredgh Bind the specific technical and economic
features of technologies must be modeled: resowacasable and transformation rates, fuel
extraction; technology efficiencies, capacity, #afaility, transmission and distribution losses,
investment and operation and maintenance costspffices, etc. From that rational a bottom-
up approach must be used. A bottom-up model carobwined with a top-down model to
examine macroeconomic effects.

With respect to the demand in a bottom-up mode$ ¢thn be endogenously obtained or
exogenously given in the model. When calculatedogadously a bottom-up model
differentiates itself from top-down models by cddting the demand based on an engineering
approach by means of energy intensities of end tess#hnologies instead of the
macroeconomic approach of a top-down model (incanteprices).

Equilibrium, optimization, or accounting framewariodels

Equilibrium models belong to the top-down modelssland they are therefore suitable for
macroeconomic questions instead of focusing inildetathe supply or demand technologies.
In contrast, the bottom- up approach of optimizatemd accounting models are adequate
models, since they allow an engineering approachinayuding the present stock of
technologies, their life-span, future options tahbeeplace and expand the stock of demand
and supply technologies. As explained before, apétion and accounting models
differentiate themselves from their theoretical r@gh. The approach that is most suitable
depends on the research questions, the informatiamable and the modeler proficiency with
the theory (Heaps 2002, p.6-7).
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Short, middle or long-term

The issue of power generation planning impliestbgli the long term. Investment decisions
must be made with technologies with life spans irejmdrom 10 to 50 years or more. A

portfolio of technologies over a time horizon i thutput of the model. In addition, the

incorporation in the analysis of climate changeiessdemands time horizon analysis up to
100 years. For these reasons an analysis for tigetésm should be conducted.

The modeling of technological choices for supplgmatives is the core analysis required by
this dissertation. The engineering approach ofdootup models is therefore the suitable
model class. Thus, a bottom-up model is ideal flur@ssing the research question. However,
bottom-up models tackle the power generation ptanmsue in a different way. Thus a more
detailed analysis of the two models, the accountiagrhework model and the optimization
model, is necessary in order to select the besbaph. This will be discussed in detalil in the
next sections.

3.3 ACCOUNTING FRAMEWORK MODEL

An energy balance is the basis of an accountingdw@ork model. An energy balance is a
systematic representation of the energy flow frosneixtraction, transformation to its final
consumption (Munasinghe 1993, p.37). It is an enpergwork that shows all energy carriers,
transformation and transport technologies as vgelha sectors demanding energy as depicted
in the hypothetical example conducted with LEAPsaswn in Figure 3-3 and Table 3-1
below:

Transmission f-A
and Gonaatin Wind
Distribution
Charcoal
£ Demand Oil Refining Crude Oil

Coal
Bituminous

H

Wood

Hydro

ﬂﬂ%

Figure 3-3 Energy chain example
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Table 3-1 Energy Balance Reference Scenario example

Scenario Reference Year 2000 - Units in Million Gigajoule

Qil Solid Crude Natural Hydro-

Electricity Products Fuels Oil Gas power Biomass Total
Production 0 0 0 0 0 20 81 101
Imports 0 0 125 218 4 0 0 346
Exports 0 0 0 0 0 0 0 0
Total Primary Supply 0 0 125 218 4 20 81 447
Coal Mining 0 0 -25 0 0 0 0 -25
Oil Refining 0 174 0 -218 0 0 0 -44
Charcoal Making 0 0 0 0 0 0 -32 -32
Electricity Generation 58 -51 -86 0 0 -20 0 -98
Transmission and Distribution -9 0 0 0 0 0 0 -9
Total Transformation 50 123 -110 -218 0 -20 -32 -208
Household 18 13 0 0 3 0 33 68
Industry 20 22 14 0 0 0 16 72
Transport 1 78 0 0 0 0 0 79
Commercial 10 10 0 0 0 0 0 20
Total Demand 50 123 14 0 3 0 49 239
Unmet Demand 0 0 0 0 0 0 0 0

As the name implies the flow of energy must be meda as shown in the last row in Table
3-1. Production must equal consumption as folloh&# (2005, p.1.3):

P+I-X+DS=L+C, [1]

Where:

P = Total Indigenous Production

I = Imports

X = Exports

DS = Stock Changes

L = Losses and consumption in the transformatiatose
G = Final Consumption

The left side of the equation [1] corresponds te tlomestic supply which represents the
resource requirements; the transformation sectercdmprises the conversion of primary
forms of energy to secondary fuels as well as Bsgethe transportation. The final

consumption €represents the different sectors demand for energy

By manipulating the values of one of the energyr®iat any stage, the effect on the overall
energy system can be seen. For instance the pemetcd renewable energy sources for

electricity generation such as wind and solar,hst & displacement of a conventional power
plant makes it possible to allocate natural gascamadiresources for other uses. Improvements
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of transformation efficiencies, better consumptpractices, etc. are some examples of how
an energy balance can be modified to determineffbet on the energy system.

That makes an accounting framework model descepti entering a change defined by the
modeler. The model is thereby suitable for scenanalysis. For a long term exercise, an
energy balance calculation is performed, e.g. psar,yand the accounting process is
performed from final energy demands up to productitable 3-2 shows the energy balance
for the year 2030 of the example introduced in FégB-3 and Table 3-1 above, where a
higher demand of electricity, oil and solid fuaisrieases imports substantially.

Accounting framework models are “What If’ tools tlexamine the implications of a scenario
by altering and adjusting the balance. Scenariescanstructed based on assumptions for a
set of potential futures (Energy Research Centfi820.2; Heaps 2002, p.9). These models
have no degrees of freedom, there is only one @aquédr every variable and therefore only
one feasible solution can be found (ERC 2008, dessner et al 2000, p.400).

Table 3-2 Energy Balance Scenario 2030

Scenario Reference Year 2030 - Units in Million Gigajoule

Qil Solid Crude Natural Hydro-
Electricity Products Fuels Qil Gas power Biomass Total
Production 0 0 0 0 0 22 105 127
Imports 0 561 622 251 17 0 0 1451
Exports 0 -100 0 0 0 0 0 -100
Total Primary Supply 0 461 622 251 17 22 105 1,479
Coal Mining 0 0 -124 0 0 0 0 -124
Oil Refining 0 201 0 -251 0 0 0 -50
Charcoal Making 0 0 0 0 0 0 -51 -51
Electricity Generation 225 -160  -484 0 0 -22 0 -441
Transmission and Distribution -27 0 0 0 0 0 0 -27
Total Transformation 198 41  -609 -251 0 -22 -51 -694
Household 110 30 0 0 7 0 30 177
Industry 64 45 13 0 1 0 24 147
Transport 6 423 0 0 0 0 0 429
Commercial 19 4 0 0 9 0 0 32
Total Demand 198 502 13 0 17 0 54 785
Unmet Demand 0 0 0 0 0 0 0 0

In that sense the accounting framework does ndtthe optimal flow of energy in the energy
chain as it is performed by other mathematical rhéelghniques (Munansinghe et al 1993,
p.70). The accounting framework models do not assperfect competition, are simple,
transparent and flexible and require less data timhimization models. However they do not
automatically identify least-cost systems (Hea322@11).
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3.4 OPTIMIZATION MODEL

A classical optimization model is composed of afedtive function and its constraints. The
objective function is what the model must targetnimum cost, minimum production of
emissions, maximization of income, etc. as appabdpriThe constraints help the objective
function to concentrate on the set of combinatitias are realistic; they control the objective
function by instructing what it is permitted.

The objective function makes the optimization modkiferent from the accounting
framework model. The outcome is not an input irfie thodel but rather the result of the
mathematical routine of the model, e.g. the ratparietration of a new technology is not
given, the optimization model based on the cost taotinical features of the technology
determine when and how much enters the marketsdhgion must meet the objective (e.g.
least cost) and the constraints (e.g. cap on emnsksi

Power generation planning in the long term is anedent example to show what an
optimization model is capable of. In Figure 3-4dvelthe existing power system must be
expanded for the next 20 years. Three sets of tdapy alternatives are at disposal: a thermal
steam power plant (ST), a combined cycle (CC),agds turbine (GT). Assuming a new unit
is needed per year, the alternative generatiorspianto the 28 year amount to 3 billion. If
the objective is to minimize the cost of expansithe optimization procedure finds the best
combination.

Existing System

G

BEG
-

I\ Tree of options = (3)2°
Three billion alternative
/TN generation plans!

a (1 billion = 10°)

Figure 3-4 Power expansion tree
Source: Modified from Stoll 1989, p.513.
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Regarding the optimization procedure, there ardipt@lmathematical techniques at disposal
to find the best solution. The most widely usechtegues are based on linear programming
(Messner et al 2000, p.401; Munasinghe 1993, p.If3Jinear programming a variety of
techniques are employed such as dynamic programmmbeger linear programming and
mixed integer programming. Optimization models ra#gp include more than one objective
function. That is the optimization focuses on mtran one target. A classical example is
including both the minimum cost of expansion ar@ thinimum possible emissions as targets
in the optimization problem (Mavrotas et al 2003,91).

The complexity of these models requires a good nataleding of optimization techniques and
their mathematical grounds. For that reason, theencand of optimization models demands
more effort than accounting framework models. Befmtroducing briefly the optimization
techniques, an example of a classic linear progriammroblem needs to be introduced
aimed at understanding the basics of optimizagchniques.

Linear programming example:

A utility has a contractual agreement to delivél0D, MW of electricity per hour. Two power
plant technologies are available with a total capaof 1,300 MW with the following
features:

Table 3-3 linear programming example

Power Plant Capacity =~ CO, Emission Factor  Variable Cost
(MW) (tCO,/MWh) ($/MWh)
Combined cycle 500 0.40 43
Coal steam cycle 800 0.74 33

In addition the utility has a cap of 640 tonnesGfd, per hour. Assuming that the utility
cannot trade the excess power, the least costtdispaust be found. In this very simple
example it can be seen that the least cost dispatbbut the CQ restriction is 800 MW of
the coal power plant and the remaining 200 MW wiie combined cycle, since the coal
power plant has a lower variable cost. To findabdequate dispatch of both power plants, the
optimization procedure begins as follows:

Objective function formulation:

If y; andy, are the amount of power to be delivered by thelined cycle and the steam
cycle respectively, the total power cost is the surine total variable costs of both plants:
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Minimize: K =43y, +33y, [2.]

Constraints formulation:

The objective is constrained by the total demalmel mhaximum capacities and a £€p.

y, +y, 21000MW [Demand constraint] [3.]
y, <500MW [Capacity constraint] [4.]
y, <800MW [Capacity constraint] [5.]

040y, + 0.74y, < 640CO, [CO, constraint] [6.]

And non-negativity constraints must also be added:
Y, Y, 20 [7.]

Graphical interpretation:

A graphical interpretation of the problem is execlby plotting all constraints and taking
into account the inequalities as depicted in Figd#e The solution is found in the region that
the constraints have left out. This region is chliee feasible area of solution as indicated in
the figure below by the points A, B, C. Inside tfeasible area are found all possible
combinations of; andy, that fulfill the constraints. The objective furaniis also plotted by
solving forys.:

K 43
=— -2y [8.
Y2 =33 33yl[]

This equation is a line with a slope of -43/33 tbhah be moved along the feasible area by
changing K to find the solution, where the optimoam be found in one of the corners. Figure
3-5 shows that the objective function that yieltie tminimum cost is found at A. The
optimum coordinate therefore is 295 MW from the barad cycle and 706 MW from the
coal power plant. The demand and QfOnstraints were completely fulfilled (by subdiitg

the values of yand ¥ in the constraints the result is equal to thetrgtte of the constraint)
which make thenbinding constraints whereas the capacity constraint dfidefd with values
lower than their right side. In this case, the ¢t@asts are said to beon-binding In the
example, this means that the full capacity of tbergr plants was not delivered.
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Figure 3-5 Linear optimization example

Since this example has only two variables the dp#ition could be solved graphically. A
graphical representation with three variables meguiplotting the constraints in three
dimensions. A variable number exceeding three ttaisnot be represented graphically
anymore. As it will be seen, a power planning opation problem can easily have hundreds
of variables. Therefore, mathematical optimizatimechniques have to be used. Before
entering into that topic, an important feature wfedr programming needs still to be
introduced, that is the “dual” property of a lingaogramming problem.

The linear programming formulation (objective fuoos and constraints) shown in the
example is called thprimal, which can be converted into what is calledditsl. For each
constraint in the primal, there is one variablethe dual. If the objective function of the
primal is to be minimized, then its dual is to baximized. The dual of the example is shown
below:

Maximize: 1000, +500x, +800x, + 640x, = G [objective function] [9.]

Subject to:
X, — X, + 043x, <43 [10.]

X + X, +033x, <33 [11)]
X11X21X31X4 20 [12]
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The solution of both the primal and the dual give same result in their respective objective
function. In a dual formulation, the constraintattare binding in the primal will have a non-
zero result in their variables. A value of zerolvaé obtained in the dual variable, if the
constraint in their primal was non-binding indicgtithat the variable is not constraining the
optimal solution. The dual formulation can be sasra sensitivity analysis that indicates the
worth of an additional unit of the binding variableo the objective function: The rate of
change in the objective function for an increasehia right hand side in one unit of the
constraint. These rates are caltdow pricegRau 2003, p.119; Munansinghe et al 1993,
p.76; Schwarze 2005, p.93).

Shadow prices indicate the marginal value of a raim to the reduction or increase of the
objective function. This marginal value represehesmarginal price of energy delivery.

The dual solution of the example shown in Table 8ak obtained with the Excel solver
routine, which uses the Simplex Method for lineeslylems. The final value column shows
the optimal solution for the objective function. the column shadow price two values
different from zero were found. The positive shadmee indicates that an increase of one
unit of the demand constraint of 1,000 MW on tlghtihand side will increase the objective
function, the cost of dispatch, to 54.76 $. Coroesjingly, the relaxing of one tonne of €O
in the constraint will decrease the cost of dispdig 29.41 $ as indicated by the negative
shadow price.

Table 3-4 Linear optimization results with Excel stver
Microsoft Excel 11.0 Sensitivity Report
Table: [Ip example with solver.xls] Sheet1
Report created on 28.03.2008 17:36:53

Adjustable cells

Final Reduced Objective Allowable Allowable

Cell Name Value Cost Coefficient Increase Decrease
$C%2 x1 Choice Variable 294.11765 0.00000 43 1E+30 10
$C$3 x2 Choice Variable \_705.88235 / 0.00000 33 10 1E+30

Constraints

Final Shadow Constraint Allowable Allowable

Cell Name Value Price R.H. Side Increase Decrease
3G5%5 1000.00000 54,7647 1000 94.59459459 80
3G3%6 x1, x2, x3>= 29411765 0.00000 500 1E+30 205.8823529
$G37 705.88235 0.00000 800 1E+30 94.11764706
$G38 640.00000 (:29.411 76 640 32 70

The simplex methodvas developed by George Dantzing in 1947. Thertlgo tests the
points of the feasible area boundaries moving fommmer to corner until finding the optimal
values that maximize or minimize the objective tio In 1984, Narendra Kamarkar
introduced hignterior point algorithmwhich instead of moving along the boundaries, rsove
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through the interior of the feasible area headmghe optimal corner (Hamacher et al 2006,
p.82).

In energy planning the size and type of power teldgy requires a linear model that allows
variables such as capacity and the number of natg tm be integer values. This can be
handled byinteger and mixed integer linear programmirgteger linear programming set all
values of the decision to be integers while mixadinteger linear programming some
variables are integers and others are real vasaflee most widely used solution is the
Brach and Bound methddtroduced by Land and Doig in 1960. Another teghe available
includes thecutting-plane methoaf Ralph Gomory, developed in 1958 (Sierksma 2002,
p.241; Rao 1996, p.670).

Dynamic Programmings also an optimization technique for multistageidion problems
such as the one for generation planning. Genergimming involves a study time horizon
of, e.g. 40 years, with an inventory of diversehterdogies, which becomes a tree of infinite
combinations of technologies as depicted in Figdi4 The tree can be described as an
infinite number of stage processes connected iesep that the output of one stage is the
input of the succeeding stage. The problem theonrhes a multistage decision problem. The
dynamic technique looks for the optimal path in thee that yields, e.g. the minimum cost.
The minimum cost of stage 1, year 1, is added & nimimum cost of the second stage
process, year 2, and so on until stage n, year 40.

This procedure is comparable to a PERT, ProgranmuBtian and Review Technique, in
project management to analyse the tasks involvezbmpleting a given project, especially
the time needed to complete each task, and idemithe minimum time needed to complete
the total project. It is worth mentioning that nmtihge problems can also be solved by the
optimization techniques already mentioned (Sto89,%9.516; Rao 1996, p.616).

Integer and mixed integer linear programmiagd Dynamic Programmingechniques are
well documented in the literature and optimizatgoivers are commercially available. A
detailed description of these mathematic technigsid®yond the scope of this dissertation.
However, its understanding is essential to comnaarydoptimization model.

Finally, a technigue that has been also appliedjaneration planning isnulti-objective
optimization As its name implies, more than one objective fimncis formulated. As the
energy sector has experienced dramatic transfansatsuch as liberalization and the
introduction of sustainability related issues iremyy planning, the assessment of only one
objective function may overlook other objectivesttiiackle environmental and societal
aspects such as atmospheric pollution, greenhowse enissions GHG, effects on
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employment, public health, etc. Instead of formuaatonstraints for environmental or social
aspects, they are modeled by additional objectives.

Mathematically the results are a set of efficieolusons and corresponding efficient
combinations of the multiple objective problem. §hilows the modeler or decision makers
to weigh different possibilities so that a tradé-between the objectives takes place
(Mavrotas et al 2005, p.203). The techniques useduather developments of the techniques
already mentioned as the simplex or Brach and Bauethod. Multiple criteria decision
models making use of multi-objective mixed anddinprogramming have been developed to
assist the modeler with selecting a final decisthiat involves conflicting objectives
(Diakoulaki et al 2005, p.191).

In the following a review of the accounting framewanodel LEAP and the optimization
model MESSAGE is introduced. The Long-range EneAdternatives Planning system
(LEAP) is a software tool for integrated energy-emwment and greenhouse gas mitigation
analysis (SEI 2006, p.1). LEAP has been developatid Stockholm Environment Institute -
Boston in the United States of America. The sofaniaran accounting framework model.

The Model for Energy Supply Strategy Alternativesl aheir General Environmental Impact
(MESSAGE) is an engineering optimization model ué®d medium to long-term energy
system planning, energy policy analysis, and seermBavelopment (IAEA 2004, p.1-1). The
program was developed by the International Ingifot Applied Systems Analysis —IIASA-
in Austria.

An analysis on how these programs simulate a pe&etor has been conducted in order to
assess their suitability to address the researestigus at hand.

3.5 LEAP: LONG-RANGE ENERGY ALTERNATIVES PLANNING SYSTE M

LEAP is a scenario-based energy-environment maglébol. As an accounting framework

model, the modeling is based on the accountingo@f &nergy is consumed, converted and
produced in a given region or economy. LEAP isgmy a model to simulate energy supply
but also for projecting demand. LEAP is especialljtable to address energy policies and
their impact on the energy system and environmgrbbking at different scenarios with a

variety of assumptions related to technology, pafh and economic development (SEI
2006, p.1).
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The first step is to enter the energy chain in ghogram, starting with the demand. LEAP
can calculate endogenously the demand by givingetieegy intensities for all possible end-
uses (e.g. the energy intensity of electric stdeesooking which multiplied by the number

of households yields the electricity demand forksng in the residential sector) so the total
demand is the sum of the product of all energynsitees and number of end-uses. The
demand can also be a direct function of incomermep (e.g. demand is directly linked to
GDP rates).

To simulate the power sector in LEAP, the energgithmust be defined from energy
resource extraction, technologies for their tramsfdion, individual or groups of power
plants and transmission and distribution infragtrces linking the demand sectorsegFigure
3-6). Every component of the energy chain has teriered into LEAP with their technical
features such as fuels to be converted, capactifisjencies, capacity factors, and their
economic parameters, such as fuel costs, capitlaO&M costs.

Transmission AA
e i
Distribution
CG:;:::I { Natural Gas
4 Demand Oil Refining Crude Oil

Coal
Bituminous

Wood

Hydro

ﬂﬂ%

Figure 3-6 Energy chain in LEAP

After completion of this procedure a reference acenis set in the program, from which the
scenario analysis is carried out by altering theapeters of the reference scenario such as
improving the transformation efficiency, replaciofyl technologies, including demand side
management improvements, etc.

The program bases its calculations on a system do@de which is required to simulate
electricity demand to determine capacity additiamsl dispatch of power plants by merit
order or running costs (SEI 2006, p.102). The loatve must be specified as a percentage of
the peak load versus the cumulative hours. LEA®alla maximum of 9 bars to specify the
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curve as depicted in Figure 3-7. The bar represdémsvolume of energy needed for that
section of the load curve. The load curve can Ihieek® for every year in the time horizon.

Load Duration Curve
100

95
—=— 2000

90 Base Year Load Factor

85

80

75

70
65
60
55
S0

45
40
35
30
25
20
15
10

s 1 2 3 4 5 67|89

0 S00  1.000 1,500 2.000 2,500 3.000 3.500 4.000 4.500 S.000 S.500 6.000 6.500 7.000 7.500 S.dOO 8.500
Hours in Year: Sorted by Load in Descending Order

Percent of Peak Load

Figure 3-7 Load curve in LEAP

The user can also construct a seasonal supply toiede into account seasonality of power
production. A hydropower plant, for instance, maydispatched as base load (merit order=1)
in a wet season and as a peak load in a dry sebgnin 4 sections or “seasons” can be
defined in the supply curve.

Regarding the expansion of the system to meet gigpademand, that is the addition of new
capacity in the system, is defined by the userctlyer indirectly by instructing LEAP to add
new power plants by using an addition order. Whenuser defines the expansion directly,
the amount of power required per year to satisfydbmand and a reserve power margin must
be known. For instance, an existing power syste@, 330 MW in the year 2000 can supply
electricity above the minimum planning reserve nraad 35 % until 2004. After this point to
keep the margin a coal power plant of 500 MW ne¢edse added. In that case, the user needs
to enter the expansion plan.

An endogenously expansion with LEAP requires teeeat list of power plants to create an
addition orderset by the user. The expansion will be performembadingly. In addition, a
build order can be set in order to take into actawailable or cheaper technologies that will
be built first as shown in Figure 3-8.
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Figure 3-8 Capacity additions in LEAP
Source: SEI 2006, p.112.

As shown in Figure 3-8, the natural gas combinedecpower plant is added. As demand
increases or existing units are phased out the pexer plant, wind low cost, is added. The
addition order continues until the wind high costavpower plant is added to the system. To
continue meeting the demand of the coming years,aitidition order is duplicated again as
many times as required until the final year ofékaluation. It is worth noting that this is only

a simulation of capacity expansion defined by teeruLEAP does not automatically build

the least cost configuration of plants based ongmal costs and does not use any
optimization methodology (SEI 2006, p.1).

Similarly, the dispatch requires the definitionaoerit orderof power plants to fill the bars
in the load curve as shown in Figure 3-7. The planh the lower merit order value will
attend the base load whereas the higher merit oraleee is for peak power plants. An
example of a merit order list defined directly bg tuser is shown in Table 3-5:

Table 3-5 Merit Order in LEAP

Technology Merit Order
Oil Comustion Turbines 3
New Oil 3
New Coal Steam 2
Biomass 2
Wind 2
Natural Gas 2
Existing Coal Steam 2
Hydropower 1

Power plants with equal merit order are dispatdoggther in proportion to their available
capacity. The merit order can also be defined eedogsly by the model. In that case the
power plants are dispatched by running costs. Tiheing cost is determined as follows:

FuelCost

RunningCas =VariableOMCost +
gL t Efficiency

[17]

40



3 ENERGY MODELING

Wherei is the year of the time-horizon being modeled.

In summary, the user can control the modeling efgbwer sector by defining the addition
order for the expansion and the merit order fordispatch in the load curve. Additionally,
existing capacity can be entered.

3.6 MESSAGE: MODEL FOR ENERGY SUPPLY STRATEGY ALTERNATI VES
AND THEIR GENERAL ENVIRONMENTAL IMPACT

MESSAGE is a mixed integer programming model, whigiiimizes an objective function
under a set of constraints that define the feagibtgon of all possible solutions of the
problem (IAEA 2004, p.1-1). To solve the model, gregram uses standard solvers such as
GLPK, OSLV2, OSLV3, CPLEX, and MOSEK (IAEA 2004 1p1).

MESSAGE is a program to evaluate alternative enexgyply strategies. First, the energy
chain of the system under consideration must bénetkf The energy chain or network
represents the energy from the demand to the reseurthus, a detailed description of the
energy system includes the energy forms at eachl le/ energy chains; technologies
producing, transforming or using these energy foams the energy resources. All of this has
to be defined by the user for the energy systerhetonodeled. Figure 3-9 is a schematic
presentation of the degree of detail that the @mgcan model. The demand is an exogenous
variable to be entered into the model.

First, the levels (vertical lines in the figure d#mg the resource level and transformation of
energy forms from primary use to final demand) #ver energy forms (e.g. the primary gas,
oil and coal at the primary level) must be spedifiSubsequently, technologies must be
entered. They are defined by their inputs and datpefficiency, capacity and operation

features, among other factors. Similarly, currentd axpected costs of resources and
technologies are entered into the program. In @&aditthe model allows accounting of

existing capacities of different technologies almel implementation of an inventory of future

technologies for the expansion and replacementdofioits. Therefore, a time horizon of the

energy system must be chosen, defining the baseagdahe terminal year.
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Figure 3-9 Energy chain in MESSAGE
Source: |IAEA 2004. p. 1-2.

Regarding an energy carrier like electricity, timm@nd is modeled by means of load curves.
The program allows subdividing each year into atinegd number of parts called the load
regions. In this way demand fluctuations are ccersid.

Limits and bounds on technologies can be set. Treteictions refer to maximum capacity
that can be built or the maximum and minimum levalsoutput from a technology. The
values of the limits and bounds on technologiesrasdurces can be given in absolute terms
or as dynamic limits (e.g. growth rates) so thduitare development can be controlled by
imposing certain limits. Also relationships betwéeohnologies or between technologies and
resources can be given such as maximum share dfemergy in total electricity generation,
maximum limits of atmospheric pollutants, etc.

Once the energy chain and the limits and boundshentechnologies are set, the model
generates the mathematical formulation to be sowgd one of the solvers. The program
checks the feasibility of the generated matrix, aihrepresent the objective function and
restrictions and proceeds to run the solver. Sulety the results are obtained. The
objective function by default is the minimizatiom the total system costs which includes
investments costs, operation costs and any pedealfiped for the limits and bounds, and
relations.

In the optimization process, the model calculates new capacity requirement taking into
account the existing capacities and their retirdnieme, according to the objective function
and restrictions previously defined.
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3.6.1 Modelling of the power sector with MESSAGE

For modeling the power sector in MESSAGE, an elgtifrdemand curve can be modeled.
This modeling can be performed by either a loadieuwhich shows the peak power and
minimum required capacity or by load regions, whpatterns of the energy demand at a
specific time of the year take place. This is titated in Figure 3-10 and Figure 3-11:
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Figure 3-10 Load curve in MESSAGE
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Figure 3-11 Load regions in MESSAGE

The load curve is useful to have yearly resultheut taking into account seasonal or pattern
changes per se (the peak power is known but ndirtteewhen it happens) whereas the load
regions make possible to consider seasons, typagaysfor time of a day, thereby, enhancing
the analysis by detecting the time of year wheereths a surplus or shortfalls of energy
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carriers, storage potentials, intermittency of powelivery from renewable energy sources
such as wind and solar, identifying hydropower tilations, etc. A load curve can be entered
for every year in the time horizon.

The program optimizes the expansion and dispatgiowfer technologies for every segment
of the load curve or load region (areas under theecbetween red and green vertical lines)
for the time horizon according to the least cogedtve function and constraints. In other

words, a merit cost analysis of power technologgeaccomplished taking into account the
energy chain resources, extraction, transformaticamsport and distribution and sectors
demand. Subsequently low short-marginal costs adgllver energy for the base load until

dispatching costly peak load power technologiess ®hequivalent to a merit order dispatch.
Regarding the expansion, the optimization routieleds technologies to be added to the
system based on the lowest long-marginal cost.

The following section delineates the mathematioainulation of the power planning problem
in order to understand how, from a theoretical paih view, energy planning can be
described by means of linear programming in annaptition model. That is the core of
MESSAGE, and its understanding is essential to leatite data, to guide and control the
optimization routine and to interpret the results.

3.6.2 Mathematical formulation

The mathematical formulation presented here is tHeoretical backbone of the energy
planning problem in optimization models (Mazer 20p7141; IAEA 2004a, p.36; Mavrotas
et al 2005, p.199; Antunes 2003, p.619). In ordefatilitate its comprehension, only the
essential variables and equations are introduced:

The electricity demand is described by a load cunva planning horizon as depicted in
Figure 3-12.
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Figure 3-12 Load curve

L is the number of bars in the load curve. The dehrgrows over the time until the terminal

year J. To cover the demand an inventory of powndsware at disposal as shown in Table
3-6.

Table 3-6 Power generation inventory

Inventory Power Units

1. Steam Cycl ST1
2. Steam Cycl STz
3. Combined Cycl cc1
4. Cobined Cycl CCz
5. Hydropowe H1
6. Hydropowe H2

Objective function:

The aim of the objective function is to find thendmnations of power generation units which
have the least cost. An inventory of power genenatinits is therefore required:

MinimizeK = iii DF * [vC* MWt‘]+§:ZJ:ZL: DF * [INV * MW] [13]

Where:

DF= Discount factor
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1

or = [1 om0

The discount factor is the net present value of@dt in the time horizon.

K = Net present value of total costs
DR = Discount rate
VC = Variable cost —fuel cost, maintenance and atper cost
MWh: = Output of power unit
INV = Investment cost
MW = Capacity new power unit
L = Load regions (bars)
= Years
M = Type of technologies

The first term on the right side of the objectivadtion is the Net Present Value (NPV) of the
O&M costs and the second term is the NPV of invesits) that is, the new units added to the
system all over the time horizon.

Demand balance constraint:

The sum of the energy production of all technolegiaust be at least the required demand in
a load region before transmission and distributimsses for every year. For the sake of
clarity, the pure power planning problem is kepsmsple as possible otherwise the equation
has to be much further extended as well as thecthgefunction to account for the complete
energy chain from resources up to demand in gieetoss.

M
> MWh=D, ; [15]

k=1

Where:
MWh = Output of power unit
Dy = Demand in a load region L in a given year J
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Capacity balance constraint:

This is the output power of a type of technologyaigiven year for any load region which
cannot exceed the total output affected by itstdtator.

j
MW, —Z PF*MW* | < PF* MW, for every technology M, load region L, and yeaf$6l]
1

Where:

MWy = Total capacity required in a load region foriaeg technology

MW = Capacity new power unit

I = Number of plants of a given technology (integamber) installed in previous
years

MW, = Capacity in the first year of the time horizon

PF = Plant factor

For instance, the power required in summer, ontbetlefined load regions, is 800 MW peak.
An existing hydropower plant of 300 MW becomes tariable MW, which is the
contribution of this plant to the load region. RielaMW, are known and entered as input into
the program. Assuming a maximum of 300 MW of hyanpr is allowed in the system for
the first year (via a restriction), the second tefnthe equation becomes zero because there is
no addition of a hydropower plant previously ane tight hand side of the constraint is equal
to 300 MW with a plant factor of one. Thus, theioyation routine is constrained to a
maximum of 300 MW of hydropower, now the value o¥\\ which can be available in the
first year. The optimization routine continues #mealysis for all technologies until the 800
MW peak demand of the load region is reached.

As demand increases, existing power plants maycoeér the demand. For instance, in the
year 2015, the variable MWvould be the total contribution of hydropower iroad region
for that year. Assuming the optimization routined hdecided to expand the system with
hydropower plants before 2015, the sum of the exjstapacity at the initial year, 300 MW
of hydropower, and the number of new hydropowentsl@added to the system in the previous
year equal the total hydropower capacity WM¥'r that year. That can be clearly seen when
the second term is moved to the right hand sidéh@fconstraint. With this procedure, the
amount of power delivered from a particular tecbgglin a load region in a given year is
controlled according to what the technology canveeland the previous additions over the
time horizon.

a7



3 ENERGY MODELING

These constraints, among others, such as minimgansion reserve margins, capacity caps,
CO, emission restrictions, etc. can be added to cbttteoobjective function. In that way the
modeler controls the optimization routine and degirhow the simulation should find the
energy mix of the system.

3.7 SELECTION OF MODEL FOR COLOMBIAN POWER SECTOR

The model to be selected should be able to sucdbssiddress the research question,
whether large scale integration of renewable enesgyrces for power generation in

Colombia is a sensible alternative to current catie@al energy sources, and the objective of
this dissertation study to prove the following hiipeses:

(1) Renewable energy sources can fully substitgsiff fuel energy sources and can turn the
hydropower based power system in Colombia intoG%d €enewable energy system.

(2) The introduction of renewable energy source€atombia can be part of the least cost
alternative for the expansion of the Colombian posystem.

The model should therefore be able to simulatectimgribution of renewable energy sources
to diversify the supply of electricity within theo©@mbian power sector considering the
energy resources available, existing and futuréfgdmr of technologies, the seasonality of
electricity production from intermittent sourcescluas hydropower, and the increase of
electricity demand over the years. In addition, ifwel should include an analysis of overall
cost of the power system based on the technicaleantiomic performance of the single
power generation technologies and their energycssur

The bottom up models reviewed, LEAP and MESSAGByigde the necessary engineering
approach to simulate the contribution of power tedhgies to cover electricity demand in the
long term. The question arises whether the accogrftamework and/or the optimization
approach should be selected. The main differenteeasm the two models lies on the cost
analysis and flexibility to simulate alternativeesarios for the expansion of a power system.

In that sense, the accounting framework model deducost-benefit analysis that makes
possible the construction of a Business as Usu&lU(Bscenario and other explorative
scenarios to achieve certain goals. The model gesvilexibility, simplicity and expedited
results due to its more descriptive approach. md & least-cost alternative in an accounting
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framework model, the modeler must perform an iteegprocedure by running the program
repeatedly until the solution is consistent andisea

In the optimization model the scenario approachased on the least cost. The outcome is
found endogenously. It does not mean that a desivécbme cannot be modeled as in the
accounting framework model. A constraint forcing gfrogram to have, e.g. a certain amount
of capacity from a given technology makes it pdssibFigure 3-13 highlights the
methodological differences between the two models:

Accounting Optimization
Framework Model
(e.g. LEAP)

Create database of
technologies with
costs.

.| Construct plausible
scenarios

Run Model: Identify a
“least cost system"

Adjust bounds and
hurdle rates

Run Model

Would
different options lower
costs?

Is solution

. No
realistic?

No Yes

v v

Least cost/plausible Least cost/plausible
scenario scenario

Figure 3-13 Accounting framework and optimization nodel comparison
Source: Heaps 2002, p.8.

Figure 3-13 suggests that both models find thet-least solution. Since the accounting
framework uses an iterative procedure, the resighimot be exactly the least cost solution
as the optimization approach will find. In both eashowever plausible scenarios are found
by either the iterative process in the accountirmméwork or the manipulation of the
constraints (bounds and hurdles in Figure 3-13hénoptimization model.

By using the optimization model, short and longrenarginal costs of power generation
technologies will define the expansion of the systdhis approach corresponds to the
rationale for power generation planning under ideatket conditions based on the economic
merits of the different types of generation tecbgas. If a power technology is not
competitive enough, it will not be added to theserp portfolio and will not be part of the
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output of the model. A scenario that does not Witbat logic would not be addressed by the
least cost approach.

If only the account framework model were used, gimeplicity and flexibility for exploring
energy futures would not be restricted to the lezstt approach. However a least cost
alternative is dependent on the ability of the nied® find plausible scenarios through the
iterative procedure.

Relying on solely one model and not making usehefadvantages that both in combination
may bring looks as if an opportunity to synergize two models is dismissed. Therefore, for
the purpose of achieving the most comprehensivwdtrdhis dissertation will be using both
models to answer the research question at hand.

Thus, the account framework model will be used astat if” tool to obtain an insight into
BAU and alternative scenarios to identify overadlsts and other effects such as ,CO
emissions and open a debate of what might be stieaksult. Later the optimization model
may proceed by refining the scenarios and findtleast supply alternatives, in doing so, the
model is used as a “how to” tool to minimize thetsg ERC 2008, p.4).

For the modeling of the large scale use of renesvabkergy in this dissertation, the models
LEAP and MESSAGE have been obtained, which haven legeployed in several energy

planning exercises worldwide and used for energnaco analysis like those made by the
Intergovernmental Panel on Climate Change (IPCCagsess energy global issues (IPCC
2007, p.68; IPCC 2000, p.29). The institutions hgdthe copyrights of these models have
granted the author permission to use their softi@réhe purpose of this study. The version
1.0.3.0 IAEA 2002-2004 adapted from IIASA’s MESSABtdel was used. The simulation

with LEAP was conducted with the versions of thary2009.

The following chapters focus on the potential afewable energy sources in Colombia, and
the technologies for their transformation. Afterdsia prognosis analysis is conducted for all
data required for the energy models LEAP and MESESAiIch constitutes the foundation
for the simulation of the Colombian power sector.
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4. POTENTIAL OF RENEWABLE ENERGY SOURCES IN COLOMBIA

Colombia possesses renewable energy sources thdiecaxploited for power generation.
The aim of this chapter is to determine the potdiati these sources to become an important
contributor to the Colombian power sector on adasgale. Wind energy, solar energy,
geothermal energy, hydropower and biomass, which ba exploited with proven
commercially available technologies, are analyZdek geographical location of these sources
is included in the analysis. For the use of biomasgent figures were upgraded to estimate
the future potential. A summary of the main findirgoses this chapter.

4.1 WIND ENERGY POTENTIAL

The best wind resources in Colombia are foundatribbean coastal state of La Guajira as
illustrated in the Colombian wind map in Figure 4&eas marked in yellow and orange)
based on a resolution of 10 x 10 km at 10 meteghteflUPME, IDEAM 2006, p. 11). A
potential of 22 GW has been estimated in that stiatee (ESMAP 2007, p.27). According to
a study performed by the Energy Sector Managemessistance Program (ESMAP), a
technical trust fund administered by the World Bathie offshore wind resources in the area
are among the best in South America. The ESMARestg that the offshore wind resources
are similar to those in the Patagonia region ofleCand Argentina, where their offshore
regions have been classified with class 7 winds @@am/s. (ESMAP 2007, p.27).

In order to have a figure of the wind energy pagiio be used in the energy models a wind
park size of 50 MW was assumed to determine a maxirpotential based on the area
required for that size. Assuming a grid size of B turbines, 2 MW per turbine and a spacing
between them in the wind direction of 8 diameters 4 diameters in its perpendicular, a land
area of 4.1 kinwould be required as shown in Table 4-1. La Gaajiossess an area of
20,842 km. One percent utilization of that area for wind rgyedevelopment would allow the
implementation of 2,500 MW based on the wind padaa
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Table 4-1 Wind park area

Total Power [MW] 50
Diameter @ [m] 80
Rows S
Width (Rows x 4@ ) [m] 1,600
Long (Rows x 84 ) [m] 2,560
Arga wind Park (WxL) 4,096,368
[m’]

Turbine V80 Vestas 25
2MW [Units]

Area Wind Park [km®] 4.10

Source: Turbine data from Vestas 2011, p12.

In order to have a reference figure on how mucla aten be used for wind energy, a
comparison with a well-established market for wiwdergy was conducted. Germany’s
northern-most state, Schleswig-Holstein, possessef the best German wind resources as
compared to the rest of the country. Schleswigstéat had an installed capacity of 3,007
MW as of December 2010 (DEWI 2011, p.39) with 18, %@F and a population density of
179 inhabitants per Kim(Schleswig-Holstein 2011). In contrast La Gualis a population
density of 39.2 Inhabitants per knfDANE 2009, p.132) for an area of 20,842 *km
Schleswig-Holstein has a share of 11% of the totsilalled capacity in Germany which
amounts to 27,204 MW with a total of 21,585 windbines as of December 2010 (DEWI
2011, p. 32).

For the simulation with the energy models, it w#l assumed that between 2% and 4% of the
area in La Guajira is available for wind energyhisTequates to a wind energy potential
between 5,000 and 10,000 MW. This figure does oasider other suitable onshore locations
at the Caribbean coast and other regiosee Figure 4-2) or the offshore potential in
Colombia. A capacity of 10,000 MW at the coast afldnbia with its excellent wind
resources is a rather conservative figure.

The only Colombian existing wind park is JeripaghiLa Guajira. Jeripachi has been in
operation since 2004 and has a power capacity &f M9V. With the monthly data available

since the operation date, the park shows an averagacity factor of 32.8% in the last 8

years. The last months of the year are the pemotlfisless generation. Figure 4-1 shows the
generation per month from 2004 to the present dEtes monthly intermittency and the

capacity factor will be technical parameters fa émergy models.
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Figure 4-1 Jeripachi wind park monthly generation @ monthly intervals for the years

2004 - 2011
Yearly average shown in red. Source: Data from XM 2

53



4 POTENTIAL OF RENEWABLE ENERGY SOURCES IN COLOMBIA

Repibiica de Colombis

Valocidad Media del Viento
&n Superiicia
Prosmedo miudtarusk
Escala 1:7.000.000
Comancianss
mis
@ o080 3540 B0-7.0
e cs.i0 @l z03s @ To-ED
& oo @ oan-ap @ 0o-ED
5o e 4050 e 0n-00
A p0-2c W S0-80 @ 00110
N g Tt rianeda y Tk Tertariel
uwuhu-.rmp FE

Figure 4-2 Colombian wind map. Annual average speeadn m/s at 10 m height
Source: UPME, IDEAM 2006, p. 3.
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4.2 SOLAR POTENTIAL

Colombia benefits from a significant solar potentiae to its location in the tropics close to
the equator (12°26'46” N, 4°13'30” S). The Car#dn coast and the northeast area of the
oriental planes at the Orinoco basin are the mamhising areas for solar applications due to
the potential as shown in the Colombian solar malgigure 4-4 (areas marked in yellow and
orange).

For great scale utility solar power plants, theildl@@an coast and in particular its northeast
State of La Guajira show the highest solar aveeagalability in Colombia. The Caribbean
coast has an average availability of 1,825 kWhyear (UPME, IDEAM 2005; p.20) and La
Guajira has an average of 2,190 kWhjmar (UPME, IDEAM 2005; p.20). La Guaijira is
comparable in its solar availability to other glblmcations renowned for solar development
such as California with 2,555 kWhfgear (NREL, 2008), the Middle East and sub-Saharan
Africa with 2,200 kwh/m? (EPIA 2011, p.32). The higolar availability might make the La
Guajira region not only suitable for PV applicasobut also for concentrated power solar
technologies (CSP). This is further supported g/ thmber of hours with direct radiation
observed at the Caribbean coast (UPME, IDEAM 2@057).

Based on average radiation per month (in kW/raported for the Guaijira region (UPME,
IDEAM 2005; p.28-39) and assuming a photovoltaidmie with 15% efficiency (150 W/m

at 1SO standard conditions of 1,000 Wyrand an inverter efficiency of 90% and additional
system losses of 3%, Figure 4-3 shows the genargi@ld per square meter that can be
obtained in the region. By comparing these figyves month with an ideal generation of a
photovoltaic module of 150 W/nduring 8,760 hours, a capacity factor between 24 .dnd
26.5% was obtained.
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Figure 4-3 Monthly average radiation in La Guajira
Source: Data from UPME, IDEAM 2005; p. 28-39.

Assuming 1.3 ha for a 1 MW photovoltaic solar paith polycrystalline modules a land area
of 0.65 knf would be required for a solar park of 50 MW asvshon Table 4-2. For CSP
technologies a trough power plant of 150 MW wittathstorage requires 1.47 krfor the
solar field and 4.98 kfirfor the whole installation (NREL 2003, p. 4-4).

Table 4-2 Solar park area

Capacity [MW] 50
Solar Module [kW/rf] 0,15
Module area required 333,333
[m?]

Module area required 33.3
[Ha]

Total area PV Plant, 65
modules and Balance of

Plant [Ha]

Area Wind Park [km®] 0.65

La Guajira possesses an area of 20,842 Kdme percent utilization of that area for solar
photovoltaic park developments would allow the iempéntation of 16,000 MW. In terms of

capacity this result is higher than the total Cdiean installed power generation (14,367 MW
as of 2011). However, such a capacity would noiveekthe amount of electricity required

due to low capacity factors and intermittency afgarction. For the installation of CSP power
plants, 1% utilization of the area could compride uhits of 150 MW amounting to 6,150

MW.
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For the simulation with the energy models, maximoapacities will be defined in the
scenario analysis and a capacity factor of 25.5iMbe assumed.

Figure 4-4 Colombian solar map
Multiannual average in kWh/fmSource: UPME, IEAM 2005; p.40.
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4.3 GEOTHERMAL

Colombia possesses the potential to produce poviter geothermal resources. Due to the
seismic and volcanic activity of the plate bouneésrispecifically those in the Pacific Ocean,
the geothermal activity at the Andes Mountain Raisgleigh, where high temperature fields
are present (Friedleifsson et al 2008, p.63). Uofately, a figure showing the potential for
geothermal power generation in Colombia has noh betermined.

In a study achieved by the Energy Sector Manage#ssistant Program (ESMAP) in 2007,

geothermal energy was included as a renewable esengce that may have a potential in
Colombia. The study quotes four areas with poterdiecording to previous analysis

performed at the former Colombian Institute of Elieal Energy and the Latin American

Energy Organization: i) Azufral, in the south dep@nt of Narifio, which is a Volcanic area

with potential reservoirs, i) Cerro Negro-Tufinochted at the border with Ecuador, where
the Chiles Volcano may have reservoirs with temjpees around 225°C at 5-10 km depth
and iii) La Paipa region located at the Orientag@and iv) the area in the Macizo Volcanico
Ruiz-Tolima (ESMAP 2007, p.33).

Table 4-3 and Figure 4-5 illustrate the potentr@laa and locations for geothermal power in
Colombia. Figure 4-6 is a geothermal map of Col@mbhowing geothermal hotspots
according to their temperatures at 3 km depth. rEaehotspots correspond to areas which
possess geothermal hotspots reaching temperatud@® GC. These areas are listed in Table
4-3.

Table 4-3 Potential areas for geothermal power

Area Department Potential
Chiles-Cerro Negro Narifio High
Azufral de Tuqueres Narifio High
Doia Juana Narifio Unknown
Grupo Sotara Cauca Unknown
Puracé Cauca Unknown
Machia Huila High
Cerro Bravo Narifio High
Nevado del Ruiz — Santa Isabel Caldas High
Cerro Espafia Caldas High

Source: ESMAP 2007, p. 33.
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Figure 4-5 Geothermal potentil regions
Source: ESMAP 2007, p.34.

Grants will be employed amounting to 3.75 MilliorsWollars from the Fund for the World
Environment, the Colombia Ministry of Mine and Egwyeand the power producer ISAGEN to
make possible the first geothermal power plant mlo@bia. Feasibility studies will be
conducted in different sites of the Macizo Volc@nael Ruiz for a power plant of 50 MW
(UPME 2011).
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4.4 HYDROPOWER

The total hydropower potential for Colombia hasrbestimated at 93,000 MW (ESMAP
2007, p.18) from which 9,000 MW are already exglidifrom large hydropower plants as of
2010 (UPME 2011a, p. 113). The contribution of loymbwer to electricity generation in
Colombia is dependent on the availability of watesources, which is influenced by
Colombia’s seasonal cycle, which includes a dryamaly season and more drastically by the
El Nino and La Nifia Southern Oscillation (ENSO).eTENSO causes extreme weather
conditions over Colombia (droughts and floods retigely). In addition the vulnerability of
Colombia to climate change may affect adversely dbmtribution of hydropower (Ideam
2010, p.186). This issue is further detailed in @halysis of renewable energy in the context
of the Colombian power sector (Chapter 10).

In addition a potential of 25,000 MW has been id@&dt for small hydropower (run-of-river

units) of 20 MW (ESMAP 2007, p.18). Figure 4-7 sisothe Colombian hydropower map.
The dark blue areas correspond to regions with tpgtential naturally located in the
mountainous regions of the country. This confirrhe tvast hydropower resources still
available and why the power sector will continulying on this source of energy.
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4.5 BIOMASS POTENTIAL ASSESSMENT IN COLOMBIA

In 2003, the Colombian Mine-Energy Planning UniP(JE, 2003) identified the theoretical
potential of energy that can be produced througticdéed energy crops and the utilization of
agricultural and agro-industrial residues. The thgcal potential calculated was 15 GW,
where 4 GW for electricity and thermal energy agadions was estimated. In order to have an
indication of the future biomass potential for poweneration, an upgrade of these figures
with current data and a prediction of the futuréeptial was conducted as part of the analysis

for this dissertation.

From current agricultural crops 13 potential crppaes were identified, which are suitable to
be used as energy dedicated crops to produce ¢éthabadiesel. In addition, residues such
as biomass for combustion were also considerede®al introduces the potential crops and
their residues. Rice is the only crop, which is ms¢d to produce any biofuel, but its residues

(rice husk) can be used as biomass for combustion.

Table 4-4 Energy Crops in Colombia

Name Specie Biomass Resourc Utilization Type

Cacal Theobroma cace Dedicated energcrop Biodiese Annua

Coconut Palr  Cocos nucifer Dedicated energy cr  Biodiese Permaner
Agricultural residu Biomass for combustic

Cottor Gossypium hirsutu Dedicated energy cr  Biodiese Annua
Agricultural residu Biomass for combustic

Maize Zea may Dedicated energy crr  Ethano Annua

Oil Palrr Elaeis guineens Dedicated energy cr  Biodiese Permaner
Agricultural residu Biomass for combustic

Peant Arachis hypogae Dedicated energy cr  Biodiese Permaner

Potatc Solanumtuberosur Dedicated energy crr  Ethano Annua

Rice Oryza sativ Agricultural residu Biomass for combustic Annua

Sesam Sesamum oriente Dedicated energy cr  Biodiese Annua

Soje Glycine ma: Dedicated energy cr  Biodiese Annua

Sorghun Sorghunrbicolor Dedicated energy crr  Ethano Annua

Sugar car Saccharum officinaru  Dedicated energy crr  Ethano Annua
Agricultural residu Biomass for combustic

Yucce Manihot esculent Dedicated energy crr  Ethano Annua

Colombia has a land area of 114,174,800 ha, wherdand use is distributed as shown in
Figure 4-8. 57.7 million ha of the land (50%) isdsted, while only 4% (4.2 million ha) is

Source: UPME 2003, p. 113-114.
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being cultivated (CCI-MADR 2007, p.18). The shafeéhe identified energy crops occupied
in 2006 amounted to 2.4 million ha (57% of the agitural area) as shown in Figure 4-9.
Maize is the energy crop that occupies the largetnsion of area with 616,552 ha in 2006
followed by rice and sugar cane with 455,412 ha 420,312 ha respectively (CCI-MADR
2007, p.18).

6% 4%

3%

B Agriculture
M Forests

- Livestock
“Conservation

37% B Other Uses

Figure 4-8 Land use distribution in Colombia
Source: CCI-MADR, 2007, p.18.
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Figure 4-9 Area occupied by energy crops
Source: CCI-MADR 2007, p.18.
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The Ministry of Agriculture states that Colombizoierusing 28.2 million ha in livestock that
could be used for agriculture and forests. Curyed2.5 million ha are used for livestock,
which can be redistributed as shown in Figure 4td(boost the country’s agricultural
potential. In that way 17.3 million ha can be aditedd for agriculture, while 9.1 and 1.5
million ha can be allocated for forests and coregom of natural resources respectively

(Arias 2008, p. 13).
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Figure 4-10 Present and development potential of tal use
Source: Modified from Arias 2008, p. 13.

The Ministry also identified the potential areattiban be allocated for the development of
energy crops (Arias 2008, p. 13). From the 17.3ionilha that can be used for agriculture,
10.9 million ha (63%) can be dedicated to energpsmwith the aim of producing biofuels at
a great scale. Consequently, current areas beew)fos oil palm, cacao and sugarcane can be
substantially increased as shown in Table 4-5:

Table 4-5 Current and potential area for the develpment of energy crops
Energy Crop Current Area Potential Area

(ha) (ha)
Oil Palm 364,343 3,273,282
Cacao 111,496 3,753,308
Sugarcane 477,797 3,898,221
Total 953,636 10,924,811

The potential area can be slowly adapted withinrtbéet 40 years given the possibility of
increasing the energy potential that can be obtia@ineugh dedicated energy crops.
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In summary, the electricity potential from biomassyy be much higher than the figure

obtained by the Ministry study as of 2003 (4 GWhieth might make biomass a vast energy
source to be considered for power generation. Tdtenpial and optimal crops for power

generation will be determined based on the sanwrehieal approach used by the Ministry.

An assessment of the geographical distribution ioimass potential regions was also
conducted by the Ministry as shown in Figure 4-The figures show the potential areas for
oil palm, sugarcane, rice and wood energy. Unlifeeorenewable energy sources like wind
and solar which are mainly located at the coastraok specifically in the La Guajira region,

biomass sources are distributed all over the cgunthich improves their implementation in

optimal regions close to demand centers.
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Figure 4-11 Potential biomass distribution
Source: MME 2008.
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4.5.1 Theoretical potential

For the calculation of current and future theosdtipotential with biomass resources, the
methodology applied is as follows.

CP =CY*Ha
ER =CP*ES*HV,*K

TPzzn:EFi)

Where:

CP = Crop Production in tonnes per year, whichultedrom the amount of cultivated
hectares [Ha] and the crop or yield performancehgetare [CY].

CY = Crop performance in tonnes per hectare ina.y€his performance is reported by
the national agricultural statistics (CCI-MADR, Z0(s well as the type of crop and number
hectares.

i = type of crop

Ha = Area cultivated in hectares
EP = Energy potential of a given crop MW
ES = share of a crop that can be utilized forgm@urposes in percentage. For instance

28% of sugar cane harvested is solid residuesthat an energy potential.

HV = Heating value of a given type of crop indjdules per kilogram
K = Unit conversion to obtain MW per year. (3.8700°)
TP = Theoretical potential in MW.

n Amount of energy crops

With this methodology and based on current inforomafrom 1995 to 2006 as shown in

Figure 4-9, the historical theoretical energy pt&rirom dedicated energy crops in the form
of biodiesel and ethanol was obtained for thesesyes well as the use of their agricultural or
agro industrial residueségeTable 4-4) as depicted in Figure 4-12.
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Figure 4-12 Historical theoretical potential from homass

The theoretical potential for 2006 corresponds&ds1V, where the utilization of agricultural

and agro industrial residues have the highest shiéine/6% (13.7 GW), while the production

of ethanol and biodiesel correspond only to 1892 BW) and 6% (1.1 GW) respectively.

The shares have been maintained throughout the weal the variations are driven by the
fluctuations of the cultivated area of every poirgnergy crop.

The tendency is positive and is expected to inesegs/en the fact that the Colombian
government has the intention to keep in progressagricultural expansion and give priority
to the development of energy crops (Arias 20083).

4.5.2 Future theoretical potential

By assuming an agricultural expansion for palm célcao and sugarcane over the next 40
years, as shown in Table 4-5, new potential areathé development of energy crops (10.9
million ha) will be available as suggested by th@lothbian government. By applying the
methodology introduced in Section 4.5.1, the themakenergy potential rises from 18 GW
(seeFigure 4-12) in 2006 to 185 GW by 2050. The resait shown in Figure 4-13 for every
crop.

The utilization of agricultural and agro industniakidues holds the highest share representing
80% of the total potential energy due to agricat@xpansion as predicted for the year 2050

69



4 POTENTIAL OF RENEWABLE ENERGY SOURCES IN COLOMBIA

(seeFigure 4-13). The agricultural expansion considetly the previously mentioned crop
species, since the Colombian government has givienitp to them as they represent great
opportunities for foreign markets. This does noaméhat rice, cotton or other potential crop
species will not provide a source for energy proidacin the future as they might develop to
have a greater potential as compared to curremteigy

. 140,000
Year 2050

—
N
o
o
o
o

100,000

80,000

60,000

40,000

20,000

Theoretical Biomass Potential (MW

0
Biodiesel Biodiesel Residues Ethanol Residues

Cacao Oil Palm Sugarcane

Figure 4-13 Theoretical potential from biomass in @50 due to agricultural expansion

The potential of biodiesel and ethanol that carplmluced is not considered as an energy
source to produce electricity, since the use oflieigel and ethanol is intended in the
automotive sector for internal consumption andigprenarkets.

Regarding residues from sugarcane and oil palm,utiization of sugarcane harvesting
residues has a great theoretical potential of @\V8. The Figure 4-14 shows the future
theoretical potential from these residues.
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Figure 4-14 Future theoretical potential from residies

As described in the next subchapter under residiresnergy potential in the short term (year
2010) of 200 MW was determined for power generatlat can be provided by the sugar
sector. This value is equivalent to 1.8% of theotb&ical potential from sugar cane, bagasse
and residues together, in 2006 (11.16 GW). If grescentage is applied to the theoretical
potential from sugarcane bagasse and residues5@ B2 GW) there will be an actual
potential of producing 2.3 GW by cogeneration faes.

4.5.3 Availability of energy crops for power generation

The current theoretical potential was obtained dthrcrops listed in Table 4-4. The future
theoretical potential was determined for key crgp®n their potential for foreign markets.
However, the availability to use these crops fowen generation in Colombia depends on
their demand for other markets, food competitioqnogts, etc. For that reason an analysis of
the three categories of energy sources from biomassconducted as follows:

Biodiesel:

Biodiesel is obtained through cacao, coconut, opt@lm oil, peanut, sesame and soybeans
with a theoretical potential of 1.1 GW by 2006. Hemer the market for the oil and fruit of
some of the plantations such as coconut, sesamag @and peanut is intended for human
consumption and the production of additional go@BME 2003, p. 97). Coconut palm and
palm oil present the highest yield, showing a gpedéntial for biodiesel production. On the
other hand the remaining energy crops present lgig&ts and high food competition.
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Therefore palm oil plantations are the most feasibtion for biodiesel production. The

theoretical potential for palm oil is 972 MW in Z)Owhich may contribute to power

generation in areas not connected to the grid. Thght be possible under a scenario of
removal of subsidies for diesel and the developnaénilants for biodiesel production and

plantations located near these areas (UPME 20@%,)p.

The use of biodiesel for electricity generation mected to the grid is not considered as a
feasible option in the short term, since biodids®s currently a very competitive market in
the automotive area, besides the possibility obetipg the surplus.

Ethanol:

There is significant potential for ethanol prodantimainly from sugarcane and potato.
Ethanol can be obtained from five species (SorghRmtato, Yucca, Sugar Cane, and Maize).
From these five species, sugarcane and potatothevaghest yields (UPME 2003, p.72).

Ethanol is produced globally and from differentgmources. In Brazil ethanol is produced
mainly from sugarcane, in the United States mafrdyn maize and in Russia mainly from
potatoes and sugar beets. The use of other crapsasuyucca and sorghum requires basic
research on the crop cycle and crop managementlaodhe costs related to the conversion
process (UPME 2003, p.98).

In 2001 the Colombian government issued Law 693¢chviestablished that gasoline must
contain a 10% ethanol blend and by 2006 a 25% bMifiekn the law was issued, there were
no ethanol production facilities and it was notilu@ttober 2005 when two distilleries began
to produce sugarcane based ethanol. At the montleah@ is produced in mills, which are

energy self-sufficient. The mills use bagasse wisch byproduct remaining after crushing
and extracting juice from sugarcane and throughewcegation they generate the energy
needed for processing. The surplus bagasse-basesl sold to the national electric grid

(Asocana 2008, p. 37).

According to the Sugar Cane Producers Associatisogafia 2008, p. 37) the growing
demand for sugar cane should not affect Colomlbal fexports and food security because
the cane for future ethanol production will comenfrnew cropland and unproductive pasture
land.

Ethanol may not be used to generate electricitthasnarket is intended for the automotive
sector. On the other hand there is a potentialetweate electricity by using the residues
derived in the ethanol processing as well as thiewdtural residues after harvesting.
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Residues:

Within the classification of residues, there areaaiety of products such as rice and cotton
husk, residues from harvesting sugarcane, sorglmghmeize as well as cacao and oil palm
pulp. Although there was a theoretical potential 87 GW in 2006, there are many subjects
that have to be taken into consideration which ireqadditional research such as the
cultivation techniques, residues collection, otdemands and utilization processes. Figure
4-15 shows the theoretical energy potential froffedint residues.
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Figure 4-15 Theoretical potential from residues ir2006

Harvesting residues from sugarcane has the higimehtial being able to produce 8.2 GW
which represents 60% of the total energy potential.

The Study of the Colombian Mine-Energy Planning tUGUPME 2003) conducted
investigations with the objective to identify theepent use of residues from the different
energy crops. It was found that the residues tbatecfrom coconut palm such as the fiber
and the shell, which are reported in the literag@n energy product, are not available due to
the non existence of a processing industry, whaiccbe able to gather and concentrate the
residues allowing its use for energy purposes. ddwnut is mainly consumed as fresh fruit
and for that reason this residue was not consider¢ioe calculation of the energy potential
(UPME 2003, p.103).

The utilization of rice husk is considered as aoedlgnt opportunity for the development of
cleaner production and the utilization of indudtiastes. In Colombia, the production is
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gathered in rural areas adjacent to the mills, ingusnvironmental problems associated with
the dispersion of dust and husk. Although soméefriusks are sold for use in barns, stables,
poultry and gardening work, the market is unabledosume it all (UPME 2003, p. 107-108
and AENE 2006, p.10).

The husks are not always available near the ctittivaarea. Sometimes the rice is transported
and processed in mills in other parts of the couaimd the husks are then available for

cogeneration projects, as the mills have a stramgashd for electrical and thermal energy for

drying, threshing, sorting and packing (UPME 200399). The energy potential for rice husk

utilization is 1 GW, which can be obtained in tbed term.

The bagasse is currently used in the mills to gegrethe energy needed for processing. The
surplus bagasse-based power is sold to the natedeetricity grid (Asocafia 2008, p. 37).
According to the Sugar Cane Producers Associatiare is a potential of 200 MW that can
be provided by the sugar sector in the short teyrfBdd.0 (Asocafa 2008, p.23 and 38). Even
though the cost of production of bagasse-basedrigiecis higher than that of coal-based or
hydroelectric-based electricity, the final pricé€atax, commercialization, and transportation
costs) that the mills would have to pay for coniardl electricity would be higher than that
of bagasse-based electricity (Asocafia 2008, p.@8)the other hand, the residues of sugar
cane after harvesting are not currently being aseffiergy purposes.

Oil palm pulp is consumed within the same plantatod in oil extraction plants to produce
steam that is consumed in the process. The enetgytal of oil palm pulp was equivalent to
1 GW in 2006. This potential is not considered ke for other uses in the same industry,
but the installation of cogeneration systems, i@ptaboilers and industrial furnaces currently
used, will improve process efficiency (UPME 2003104).

4.5.4 Power generation potential

With the results obtained due to agricultural exgi@m GeeFigure 4-13 and Figure 4-14) a
power generation potential can be obtained by Se@edrom the theoretical potential the
energy crops that can be available to transforrmtiiko electricity.

The use of agro-industrial residues for power gatiean such as oil palm pulp and sugarcane
bagasse has a great potential for cogeneratiorgispjwhich produce electricity and thermal
energy (e.g. steam or hot water) for their indestrEventually their surplus of electricity will
be available for the national power system. It does mean that power plants cannot be
erected only for electricity generation as it ma&ythe case by using residues of sugar cane of
fields after harvesting. Other residues from ospecies such as cotton and rice husks may be

74



4 POTENTIAL OF RENEWABLE ENERGY SOURCES IN COLOMBIA

available in the future. On the other hand, theafsdcohols or biodiesel will be mainly used
for transport sector and foreign markets, althotihghuse of bioethanol for power production
might be an option.

For that reason the power generation potentiahlisutated only for residues of the expected
three most promising crop species: Oil palm pulpgascane bagasse and sugarcane
harvesting residues. Based on the theoretical pater these residues, the power generation
potential will be obtained by considering the lessd the transformation of the energy
content of the residues into electricity.

The direct combustion of biomass (fluidized bed bastion) and the biomass integrated
gasification combined cycle IGCC are the techn@sdo be employed for power production
with biomass. The efficiencies reported by theditare today are 40% for direct combustion
and 42% for IGCC, which are expected to be improwedhe future $¢ee Table 6-18 in
Chapter 6). In order to have a conservative estimat constant efficiency of 40% will be
assumed. The power generation potential will beutaled as follows:

CP =TP*77/1000

Where:

CP = Power generation potential of a given energp in GW
i = Type of crop

TP = Theoretical potential of a given crop in MW

n = Electrical efficiency. 40% is assumed forpatbcesses.

Table 4-6 exhibits the input data and the results.

Table 4-6 Power generation potential CP from resides

Specit TP TP Proces: Electrical CP 200¢ CPupta

2006 until 2050 Efficiency 2050
(MwW) (MW) (1) GW) GW)

Oil palm pulg 1,35( 16,43: Cogeneratio 40% 0.5¢ 6.57

Sugarcane baga: 2,961 35,20( Cogeneratio 40% 1.1¢ 14.0¢

Sugarcan 8,20z 97,52( Combustiol 40% 3.2¢ 39.01

harvesting residue:

Total 12,51: 149,15 5.01 59.6¢

The potential for power generation with only thé&sg selected species grows from 5 GW to
59.7 GW. These residues are better utilized in wegion projects, where overall efficiency
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is much higher by also delivering thermal energhatTmay be the case for almost all
applications with oil palm pulp and sugar bagassethat case surplus electricity will be

injected into the grid. In contrast, sugarcane ésting residues can be 100% available for
power generation which amounts to 39 GW. It is wambting that other residues from

species such as cotton and rice might also beadlailHow much of that potential can be
present in the Colombian power system is a quesitidhe energy policy and economics and
technical performance of the technology, which Wil a task in the simulation with the

energy models.

These indicative results show that biomass reseurage a vast potential to be exploited and
constitute an important energy source to be useddaer generation.

4.5.5 Price Residues

In order to assess the feasibility of biomass asramgy source, the price of biomass must be
known. A literature review of available sourceauttssin the following prices:

Table 4-7 Biomass prices

Species Price* Heating Value Energy Price
(USD/Tonne)  (MJ/Tonne) (USD/GJ)
Eucalyptus 37.74 18674.49 2.021
Rice Husk$ 95.33 13905.64 6.858
Sugar cane bagasse 12.23 8894.12 1.374
Sugarcane harvesting residtes 6.85 16743.74 0.409

Sources:

1. (UPME 2005, p.11.30).

2. (UPME 2003, p.125). 181.18 COP/kg for Rice Huakd 23.24 COP/kg in December 2001were inflateth ¥#P (Production inflation
index) agriculture and with official exchange rat€005 (1.2269 and 2331.7 COP/USD)

3. (Betancur et al 2003, p.47). 14.06 COP/kg inr&aty 2003 was inflated with IPP agriculture andhwofficial exchange rate in 2005
(1.1351 and 2331.7 COP/USD)

4. Prices in 2005 US Dollars

Eucalyptus was included as an example of dedicattedyy crops with wood. Rice husks are
the most expensive source, whereas the residussfpom the sugar industry shows the most
favourable prices. As noted before, the sugarcaneekting residues are at disposal, are not
fully being used and are the cheapest. The pricesfmarcane harvesting residues was
calculated for a distance of 10 km. Despite thé dddow prices, the current option today has
been the use of some of these residues in cogemepabjects, where the additional income
by selling thermal energy make some projects diveac

The use of these resources for exclusively powermgion will have to compete with
conventional sources. Today the regulatory framé&viar cogeneration projects has not given
the necessary incentive to raise the cogeneratmtengal available and currently no
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promotion for projects generation with renewablergg sources exists (UPME 2003, p.105;

Betancur et al 2003, p.10).

4.6 SUMMARY

Table 4-8 summarizes the renewable energy sourtenged for power generation in
Colombia.

Table 4-8 Renewable energy sources potential in GW

Energy source Potential Region
Agriculture residues 5to 59 Pacific and Andean region
Large hydropower (> 20 MW) 84 Andean region
Small hydropower (< 20 MW) 25 Andean region
Geothermal Unknown  Potential regions in south and middle
Colombia
Solar PV 16 PV potential for the state of Guajira

with 1% utilization of its area. Other
regions at the Caribbean coast have also
good conditions

Solar CSP 6 CSP potential for the state of Guajira
with 1% utilization of its area
Wind 22 On-shore potential for the state of

Guajira. Other regions at the Caribbean
coast have also good conditions

This information constitutes the resource basistlier simulation in the energy models. The
potential for almost every source is above theemirmstalled power generation capacity in
Colombia (14.4 GW as of 2010). Hydropower is antl @zintinue to be a main energy source
for electricity production given its huge potentidhe potential of other renewable energy
sources suggest that they can become an impomantiautor of electricity at a large scale

and may displace fossil fuel energy sources andredee the high dependence on
hydropower. The chapter that follows introduces th®wver technologies available to

transform renewable energy sources into electricity
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5. RENEWABLE ENERGY POWER TECHNOLOGIES

The objective of this chapter is to provide an w@iew of power technologies that can
transform the Colombian renewable energy sourdeseilectricity on a large scale. Not only
are their functioning and technical features intretl, but also their market development in
recent years, as well as prospects for furthendations and current costs.

Conventional energy technologies such as hydropayes turbines and coal power plants are
not discussed in this chapter, since they are krellvn technologies already supplying
electricity in Colombia. However, the developmehtleeir technical features and costs will
be included in the prognosis analysis of the nbapter.

5.1 PHOTOVOLTAIC

5.1.1 Physics

The photovoltaic technology directly transformsas@nergy into electricity. This is possible
due to the properties of semi-conductor materraighich their electrons can be stimulated to
produce a current of electrons, which are diretbedugh a magnetic field created between
the semiconductor through other materials suchoasnband phosphorus. This stimulation is
caused by the solar irradiance (light) on the eterst of e.g. crystalline silicon of a solar cell.
Materials with this property are silicon (Si), gath arsenide (GaAs), cadmium telluride
(Cdte) and copper indium diselenide (CulnSe2).

The functional principle of a solar cell is illuated in Figure 5-1. Every silicon atom in the
material is bound with their outer electron shelbther neighbouring silicon atoms. The outer
electron shell has 4 electrons forming a binding pielectrons (valence electrons) with the
other atoms (4 pairs with 8 electrons). The photmrgained in the light are able to break that
crystalline structure, the bonds between the alestrreleasing electrons and leaving ‘holes’.
This, by itself, is not enough to make possible generation of electricity, since the

electricity current in pure semiconductors is vergall. To improve the number of charge
carriers (electrons and holes) the silicon striechas to be “contaminated” —impurity of the
structure- with doped atoms in the crystalline cue (GSES 2005, p.18; IPCC 2011a, 351;
SESAM 2002, p.6)
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Figure 5-1 Solar cell principle
Source: GSES 2005, p.18.

The doped atoms are phosphorus or boron each wihmmre electron or fewer electrons in
their outer shell respectively. The silicon cryatal structure has a surplus of electrons, if
doped with phosphorus or a shortfall of electraigoped with boron as shown in Figure 5-1.
A solar cell then has the so called n-doping (swe'f electrons) and p-doping (shortfall of
electrons or holes) semiconductor layers, whichcamrnected to form a p-n junction. This
makes possible a diffusion of electrons at which free electrons from the n-material
recombines to the p-material (recombination). Dayitimis process a transition area is created,
where atoms which did not recombine are left. Thius,p-doping layer in the transition area
will have electrons, which did not find a hole afod that reason negatively doped atoms
remain. In the n-doping layer, positively dopednagoremain. The outcome is an area with
few remaining free charge carriers, which is catlesl space charge zone. In the space charge
zone an electricity field is created (voltage). ES2005, p.18; SESAM 2002, p.8)

This photovoltaic effect makes it possible to ceeatcurrent of electrons as soon as an open
circuit is maintained by having constant light andonnection to a load as shown in Figure
5-2.
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Figure 5-2 Photovoltaic effect of a solar cell
Source: IPCC 2011a, p. 23.

5.1.2 Technical properties

Photovoltaic cells can be distinguished accordintheir material and manufacturing process.
This defines also their technical properties. Twainmcategories are found: the crystalline
silicon cells and thin layer cells€eFigure 5-3).

Regarding the material, the crystalline siliconlc&an be classified as mono-crystalline,
poly-crystalline cells and ribbon sheets. By thie fiim cells the typical types of material are
amorphous silicon, cadmium telluride, copper Indgaiium, diselenide disulphide and
multi-junction cells.

Thin Crystaline module
Figure 5-3 Crystalline and thin layer cells
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Main differences between the two types of cells ee# thickness, amount of material
employed in cell manufacturing, energy consumptioncell production, cell efficiency,
performance as shown in Table 5-1. These features &n effect on the cost.

Table 5-1 Features of crystalline and thin layer dés

Feature Crystalline  Thin Layer
Cell thickness{m) 20C-30C 1-6
Semiconductomaterialconsumption (kg/kWi 16 0.z
Primary energy consumpti (MWh/kWp) 8-1t 4-7
Connectiol Interna Externa
Efficiency (%, 11-1¢ 4-12
Areaneeded perW for Modules () 7-8 10-1¢&

Sources: GSES 2005, p. 31-32 and EPIA 2011, p.25.

Despite the lower efficiency of thin layer cellsbetter performance under certain conditions
can be reached. Thin layers are less sensitivéddirsy and have a better performance at
higher temperatures.

The cells are placed in a PV module to be used@sieer generation device. A PV module
connects the cells, typically 60 cells in a crystalmodule, protects them against corrosion,
fragility and humidity; giving the construction timecessary robustness and modularity to be
used as a power generation technology. In additioa,aim of a module is to achieve the
maximum energy yields at the lowest possible cblsé module is designed to reach a given
voltage and current. Higher voltages and currergsdatermined by means of a series and
parallel connection of the solar cells in the medaihd between the modules. A typical solar
module delivers, e.g. 7A at 32V which equals a capaf 224 W.

In a photovoltaic solar power plant, the seriesneated modules are described as a string and
the number of the strings determines the overallage, which corresponds to the input
voltage of the connected inverter. In a grid comegsystem several strings are connected in
parallel, thereby increasing the electricity outgtigure 5-4 illustrates a photovoltaic power
plant configuration and Figure 5-5 shows a pictufra utility scale photovoltaic power plant.
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Figure 5-4 Photovoltaic solar power plant configuréon
Source: GSES 2005, p. 81, 83.

Figure 5-5 Utility great scale photovoltaic power fant

The output of the individual strings is collecteg & generator junction box. A photovoltaic
solar power plant comprises several junction boXés. junction box then delivers, at a given
voltage and current, the DC electricity generatgdhe PV modules to the inverter (DC-AC
converter), which converts the DC electricity i®8G@ electricity and adjusts the frequency for
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the grid. A transformer is normally included in timverter to match the voltage of the grid
(e.g. 20 kV or 33kV).

5.1.3 Market development

Based on data available as of May 2011, the gladial installation of photovoltaic systems
reached at least 37 GW. A strong growth of instialtes has been seen in the late three years.
The worldwide market is mainly driven by Europe ¥%¢@f the global market), Germany
being the most important market in the world.
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Figure 5-6 PV global market figures in GW
Source: EPIA 2011a, p.3.

Silicon continues to dominate the market with arsha 70%. CdTe thin layer technologies
account for 13% of the market share. The shardiods is expected to shrink as the share of
thin layers technologies continues to grow and meehnologies, such as concentrator PV
enter the market (EPIA 2011).

5.1.4 Road map

According to the European Photovoltaic Industry dksation (EPIA) and the Solar Europe
Industry Initiative, the cost of PV needs to bettier reduced to reach competitiveness with
conventional sources of electricity. Through tedbgmal innovation such as higher
efficiencies, economies of scale, improved producprocesses, better performance and an
extended life of PV systems that goal can be aeliev
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Table 5-2 Features of crystalline and thin layer dés

2007 201¢( 201t 202(
Turnkey price large systen(&/\Wp) 5 2.5-35 2 1.5
PV Electricity generation cc
in southern EYkWh) 0.30-0.60 0.14-0.20 0.10-0.17 0.07-0.12
Typical PV module Crystalline silicor 13-18% 15-19% 16-21% 18-23%
efficiency range Thin Films 5-11% 6-12% 8-14% 10-16%
(%) Concentrtors 20% 20-25% 25-30% 30-35%
Inverter lifetime (years) 10 15 20 >2k
Module lifetime (years) 20-2¢ 25-3C 3C-3¢ 35-4C
Energy payback time (years) 2-3 1-2 1 0.t

Source: EPIA 2011 p.39.

5.1.5 Current cost

Current cost for large PV systems based on the &Germarket today is between 2,500
EUR/kWp (3,310 USD/kWp) and 2,800 EUR/KkWp (3,70818Np) (EPIA 2011, p.31),
including converters and balance of plant itemsigrgant and installation costs. A further
decrease in price for the coming decades is depémaethe installed capacity in the future.
The forecast of the EPIA and Greenpeace shows quick reductions over the coming ten
years. Prices will be between 914 EUR/kWp and 1,7JR/kWp according to the
projections with a future capacity over the refeeescenarios of the World Energy Outlook
of the International Energy Agency (IEA). A dropden the 1,000 EUR/KWp mark is
expected by 2025 (EPIA 2011, p.31). This trend sstg that the potential to continue
reducing prices is high and confirms the high leaymates of the technology.
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Figure 5-7 Forecast prices in EUR/kWp for large P\kystems
Source: EPIA 2011, p.31.
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The cost per kW is an important signal to deterntineeconomic feasibility, however it does
not properly reflect the advantages of capital neiee technologies like solar, wind and
hydropower. The avoidance of volatile fuel fossilcps and lower maintenance costs in
combination with the availability and quality ofetlsolar resources determines the cost of a
kWh generated by the technology and therefore atapetitiveness. It is important at this
stage to note that the aim of this dissertatioto isxclude this aspect in the simulation for a
“fair” comparison of the technologies.

By means of a levelized electricity cost approaeking into account the economic

performance of the technology over its lifetime astcper kWh is calculated to allow the

comparison of this cost with other technologieguFe 5-8 shows the expected levelized
electricity cost for large ground mounted systerweading to the operating hours (quality of
the resource) and the investment cost in 2010 arbe future. In very good locations in a

sunbelt country like Colombia (lower curve in thgufe) and with reduced investment cost as
shown for the year 2030, the price per kWh canrimieu5 Eurocents per kWh.
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Figure 5-8 Levelized electricity cost for PV
Source: EPIA 2011, p.31.
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5.2 WIND ENERGY
5.2.1 Physics

wind energy is the product of a complex meteoraalgiphenomenon involving the

movement of the earth, pressure gradient forcegyeeatures distribution over the globe. At a
micro level the effect of topography and local @die The main characteristic feature of wind
is its intermittency. Therefore, the energy productof a wind energy converter is

intermittent.

This movement of the air and its kinetic energyeta through the blades of a wind turbine,
which turns this energy into a rotation of the ro#ss a result the kinetic energy of the wind
is transformed in mechanical energy. The rotooispted to a generator which transforms the
mechanical energy into electricity. In its simpléstm the energy obtained can be described
as follows (Johnson 2001, p.2-37):

W
E, = % p* A*> Cp p(U,)U? *8760
i=1

where:

Ew = Turbine energy production [Wh]

W = number of intervals of wind speeds
A = Swept rotor area [fh

© = Air density [kg/ni]

p(U) = probability of a given wind speed intervalt hub height
Ui = wind speed

Cp = Power coefficient for a given wind speed ingdiiv

The swept area and the power coefficient are visalependant on the machine, whereas
density and wind speed are site dependant. The gpeéds are grouped into intervals of 1
m/s to determine the number of hours in a year)fidt the machine will face a given speed
interval. The third power of the speed makes thedwesource assessment a crucial aspect to
estimate successfully the wind potential and thes dlectricity production. A wind speed
doubling increases the power eight times.

The machine makes use of a portion of the powérerwind. Modern machines are designed
according to the lift force principle, which is ranslation of the Bernoulli effect that explains
the lift force resulting from different pressuresg. between the wing section of an aircraft
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into the rotor’'s blade to maximize the force drgvithe generator. Today wind energy
converters can transform over 50% of the energyawoed in the wind into electricity (IPCC

2011c, p.553). For every machine there is an optinpeint at which this efficiency can be

reached. For that reason the power coefficient Gheomachine, which describes the portion
of the wind that can be transformed, is not corstamd manufacturers optimize the
performance by the wind speeds with the highesbaliity to be seen per year. Therefore
there are machines tailored for offshore, coastatjium and low wind areas.

Wind speeds need to be measured in order to asgessnd resource at a given location. An
annual wind speed frequency distribution has tolétermined. The frequency distribution is
estimated at the hub height of the wind turbinehigher hub height automatically increases
the wind speed. The frequency distribution is labica histogram where all the set of
measured wind speeds are distributed in interdata/6) and then plotted as the probability of
the discrete wind speed. The independent varigbfdotted along the horizontal axis (wind
speeds), and the dependent variable, usually sem@age is plotted along the vertical axis
(frequency). The independent variable can attaly affinite number of discrete values rather
than a continuous range of values. The dependeiatbl@ can span a continuous range.

A histogram can be described by statistical meth®tde most common density function is
the Welibull distribution. The combination of theduency distribution and the power curve
of the turbine (resulting power at a given speesktaon the Cp) determines the electricity
generation at a specific location.

In a wind park configuration, wake losses occur tlueshadowing effects between wind
turbines placed close to each other. For that reds® main coming direction of the wind is
of special relevance to design the wind park amarent in order to have the greatest energy
production. The wind rose of the set of data abelalustrates the main coming directions of
the wind.

The final layout arrangement is a result of a corabon of several aspects such as area
availability, wind resource behaviour, turbine siamvironmental restrictions (visual and
noise impacts) and economic aspects (investmestgliation, access, connection point to the
grid, etc). Figure 5-9 shows a wind park instadlati
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Figure 5-9 Wind park
Source: Nordex SE 2012.

5.2.2 Technical properties

A wind energy turbine comprises a tower, a nacelech follows the wind direction and
where main components are located and a rotor esrsin Figure 5-10. Manufacturers
differentiate themselves by the way they drivedbaerator either via a gearbox or directly. A
gearbox increases the revolutions per minute (rpfrihe rotor to be compatible with the
generator. In a direct drive turbine the gener&dtirectly coupled to the rotor. Gear boxes
have dominated the market. (Navigating consultidgl?2 p.99; EWEA 2009c, p.74)
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Figure 5-10 Wind turbine components
Source: IPCC 2011c, p. 21.

To limit the rotor power in high operational wingegds, the machines use stall and pitch
regulation. Modern turbines operate at variableedpghich allows the rotor to maintain the
best flow geometry for maximum efficiency and offéetter output power quality to the grid,
in contrast to old designs where the speed wasdwidtant by the grid through the generator.
The electrical energy is therefore generated aabl frequency and a converter, which is a
power electronic device, matches the output tdrdgpuency of the grid (EWEA 2009c, p.81).

Normally the turbine delivers a voltage output belb,000 V, which has to be increased to a
distribution voltage between 10 and 35 kV to be patible with the grid. Therefore each

turbine has a transformer to step up the voltage gower is taken to a central point in a
substation to step up the voltage again to the Wajtage grid conditions above 100 to 150

kV. Small wind farms are mainly connected only lie tistribution voltage without the need
of a substation.

Commercial turbines for utility size applicatiorange from 1,000 kW to 5,000 kW. Typical
sizes between 1,500 kW and 2,500 kW account far83f all turbines supplied worldwide
between 2008 and 2010 (Navigant consulting 20M2)pLarger capacities are typically for
the offshore segment. The size development of gr@n@n wind market in recent years shows
the majority of the turbines between 60 and 90 msetator diameter and more recently over

90 meters as shown in Figure 5-11. Around 50% efritw capacity installed in Germany in
2010 has hub heights higher than 101 meters (DEDA/L2p. 44).
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Figure 5-11 Size and hub height development
Source: DEWI 2011, p.44.

5.2.3 Market development

The total installed capacity worldwide amountedabmost 200,000 MW by 2010 with new
installations in that year of 39,404 MW. 24,000 n&imd turbines were erected in more than
50 countries. The expansion in the year 2010 wagmlby South and East Asia, namely
China which represented 53.6% of the installatiiWavigant Consulting 2011, p.13). The
cumulative capacity for installed wind power is giman Figure 5-12.
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Figure 5-12 Cumulative global wind capacity
Source: Data from GWEC 2011, p.14.

Around 86,000 MW of the total installed capacityfesind in Europe with a 43.8% share
driven by Germany and Spain followed by Asia with@7 MW (31% driven by China and
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India) and the Americas with 46,197 MW (23.4% dnivgy the USA). The top 10 markets in

the world in the year 2010 are shown in Table 5-3.

Table 5-3 The 10 largest markets in 2010 in MW

Country 200¢ 200¢ 201( Share Cum. Share
(%) (%)

China 6,24¢ 13,75( 18,92¢ 48.0% 48.0%
USA 8,35¢ 9,92: 5,11¢ 13.0% 61.0%
India 1,81( 1,172 2,13¢ 5.4% 66.4%
Germany 1,66¢ 1,917 1,551 3.9% 70.4%
UK 86¢ 1,071 1,52: 3.9% 74.2%
Spain 1,73¢ 2,331 1,51¢ 3.8% 78.1%
France 1,20( 1,10¢ 1,18¢ 3.0% 81.1%
Italy 1,01( 1,11« 94¢ 2.4% 83.5%
Canade 52¢ 95( 69C 1.8% 85.3%
Swedel 23¢ 51z 604 1.5% 86.8%
Total 23,65¢ 33,84¢ 34,19¢

5.2.4 Road map

Source: Data from Navigant Consulting 2011, p.29.

In the case of wind energy the technology trenhesup-scaling of wind turbine sizes along
with turbine efficiency improvements and more rdbyethe shift towards direct drive. The
goal is to reduce the cost per kWh (EWEA 2009c2).Up-scaling in the onshore segment
has been seen over the years as shown in Figuseby-the size of the rotor diameter.
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Figure 5-13 Wind turbine size development
Source: EWEA 2009, p.6.
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Gear boxes have dominated the market, where at diree wind turbine has been limited to
only one manufacturer. Today manufacturers are slofting to the direct drive concept, in
which generators transform directly the torque fritn@ rotor into electricity via its magnetic
field. This brings the advantage of reduced maemer and fewer components in the nacelle
at the expense of a larger diameter of the gerneeain therefore with the resulting heavier
weight and costs. A reduction of the extra cosixgected (Navigant Consulting 2011, p.99)

5.2.5 Current cost

Based on European wind installations, the Europédamd Energy Association (EWEA)
assessed the cost structure of a typical 2 MW llastan as shown in the next table.
Approximately 76% of the overall cost corresporalthe turbine.

Table 5-4 Cost structure of a 2ZMW turbine

Investment Share of total costs
(1,000 EUR/MW) (%)
Turbine (ex works) 928 75.6
Grid connection 109 8.9
Foundation 80 6.5
Land rent 48 3.9
Electric installation 18 1.5
Consultancy 15 1.2
Financial costs 15 1.2
Road construction 11 0.9
Control systems 4 0.3
Total 1227 100

Source: EWEA 2009, p. 14.

The economic feasibility of a wind project certgidlepends on its investment cost but more
importantly on the wind resource available and dfege the capacity factor as shown in
Figure 5-14 based on an investment of 1,225 EUR/(MW37 USD/MW in 2006 prices) and
different discount rates. The price per kWh in takareas with a discount factor of 10% is
over 6 Eurocents per kWh (7.53 USD cent/kwh).
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Figure 5-14 Wind energy generation cost
Source: EWEA 2009a, p.209.

5.3 GEOTHERMAL

5.3.1 Physics

Colombia possesses high volcanic activity with geanal resources due to its location in the
South American plate and presumably with the pakfar the use of geothermal sources for
power generation. However, a detailed assessmehe aésource has not yet been achieved.

The quality of the geothermal resource definessthability and the type of technology for
power generation. A geothermal reservoir is defibgdits temperature, depth, amount of
liquid available, etc. which are key parametergifierassessment of the quality. The resource,
the geothermal fluid, is a steam, liquid or a mbxater/ steam at a given temperature and
pressure according to the reservoir. Steam and weatgeratures over 180°C are required for
conventional electricity generation (Fridleifssdarae2008, p.63).

The type of geothermal fluid and its temperaturgneéethe technology to be employed for
power generation. The technologies for power geingraise the resource water/steam in
single or double flash generation plants and bimdapts.

A more sophisticated technology, the Hot Dry Raathihology (HDR), for reservoirs without
a liquid or gas as a medium but with high tempeesiat depths over 5 km is currently being
developed. The high temperatures can be usedrisférathe heat energy to a liquid medium
such as water. In this case water is injectedgt pressure, which cracks the rocks to form a
net of channels inside; the water is extracted theropoint of the reservoir at a high
temperature due to the thermal transfer between rdeks and the injected water.
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Temperatures around 200 °C can be obtained toabsported to the surface. As in the case
of conventional geothermal plants, a heat exchaogarbinary cycle will transfer the energy
to a steam turbine generator cycle. For the Colamluase the direct use of geothermal
reservoirs with water and/or steam will be conseder

5.3.2 Technical properties

The single and double flash power technologiessamable for temperatures over 150°C of
geothermal fluids. If steam is present in the gewtial fluid, it is directly piped to a turbine to
drive the generator in a conventional Rankine cydfe the case of water with high
temperatures, steam is first obtained by redudmgwater pressure to generate steam in a
flash process. Thus, the flash cycle separatestdan from the fluid to be directed through
the steam turbine. The condensed steam is re-@tjeéotthe reservoir together with remaining
water in the flash process. Figure 5-15 shows amalic representation of flash technologies.

Cooling Tower

Cordenver

Turbo Generator

Figure 5-15 flash technologies for geothermal power
Source: IPCC 2011b, p. 15.

In the case of geothermal fluids with temperatdogger than 180 °C, a binary plant is the
appropriate option, since the resource is notskeitep be used directly to generate electricity.
A binary power plant is an Organic Rankine Cycl®(©) which uses as a medium an organic
fluid. The organic fluid has a low boiling pointcihigh steam pressures at low temperatures.
Fluids with these properties are, e.g. butane,ussie o pentane (UPME 2003, p.37; IPCC
2011b, p.412). The geothermal fluid transfers fhenary working fluid) its heat energy to
the organic fluid (the secondary working fluid)arheat exchanger, which can drive a steam
turbine. A typical size of these power plants isween 500 kW and 10 MW. As the flash
system, the geothermal fluid is re-injected in taservoir. Figure 5-17 shows a schematic
representation of binary plant.
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Figure 5-16 Binary plant
Source: IPCC 2011b, p.15.

5.3.3 Market development

The global installed geothermal capacity for eleityr generation in the year 2010 amounted
to 10,715 MW. In Latin America 1,468 MW have beestalled in Central America which
represents 13.7 % of the global capacity, wherele@ geothermal resources are available
for conventional geothermal technologies. 57 %hefglobal capacity is located in the USA,
Indonesia and the Philippines (IGA 2010, p.2). Aainastallations’ development and global
capacities are shown in Figure 5-17 and Table 5-5.
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Figure 5-17 Geothermal capacities development
Source: IGA 2010, p.2.
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Table 5-5 Global installed capacity in MW

Country Global Installed
Capacity
(MW)
Australic 1.1
Austrie 1.4
Chine 24
Costa Ric 16€
El Salvado 204
Ethiopie 7.3
France 16
German' 6.€
Guatemal 52
Icelanc 57:
Indonesi 1,197
Italy 84:
Japal 53¢
Kenye 167
Mexica 95¢
New Zealan 62¢
Nicaragui 88
Papui-New Guine: 56
Philippine: 1,90¢
Portuga 28
Russii 82
Thailanc 0.2
Turkey 82.C
USA 3,09:
Total 10,71t

Source: IGA 2010, p.2.

5.3.4 Road map

Most of the components from conventional geotherteahnologies related to the steam
“side” or power block such as heat exchangersjrad) cooling equipment, etc. are also used
for other conventional technologies. Their develeptrand improvement are more linked to
those conventional energy technologies.

The main challenges of geothermal sources is tlprowement of the resource assessment
and extraction (high cost of drilling is a main tar), the technological challenge of dealing
with the corrosive nature of geothermal fluids ahé production of materials for high
temperatures and high pressure sources. Flash stedrninary plants should increase their
efficiency (European Commission 2010, p. 2).
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5.3.5 Current cost

According to the European Commission the cost ohegrage geothermal plant is around
2,000 EUR/KW (2,781 USD/KW in 2009 prices), wher#lidg accounts for 30% and 50% of
total development cost accounts for drilling (Eweap Commission 2010, p. 4).

5.4 CONCENTRATED SOLAR POWER (CSP)
5.4.1 Physics

Unlike the PV technology, where there is a direahsformation of the solar radiation into

electricity, a concentrated solar power plant eoshanand concentrates the radiation to
generate heat to be transformed later in mechamioatgy and electricity by means of
conventional power technologies with steam turbin€kis technology requires direct

radiation (light) to be able to concentrate theiatoin in one point to produce heat. The
location of the power plant is therefore a key dactwhere with limited cloud cover or

shadows with a high exposure to direct radiatioreggiired. The Guajira region in Colombia
features these conditions.

For photovoltaic systems the addition of direct diftuse radiation, measured by the global
radiation, is important as a key parameter. By @&fnologies the key parameter is the
Direct Normal Irradiance (DNI) measured by a pyidmakter. DNI is the energy received by
a surface perpendicular to the sun’s rays. TypicalDNI between 1,900 kWhffyear and
2,100 kWh/mi/year is required for a CSP application (IEA 201.0).

To allow the concentration of the light, a receptor practice a mirror) which acts as a

reflector concentrates the light at a given poirite mirrors include a tracking system to

redirect and concentrate the light at one pointhassun changes its position during the day
and the angle in which the light hits the mirrddepending on the tracking system, two main
categories of CSP configurations can be found:

The first is the one axis tracking systems, whichoentrate the radiation in a line (absorber
pipe). The second, the two axis configurationjresds the light to a given fixed point. The
one axis configuration is typical of the parabdhlough technology. In a Fresnel collector
type the concentrator is split in rows to direa tight to only one absorber tube. The solar
tower and parabolic dish technology belong to the taxis configuration. Figure 5-18

97



5 RENEWABLE ENERGY POWER TECHNOLOGIES

illustrates the types of CSP technologies and T&besummarises the receiver and focus
type of CSP technologies.

Linear Fresnel reflector (IFR) Central receiver
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Figure 5-18 CSP technologies

Source: IEA 2010, p.11-12.

Table 5-6 CSP receiver and focus types

Line focus Point focus

Receiver type

Fixed

Mobile

Fixed receivers are stationary devices
that remain independent of the
plant’s focusing device. This eases
the transport of collected heat to the
power block.

Mobile receivers move together with
the focusing device. In both line
focus and point focus designs, mobile
receivers collect more energy.

Collectors track the
sun along a single axis
and focus irradiance
on a linear receiver.
This makes tracking
the sun simpler.

Linear Fresnel
Reflectors

Parabolic Troughs

Collectors track the sun along
two axes and focus irradiance
at a single point receiver. This
allows for higher temperatures.

Towers (CRS)

Parabolic Dishes

Source: IEA 2010, p. 11.
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5.4.2 Technical properties

Parabolic trough solar collectors consist of lingarabolic shape collectors directing the
sun’s direct beam radiation on a linear receivéas@aber tube) placed at the focus of the
parabola (focal line). The mirrors are aligned incath south horizontal axis and the tracking
system follows the sun from east to west to keepsttime focus during the day. The parabolic
collector concentrates the radiation 80 times atlittear receiver. The solar field is a matrix
of parallel aligned reflectors as shown in Figu&%

In the linear receiver circulates a heat transigd fin charge of delivering the heat gained

(approximately 390°C) to the heat exchangers t@gta high pressure steam (IPCC 2011a,
p.355). The heat transfer fluid leaves the heah@axgers with a low temperature and returns
again to the solar collectors. By means of a cotiweal steam cycle (Rankine — Cycle), the

steam is directed through a steam turbine coumes generator to generate electricity. The
steam travels through the condenser, which isrmeHated again to the heat exchanger as
water with the feed water pumps.

U

Figure 5-19 Parabolic trough solar
Source: Solar Millennium 2010

A further improvement in the operation of the plaah be achieved by a parallel burner to
produce additional steam allowing a controllabkpdich independent of the solar resource. It
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is possible to integrate a thermal storage in yiséesn to avoid the use of burners. In this case
the solar collectors transfer the extra heat tboeage system during the day. At night the

storage delivers the heat to the exchangers toupeodteam. The storage should be able to
deliver temperatures over 400°C which is possibih & salt emulsion as storage media

(IPCC 2011a, p.357).

The advantages of including thermal storage insy&em are higher capacity factors, a
reduction of part load operation of the turbineluaion of the energy used for start-ups and
the avoidance of losses due to minimum turbine.l&&glre 5-20 exhibits the functioning of
a storage system with two tanks:

Storage system in a trough solar plant

Solar field Thermal storage Powerblock

This graph shows how storage works in a CSP plant. Excess heat collected in the solar field is sent to the
heat exchanger and warms the molten salts going from the cold tank to the hot tank. When needed, the
heat from the hot tank can be returned to the heat transfer fluid and sent to the steam generator.

Source: SolarMillennium.

Figure 5-20 Storage system in a trough solar plant
Source: IEA 2010, p.13.

As shown in Table 5-7 below, most of the systensdgstake place in the power cycle.
Improvements are expected in the optical and thepraperties of the receiver, higher
temperature heat transfer fluids, direct storagtesy and balance of plant (BOP) equipment.
According to an assessment from NREL a modern piadéy should have efficiencies
between 15 % and 17 % of the incoming energy frbengun until its transformation into
electricity (NREL 2003, p 4-5). The technical feasi of a power plant are shown in Table
5-8.
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Table 5-7 Projected efficiency of a trough CSP plan

Solar field optical efficienc ~ 0.59¢

Receiver thermal loss 0.85:
Piping thermal loss: 0.96
Storage thermal loss 0.99¢
Power cycle efficienc 0.4

Electric parasitic log 0.92:
Power plant availabilit 0.9¢
Annual solar-to-electric 0.17
efficiency

Source: NREL 2003, p.4-6.

Table 5-8 Technical features of a trough CSP plant

Net power (MWe) 150
Capacity factor (%) 56%
Solar field (knf) 1.47
Solar field operating temperature (°C) 500
Thermal storage (hrs) 12
Land area (k) 4.98

Source: NREL 2003, p.4-3.

Solar power tower technologies use hundreds tostdms of mirrors, which lead the solar

radiation to a fixed point, a receiver locatedlst top of the tower. The receiver absorbs the
energy and a heat exchanger located at the toewesforms the heat energy into power. The
mirrors and their sun tracking system ensure ti&atoncentrated solar radiation is directed to
the tower tip. In the tower the receiver absorls mansfers high temperatures over 1,000 °C.
(IPCC 20114, p. 356). This heat energy is therstegired to the medium, air or salt. The heat
energy is transformed into electricity through a gabine or a Rankine steam cycle.

In a system with salt as a medium, cold salt frostoaage tank is pumped to the receiver to
be heated at a temperature around 600 °C (IPCCa2@1B56). The salt is pumped to the hot
storage tank and the heat exchanger coupled tootlver block with a steam turbine to finally
obtain electricity. The salt leaves the exchangerlawer temperature and it is pumped to the
cold salt storage tank. Figure 5-21 shows a saarep tower plant.
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Figure 5-21 Solar power tower plant
Source: Scientific American 2008.

In the system with air as a medium in an open veluio receiver, a compressor directs air
through the receiver which is heated through thiectitd and concentrated solar radiation
from the mirrors. The heated air circulating thrbuge receiver reaches temperatures from
650 to 850 °C. In a heat exchanger the air trasdfee heat to water to produce steam in
conventional Rankine steam turbine/generator oyile an efficiency of 35 %.

The use of a gas turbine in a combined cycle ighemaalternative. For that a tower system
with a pressurized volumetric receiver is requilada volumetric pressurised air receiver, the
air is heated to 1,100 °C at a pressure of 15 Wachwms redirected to the gas turbine. The
remaining heat of the air at the exhaust of thbireris recovered through the heat recovery
steam generator (HRSG) coupled to a Rankine steae.cThe higher efficiency of the
combined cycle over 50 % increases the efficientyhe whole system. Thus an overall
efficiency of the system from the energy contaiimethe solar radiation to electricity can be
over 20 %. As with trough CSP plants, the majoséssare due to the power cycle. Table 5-9
and Table 5-10 summarize the efficiencies and feahfeatures.
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Table 5-9 Projected efficiency tower CSP plant

Collector efficienc 0.56:
Receiver efficienc 0.831
Power cycle efficienc 0.4z
Electric parasitic log 0.€

Thermal storac 0.99¢
Piping 0.99¢
Power plant availabilit 0.9¢
Annual solar-to-electric 0.16¢
efficiency

Source: NREL 2003, p. 5-4, 5-5.

Table 5-10 Technical features of a tower CSP plant

Net power (MWe) 10C
Capacity factor (%) 73%
Solar field (knf) 1.3¢
Receiver area (M) 1,11C
Solar field operating temperature (°C) 56&
Thermal storage (hrs) 13
Land area (kr) 6.€

Source: NREL 2003, p. 5-1, 5-2.

5.4.3 Market development

The installed capacity of CSP power plants worlenéds of January 2010 was around 1,000
MW, where parabolic troughs have the largest slodirthe current CSP market. Projects

under development and under construction are eggeotreach a capacity of 15 GW (IEA

2010, p.9).

5.4.4 Road map

The aim is logically to improve the performance aeduce costs. Cost reductions should be
achieved for the CSP by new solar components ssichiraors, heat fluids and collectors.

The mirror technology can be further improved bynechniques and materials for trough
and fresnel technologies. The heat transfer fl@dgloyed today can also be replaced by
fluids able to reach higher temperatures. Advareet transfer fluids including pressurised
gas, molten salts and nanofluids are a promisingmpThe possibility of improving the
efficiency by direct steam generation (DSG) avaidthe use heat transfer fluids and heat
exchangers offers a potential for reducing cosegarding the storage technologies, several
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options are promising by using inexpensive matgrglich as increasing the heat capacity of
molten salts with nanopatrticles or the use of ginghks for cold and hot molten salts. The
challenge of storage is by the direct steam geioerathich still has to be developed.

For the tower and dish technologies, higher tentpeza can still be reached thereby
improving overall efficiency. New receiver techngies could reach supercritical and ultra-
critical temperatures and pressures as seen wittemaocoal fired power plants that reach
efficiencies over 40 %. The use of pressured a@ thsid and its use in gas turbines can reach
higher efficiencies, as high as 35 %.

Table 5-11 summarizes the main findings of the Head map in which this subchapter was
based on:

Table 5-11 CSP Technology road map

e Pursue cost reduction potential for line-focus systems:
New components (troughs, mirrors, heat collector elements)
New transfer fluids
Master direct steam generation (DSG) in parabolic trough plants
Raise working temperatures in Linear Fresnel Reflector plants
e Pursue cost reduction potential for parabolic dishes and relevant thermodynamic
engines, in particular through mass production
e Pursue cost reduction potential of heliostat (mirror) fields with immediate control
loop from receivers and power blocks to address transients
Further develop heat storage, in particular three-step storage systems for direct
steam generation solar plants, whether LFR, troughs, or towers
e Further develop central receiver concepts, notably for superheated steam, molten
salts and air receivers; increase temperature levels to reduce storage costs and
increase efficiency
e Work collaboratively with turbine manufacturers to develop new turbines in the
capacity range convenient for CSP plants with greater efficiency, in particular
through supercritical and ultra-supercritical designs
e Consider all options for cooling systems in warm and water-scarce environments

CSP Industry

Source: IEA 2010, p. 41.

5.4.5 Current cost

The investment costs for CSP trough technologie®0ih0 ranged from 4,200 USD/kW to
8,400 USD/kW depending on the technology, sizegrs@source, labour and local costs and
storage use (IEA 2010, p.27). The investment coshealower limit corresponds to trough
technologies in excellent DNI locations without raige. The investment costs of tower
technologies are higher than for trough plants.desgexpect strong reductions between 40%
and 75% through improvements in the overall effickeand mirrors fabrication (IEA 2010,
p.27)
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Regarding the generation costs and assuming a E@idting ratio, CSP cost are expected to
fall 50 % in 10 years by the year 2020, in the dhs¢ capacities would double seven times.
Accordingly, the electricity costs are expected decrease faster through technological
innovation, reaching competitiveness for peak amermediate loads in those countries with
highest sun exposure in that year. Figure 5-22 shbe levelized electricity cost under these
assumptions.
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Figure 5-22 Projected evolution of the levelized ettricity cost from CSP plants
Source: IEA 2010, p. 29.

5.5 BIOMASS

Biomass as a source of energy is an extensiverods@aea due to the multiple choices
available concerning the resources spectrum, tbeggriransformation and technologies and
end use.

From the resource side, a vast variety of biomassces are available suitable for energy
purposes; both as a primary source to be usedtlgirec as a sub-product from agro and

forestry industries. In that context three mainness source categories can be named:
Forestry, Agriculture and Residues.

In the wood-based industries a variety of produts available such as wood logs, bark,
wood chips, sawdust and pellets (European Biomasodation, 2008). Forest biomass is
currently used mainly to produce heat and powereg&m2008, p. 13).

Dedicated energy crops are considered as an dagr&lubiomass resource. There are two
types of energy crops that can be distinguishediveational and lignocellulose. The

conventional crops are used mainly to produce fgxh as maize, wheat, barley, sugar beet,
sugarcane, rapeseed and soybeans. These typegpsfare the most common biomass that is
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currently used to produce liquid biofuels for traogation (Smeets 2008, p. 12). On the other
hand the lignocellulose is the type of biomass thatomposed of cellulose, hemicelluloses

and lignin such as eucalyptus and miscanthus. Tdie atdvantage of these sources is the less
intensive management needed, the resulted higledsyof biomass per hectar, and great

tolerance of relatively extreme soil and climat@ditions. They are used for power and heat

generation via combustion, though advanced corueteichnologies such as gasification and

fermentation are being developed (Smeets 2008)p. 1

The residues can be classified by their originhre¢ main categories: Crop residues, agro-
industrial residues and livestock residues. Crapdues are residues that are produced in
agricultural fields such as straw and green agucal waste. Agro-industrial residues include
the residues from agro-industrial conversion ofcessing crops such as bagasse and oil palm
pulp (Rosillo-Calle 2008, p. 44). Livestock residugre currently used to produce biogas,
though manure has also a great potential valuedorenergy purposes (fertilizers).

The key biomass resource for the Colombian ca®isise of residues as a source of energy
as discussed in detail in the renewable energycssyiotential in Colombias¢eSection 4.5),
which shows that the residues, in particular tHose the sugar industry, are an unexploited
resource with the potential to contribute signifitg to power generation.

Sugarcane residues are the solid waste of the $wagaest, comprised mainly of tops and
leaves of the sugarcane plant which may be gatheoed a sugar cane field which is no
longer in use (after harvest). Worldwide these steg#e residues are largely wasted and in
most cases, burned (Rosillo-Calle 2006, p.347¢oimrast bagasse, which is the residue left
at the mill after extracting the sugar juice frome tcane stalk, is already used as fuel for the
mill's own thermal and electricity demand. In summgnghe use of the residues as a fuel
source alone or in combination with bagasse migharb attractive option for the Colombian
electricity power system.

The focus of this sub-chapter will be on the tedbgies for the use of solid biomass as
residues. Suitable biomass conversion technol@®savailable for the different types of the
resource as previously mentioned. Two conversidagoaies are in use for the conversion
namely the thermochemical and biochemical procegsesij 2006, p. 345) and the
technologies are classified within these categaieh as combustion, gasification, pyrolisis,
digestion and fermentation as shown in Figure 5-23.
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Solid Biomass Wet Biomass Sugar-rich Crops Oil-rich crops
(Wood, straw, ete.) (Organic waste, (Sugarcane, (Palm oil,
manure, eic.) cereals, etc.) sunflower, etc.)
./'F'J'.'.'.".lr.'.r; hemicaf conversion \ Hiochemical conversion
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Figure 5-23 Biomass conversion routes
Source: Modified from Faaij 2006, p. 345.

The technologies for power generation using sol@mass, especially for sugar residues,
which were selected for the modelling of the Colaanlpower system are direct combustion
and gasification (IGCC), since these technologeagehhe potential to combine already well
known and proved conventional technologies suckt@am turbines and gas turbines. Solid
biomass has the potential to be a substitute oferttional fossil sources to contribute to the
energy sector (Bricefio et al 2001, p.107).

5.5.1 Physics

Similar to conventional technologies making usdossil sources such as coal, a combustion
power plant using solid biomass uses a conventiBaakine steam turbine/generator cycle
for the production of electricity and thermal enefgh a cogeneration configuration). The
cycle consists basically of a boiler, steam turlsoepled to a generator, a condenser and
water feeding pumps.

The boiler transfers the heat energy deliveredhgydombustion of the fuel into circulating
water to produce steam at higher pressure and tatope with boiler efficiency normally
over 90%. The boiler then directs the steam thraugteam turbine coupled to a generator to
generate electricity. The high pressure is thepassd and reduced as the steam travels
through the turbine, which transforms the heat gneontained in the steam into mechanical
energy by the rotation of the turbine. The generatwpled to the turbine transforms the
mechanical energy into electricity. The overali@éincy of the system is normally over 30
%, if only electricity is produced. The low presssteam leaving the turbine has to be cooled
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by means of a condenser to turn the steam intaié digain. Thus it can be re-circulated to
the boiler by feed water pumps and begin the cgghan to produce steam.

In a cogeneration configuration (combined heat@mder -CHP-) the steam is extracted from
a given section of the turbine to the required gues or temperature depending on the process
to be attended, which means that the demand fdardamabe taken from any point of the cycle
such as steam or hot water at the conditions desireaddition, the overall efficiency is
greatly enhanced, since the same fuel is useddadupe electricity and heat energy at the
same time, therefore operating economically mofigieft instead of having two separate
processes to produce electricity and heat.

The gasification of biomass to be used in convaaticombined cycles (gas turbines and heat
recovery steam generators), otherwise termed ihendss integrated-gasification combined
cycle (BIGCC), is a promising option. Here the bas® is partially oxidized to form a gas
mixture that can be burned out in conventional neddgies such as gas turbines, engines and
boilers. Gasifiers are a less developed technolmggomparison to direct combustion
technologies (IEA 2008, p 327), which is howevengidered as an option in the future
especially as a BIGCC, since higher efficiencies ba reached in comparison to steam
rankine cycles with this method.

5.5.2 Technical properties

Table 5-12 shows an overview of the conversion riefdyies, their efficiencies and
investment costs, which can be applied for the emswn of biomass.

Unlike a conventional power plant with sizes ov&0 1MW, a biomass power plant is
normally between 10 and 20 MW due to the availgbitif the resource normally from
surrounding areas and the area required for iteagéodue the lower calorific value per
volume, which also limits the amounts to be tramigzb

For combustion technologies the biomass to be deédes the type of boiler between grate
and fluidized bed firing. Grate boilers are suigalibr capacities under 5 MW, whereas
fluidized bed combustion have higher sizes up @ Q. Fluidized bed boilers allows for a
more efficient production of electricity and are mmosuitable for agricultural residues,
although they required specialized manufacturingenes and construction (Faaij 2006,
p.350; IEA 2008, p.330).
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Table 5-12 Biomass conversion technologies

Conversion type

Typical capacity

Net efficiency

Investment costs

Anaerobic digesfion

Landfill gas

Combustion for heat

= 10 MW

5-50 kW, residential
1-5 MW, inclustrial

< 200 KW 1o 2 MW

10-15% electrical

10-15% electrical

10-20% open fires
40-50% stoves
70-20% furnaces

60-70% heot

USDr«?SIkWh stoves
USD 370-990/kW, furnaces

Combustion for power 10-100 MW 20-40% UsD 1 975-3 085/kwW
) 0.1-1 MW &60-20% overall UsD 3 333-4 320/kw
Combustion for CHP 1-50 MW 80-100% overall  USD 3 085-3 700/kW
o . 5-100 MW existing e UsSD 123-1 235/kwW
Co-firing with coal =100 MW new plant 30-40% + power station costs
Gasification for heat 50-500 kW, 80-20% USD 864-980/kW,_
- W - W
BIGCC for power 5-10 MW demos 40-50% plus UsD 4 320-6 170/k

30-200 MW future USD 1 235-2 470/kW future
Gasification for CHP using 0.1-1 MW
gas engines ’

60-80% overall UsD 1 235-3 700/kwW

Pyrolysis for bio-oil 10 t/hr demo 60-70% USD 864w,

Source: IEA 2008, p.312.

Co-firing with conventional coal technologies is @ption worth mentioning. Co-firing with
biomass reduces G@missions. Agricultural and forest industries doloé benefited, if their
residues could be turned in to a market option might provide a solution for not used or
desired residues in the fields.

5.5.3 Market development

Global electricity generation and capacities fanbass and waste as of 2008 are reported by
the International Energy Agency. The global capeamounted to 52 GW with a total share
of only 1 % by 2008, which delivered 267 TWh (IEA1Da, p. 620). Figures for solid
biomass are available for OECD countries. As of620@ power capacities amounted to 22.5
GW producing 160 TWh, where 59 % came from CHPtplafhEA 2008, IEA 2008a, p. 35-
36).

5.5.4 Road map

For direct combustion and gasification (IGCC) tembgies, improvements are expected in
the following areas (Rosillo-Calle 2006, p. 370AIE008, Annex C):
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- Improvement of integrated biomass gasifier/gakite (IBGT)

- Improved techniques for biomass harvesting, prariation and storage;
- Gasification of crop residues

- Increase use of forest and agricultural resiciaga

The challenge is to make use of low cost wasteras@lues and reduce the high cost of
conversion technologies. Improvements are also a&defor conventional technologies for
the conversion of biomass, namely gas turbine/stéannine combined cycle (GTCC),

circulating fluidized bed boilers (CFB), integratggsification combine cycles (IGCC),
cogeneration and co-firing.

5.5.5 Current cost

An overview of the investment costs and generatast are shown in Figure 5-24 and Figure
5-25.
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Turbine Engnefurbine Turbine Stirfing engine Organic in coal plant cofiingin  Gas engine (5-10MW (30300 MW  digestion +
(10<100MW)  (-=6MW) (1050 MW)  (<0,1MW) Rankinecyde (5-100 MW) coal plant (0.1-1 MW) demo) future) Engine
(02-1.5 MW) (<10 MW) (0.3-10 MW)

. Biomass-to-power . Biomass to CHP

Note: Anaerobic digestion can also be run in CHP mode.

Figure 5-24 Investment costs biomass technologies
Source: IEA 2009, p.30.

Direct combustion technologies only for power ddfethe lowest costs, around 2,000
USD/kW in comparison to BIGCC technologies, which axpected to reduce the cost (still
in the demonstration stage) in the future. In @sttiCHP power plants are more expensive.
Regarding the generation costs as shown in Figt#®, an improvement of the investment
costs for BIGCC together with the higher efficiaagiof the combined cycle could reach a
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lower cost per kWh, as in the case of direct combusAlthough biomass for CHP power
plants has a higher cost per kwWh the overall ecanéasibility of such projects are easier to
reach by the additional revenues provided by thee &faheat.
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(10-100MW)  (15MW)  (1050MW) (<01 MW) Rankinecyde (5-100MW)  coalpknt  (0.1-1 MW) demo) future) Engine
(0.2-1.5 MW) (<10 MW) (0,310 MW)

wn

[ Biomass-to-power [JJj Biomass to CHP

Note 1: Anaerobic digestion can also be operated in CHP mode.
Note 2: Production cost can be reduced by 60-80% (depending on technology and plant size) if free biomass feedstock
is used, such as MSW, manure, waste water etc.

Figure 5-25 Generation costs biomass technologies
Source: IEA 2009, p.31.

The power technologies introduced in this chaptex proven technologies and are
commercially available. These technologies have pgbtential to continue reducing their
investment cost and improving their technical perfance. These issues are further analyzed
to determine in particular the evolution of thetcoger the years in the prognosis analysis of
the next chapter. In that way, a portfolio of temlogies for power generation with
conventional energy sources and new renewable ersargrces will be obtained for the
simulation of the Colombian power sector with thergy models.
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6. PROGNOSIS ANALYSIS

The objective of this chapter is to conduct a posis analysis of all data required by the
energy models to simulate the supply of electrisityColombia in the long term. These
energy models use the engineering approach forsthmilation. Therefore a detailed
description of electricity supply and demand isuiszg.

First, the portfolio of power technologies incluglireconomic and technical aspects for
Colombia is defined. A literature review of investimh and operation and maintenance costs
of power technologies is presented. Subsequentfnalysis to project these costs for a time
horizon from 2005 to 2050 is conducted. Based qmeeence curves, the costs for power
technologies using new renewable energy sourceprajected. A summary of all technical
parameters of power technologies apart from thest and including C@emission factors is
completed to be used for the energy models.

For technologies powered by fossil fuels, a pragecbf the fuel costs is also included. In
addition fossil fuel reserves in Colombia and trd@mand is presented, which indicates the
availability of these resources in coming decadé®& models also require this information.
As this is required for the supply side, the eleityr demand of Colombia is also assessed for
the time horizon of the analysis from 2005 to 20B8us, the supply and demand side of the
energy models are covered.

The results of this prognosis analysis constitbeeihformation basis required by the energy
models to simulate the Colombian power sector.

6.1 PORTFOLIO OF TECHNOLOGIES

The Colombian power sector relies currently almestlusively on conventional power
generation technologies: large hydropower statia@al power plants and gas turbine
technologies. This reflects an energy policy tatbto energy resources that, at the moment
of their implementation, were in abundance. Altho@plombia is blessed with still plenty of
hydropower and coal energy sources, Colombia’s ldghendence on hydropower and
natural gas has made the power generation expaosiosider a broad spectrum of other
alternatives.

As Chapter 4 and 5 show, Colombia has renewableggrs®urces that can be exploited to
generate electricity with proven technologies. #at reason a portfolio of power generation
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technologies, conventional and non-conventionaliife Colombian case are defined here. To
accomplish that task, two criteria to select tedtbgies were defined as follows:

- Indigenous energy sources, conventional and nowesdional, are to be exploited.
- Proven technologies which are either competitivelese to being competitive.

A literature review was conducted with global teclogy and energy scenario studies to
compile a set of technologies. First, current imwvesit and operation and maintenance
(O&M) were assessed in order to have a base torrdieie the cost development of
technologies in the long run. The results for aurmenewable and conventional technology
costs in 2005 US dollars are shown in Table 6-1Tadule 6-2.

Table 6-1 Investment costs of renewable energy tewblogies
Sources: Data from Greenpeace 2008, |IEA (ETP) 28082009, ECN 2004, Blok 2007.

Greenpeace ETP IEA ECN Blok
Technology Units (2005 USD) (2005 USD) (2005 USD) (2001 USD) (2001 USD)
Wind Onshore Investment
costs $/kW 1,510 1,200 1,322 960 — 1,384 850 — 1,700
$/kW/year 58 19.83 19,2-55,2
o&M
% 3.8 15 2-4
Wind Offshore Investment
costs $/kW 3,760 2,600 2,814 1,887 -2,322 850-1,700
$/kW/year 166 42.21 56.4 —92.8
O&M
% 4.4 1.5 3-4
PV Investment
costs $/kW 6,600 5,500 4,245 6,029 5,000 - 18,000
$/kW/year 66 14 60.2
o&M
% 1 0.3 1
Concentrating Investment
Solar Power costs $/kW 7,530 4,500 2,315 2,500 - 6,000
$/kW/year 300 30
O&M
% 4 1.3
Biomass Investment
combustion costs $/kW 3,040 1,975 - 3,085 1,775 - 6,699 500 -@®,00
$/kW/year 183 71-3345
o&M
% 6 4-5
Biomass IGCC Investment
costs $/kW 4,320 -6170 2,500 3,796
$/kW/year 50 189.8 — 246.7
O&M
% 2 5-6.5
Co-firing Investment
with Coal costs $/kW 123 212 -245
/kW/year
o&M $ y
%
Geothermal Investment
Hydrothermal costs $/kW 1,700-5,700 946-2,838 1,898-2,791 800 - 3,000
0&M $/kW/year 33-97 18.92 -56.76 37.8-55.8
% 19-57 2 2
Geothermal Investment
Hot Dry Rock costs $/kW 17,440 5,000 - 15,000 2,365-7,094
$/kW/year 404 150 — 300 47.3-141.8
o&M
% 2.3 3-2 2
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Wind and photovoltaic technologies are commercialilable. Geothermal, hydrothermal

and hydropower are mature technologies that aeaadyr in use. Concentrated solar power
and biomass combustion and gasification are basedetl known technologies with steam

turbines and gas turbines with heat recovery stg@merators respectively, where the
innovation is the energy source and its transfoionatnto heat energy. With these

technologies the Colombian renewable energy souraasbe exploited. Geothermal hard
rock is still in its early stages of development.dAscription of the technical and market
characteristics of these technologies are presemt@tapter 5.

Notably, differences are seen between technologigarding their investment costs with

wind technologies being, so far, the less expenspt®n. However a comparison based on
the cost per kW does not reflect the cost of a kWdich is ultimately the key decision factor.

This issue will be addressed in the simulation g energy models.

Investment and O&M cost estimations differ from swurces for the same technology. For
instance Greenpeace costs are higher than costa¢ssi from the International Energy
Agency. For concentrating solar power the costsvéen the sources do not show any
similarity, this is explained by a selection of ime; solar technology (e.g. parabolic trough,
solar tower or dish system) in which the parabatmugh is the cheapest of its kind.
Regarding conventional technologies, the literataxgew yielded the following results:

Table 6-2 Investment costs of conventional technaaes
Sources: Data from Greenpeace 2008, IEA (ETP) 2088/E 2005, IER 2006, IEA 2008a.

Greenpeace ETP UPME IER IEA
Technology Units (2005 USD) (2005 USD) (2005 USD) (2005 USD) (2005 USD)
Coal Investment 1,400 —
Power Plant costs $/kwW 1,320 2,000 1,322 1,145 1,500 - 2,200
$/kW/year 73 51 60 — 88
O&M
% 5.5 4.4 4
Natural Gas Investment
Combined Cycle costs $/kw 690 600 - 750 683 548 660 — 750
Power Plant 0&M $/kWlyear 36 28.6 26.4—-30
% 5.2 5.2 4
IGCC Investment
Power Plant costs $IkW 1,800 1494° 1,600 — 2,30d
$/kWlyear 66 64 — 92
0O&M
% 4.4 4
Hydropower Investment
costs $kW 2,500 1,055
/kW/year 18.7
o&M $ y
% 1.7

! Cost range of a typical coal fired plant. The aufailtra-supercritical is from 12% to 15% highkan the cost of a sub-critical
2 Cost estimation by 2015
% Cost estimation by 2010.
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Unlike the renewable sources, the sources for atioveal technologies show similar costs.
An exception is hydropower, where the Colombianree f{UPME 2005) has a much lower
cost, suggesting that the local component in tis¢ foo hydropower plays a major role.

These are the portfolios of technologies to be idemsd in the simulation analysis for the
Colombian power sector.

6.2 PROJECTION TECHNOLOGY COST — EXPERIENCE CURVES.

A key question of a simulation which simulates inbe future is how cost and price will
develop over time. In that sense, investment amdatjpn and maintenance cost development
are a central input into the energy models. Thesstsctogether with fuel prices are an
essential component of the economic analysis. falslei methodology therefore needs to be
selected for the projection of these costs in tharé to have a robust and credible analysis.
Experience curves are a well known and applied otktlogy in energy scenario analysis to
tackle the cost issue of power technologies. Thsae why experience curves are employed
and their pros and cons will be shortly discussede hin order to provide a sound
argumentation for this selected approach.

Three methodologies can be named that address sbhessment of future costs of
technologies: experience curves, bottom up assedserel experts’ opinion. (European
Commission 2006, p.6). The first methodology is dhservation of historical trends in cost
reduction to derive a tendency in how costs mayeldgy which is the foundation of

experience curves. The lower production costs &ee result of the diffusion of the

technology, gains by learning by doing and learriggising, up-scaling and mass production
(Uyterlinde 2007, p. 4076).

An experience curve translates the experience wédanto a rate of change in production
costs as a fixed percentage with every cumulatougbting of production. It provides a trend
or indication on how prices may develop. This applodiffers from forecasting exercises,
and thereby matches the concept of scenario asalgsivhich case the goal is to measure the
effect of lower prices by the diffusion of techngiles. Thus, the integration of experience
curves into energy models has made it easier &grate technological change into energy
system analysis and scenario planning (Neij 2008Q9). Experience curves are therefore an
endogenous approach based on the amount of imstddlehnology and they are time
independent (Fischedick et al 2008, p.138).
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It is argued that experience curves are loaded wnttertainties in cost development due to
the aggregated approach. It is further arguedth®at use as a forecast tool in the long term
IS not appropriate because they are a “trend tantf only suitable for short term analysis
(Neij 2008, p. 2201).

A second methodology is then based on identifylgggources for cost reductions, expected
development and innovations to come, main drivdreast and development (bottom up
assessment), which are the result of reports franstry, research groups and individuals
giving an idea of the potential for cost reductioBsich source of cost reduction must be
identified and analyzed separately (European Cosions2006, p.6 and Neij 2008, p.2201).

A third approach is based on experts’ opinions pmgyments of experts, which use the
experts’ deep understanding of the development rdigsa of the technology. These
approaches are exogenous, they are determinedram@el and are independent of the actual
diffusion rate of the technology (Uyterlinde 20@74076).

In a study co-funded by the European Commissiost(development, an analysis based on
experience curves), different technologies to gammeeelectricity were analyzed within the
NEEDS project (European Commission 2006). Thidyintegrated the exogenous approach
into the experience curve analysis in order to .etal the cost reduction described by the
experience curves. The study found that bottomnaglyais together with judgmental expert
assessments arrived at similar cost reductionsthgive experience curve. Learning rates are
subsequently suggested to be applied for the asabfsfuture cost development of new
energy technologies

The experience curves describe how a unit cosindsclith cumulative production. This
relationship was first estimated by the Boston @dimgy Group (BGC) in 1968, where the
curve is expressed as:

Cune = CoCunt?

PR=2°

PR=1-LR

Where:

Cunit = Cost per unit
Co = Cost of first unit
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Cowm = Cumulative production

b = Experience index learning coefficient
PR = Progress Ratio
LR = Learning Rate

The experience curve concept translated to theredsiction of energy technologies starts by
defining the learning rate of technologies, whichl wefine the progress ratio. Thus a
Learning Ratel(R) of 8% for wind energy, which describes the coduntion in comparison
to its previous level that can be achieved by edatbling of the capacity will yield a
progress ratioRR) of 92%. The experience indéxmeasures the responsiveness of total cost
to cumulative productionQ.u,) based on the progress ratio. The cumulative mtoaiu (Ceum)

is the ratio between the capacities to determimeirtkhrease. Thus a projected capacity of
wind onshore in 2020 of 348 GW in comparison tola@®N capacity by 2010 yields an
increase of 3.8 times. Assuming a cdsS§) (of 1,139 USD/KW in 2010, the cost of the first
unit, the new cost by 2020 can be calculated vighfirst equation. With an experience index
b of 0.1203 the result is 970 USD/KW.

The results of the study of the European commissMEEDS, which recommended

experience curves and their learning rates forcesdeenergy technologies along with other
results from the International Energy Agency arevah in Table 6-3. The NEEDS study

detected large uncertainties for PV and CSP teolged where learning rates may vary
between 0 and 5% in contrast to other technoloigieghich a range of 0 - 2% is suggested.
The percent variations are supposed to cover tleertainties of the experience curve
approach.

The future development of investment cost for thelo@bian power sector will be
determined with experience curves for renewablanelogies. For them a learning rate was
selected to be applied in the analysis. A consemvd¢arning rate was selected for wind as
suggested by looking at the sources. For PV teclgned a conservative figure of 18% was
selected. Solar has not reach the same degreéusiain as wind and it is believed that solar
has a great potential to reduce cost drasticallyaa® recently been shown in market figures.
For CSP, Geothermal and BIGCC the same learnings ratiggested by the sources were
selected.
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Table 6-3 Learning rates
Source: Data from European Commission 2006; IEA82484d 2009.

Technology NEEDS ETP EIA Selected
Onshore 10% £ 2% 7% 7% 8%
Offshore 10% £ 2% 9% 7% 8%
PV 20% + 5% 18% 18% 18%
CSP 8% + 5% 10% 10% 10%
PC 5% + 2%

IGCC 5% + 2% 3%

FBC 5% + 2%

CC 10% + 2%

GT 10% + 2%

Biomass fuel, logistics 15%

Biomass conversion 5%

BIGCC 5% 5% 5%
Geothermal 8% 8%

The experience curve approach for conventionaln@olgies was not selected, since their
cost projections are based on bottom-up approaeliesr than experience curves. This issue
will be further analysed in Section 6.5.

The introduction of new technologies into the Cotaam power market at a large scale will

depend on how these technologies further develomternational markets until reaching

competitive prices. The Colombian power sector dugshave any effect on, for instance,

driving the prices (price taker). For that reasuterinational prices are the reference point for
the analysis and expected cost reductions will heeth on how far these technologies
continue penetrating international power marketsctvis the topic of the next subchapter.

6.3 RENEWABLE ENERGY IN GLOBAL SCENARIOS

To make a projection of the investment cost of walde energy sources, an estimation of the
participation of these technologies in the powesteys of the future is required. The cost
will be driven by global development of the tectow}. For that reason energy global
scenarios are assessed to see how far renewablgy esoeirces may be part of energy power
systems.

Global scenarios differ in their results, theiruaaptions, storyline of the scenario (business
as usual scenario (BAU) among others considerediritdeling techniques, investment costs
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and technical parameters, portfolio of technologessidered, energy policies and technical
innovations, as noted by comparison of scenariafopeed by the Center of Research
Solutions (Hamrit et al, 2007) and as pointed guab IPCC scooping meeting on renewable
energy sources (IPCC 2008, p.137).

Significant differences are observed between tle@atos regarding the share of renewable
energies in the primary energy supply as showngnrg 6-1. The share ranges from 10% to
50% for the year 2050 being the Energy RevolutimmfGreenpeace e(R) and the climate
protection strategies for the 2tentury: Kyoto and Beyond from the German Advisory
Council of Climate Change (WBGU) the most optintigtibetween 30% and 50% share in
2050) whereas the International Energy Agency (IBégnarios along with the IPCC are the
most conservative (between 12% and 25% share i0)205

1 e[R](2007)

?
____________ B cmmccedleeeeeee | WEC(1998)
------------- g O AP PRp——— WBGU (2003)

elR)
“e==gWEC """~ =s===g = =- 1 IEA ETP (2006)
WBGU '8 [eAETP v

“““““““““““““““ ! |eA WEO (2006)
IEAWEQ Ml WETO 2004
A R e e R s e 1 WETO (2008}

' ' * 1 IPPC (2000)

2030 2050

Figure 6-1 Share of renewable energies in the prinma energy supply
Source IPCC 2008, p. 137.

In a recent analysis from the IPCC’s authors inrtBpecial Report on Renewable Energy
Sources and Climate Change Mitigation, where l1lG%nt global energy scenarios were
reviewed, the shares of renewable energy in prireagrgy supply reached 43% and 77% in
2030 and 2050 respectively for scenarios with tigdst renewable energy shares (IPCC
2011a, p. 803).

The share of renewable energy sources in elegtg@neration follows the same trend as
shown in Figure 6-2. The Greenpeace scenario reaii®% share whereas other scenarios
range between 25% and 35%, the lowest being the \NAld Energy Outlook Baseline
Scenarios.
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From four illustrative scenarios selected by th€@ authors in their Special Report on
Renewable Energy Sources and Climate Change Mdigatt was found that shares of
renewable energy sources range from 24% to 95%waté by 2050 (IPCC 2011, p. 818).

Since shares of renewable power of global scenatitbsr substantially, the information
required to estimate the capital cost of renewah&rgy sources in the future will be gathered
from optimistic and conservative figures. Thus, tost projection for the simulation of the
Colombian power sector will consider both figuresnbake the analysis more robust. The
Greenpeace and IEA scenarios (World Energy Outioak Energy Technology Perspectives
ETP) were selected.

These scenarios show not only the current cosbwep technologies as already introduced in
Section 6.1, but also the future capacity expededording to the scenarios’ storyline
developed by the authors. In order to have moraildedbout the costs estimation and the
capacity in the long term obtained by their sceasmrthe authors were contacted via e-mail
and the objectives of this dissertation were exgldi Only the IEA provided further

20% 4

2010 2020 2030 2040 2050

== |EA WEO 2006 Base case
=== |EA WEO 2006 Alternative case
IEA WEOQ 2006 BAPS
=== |EA ETP Baseline
e [EA ETP ACT MAP
== |EA ETP ACT Low RE
== |EA ETP ACT Low Nuclear
== |EA ETP ACT No CCS
== |EA ETP ACT Low Efficiency
gy |EA ETP Tech Plus
== WETO H2 Reference
WETO H2 Carbon Constraint
== \WETO H2 Hydrogen devt
=Greenpeace Ref (IEA WEO 2004)

== Greenpeace [rlevolution

Figure 6-2 Share of renewables in electricity genation
Source: Hamrin et al 2007, p.7.

information (IEA, 2009). The figures of the scenarare presented in the next table:
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Table 6-4 Global installed capacity of renewable tnologies in GW
Source: Data from IEA 2007 and 2008, Greenpeac8.200

Technology 2005 2010 2015 2020 2030 2040 2050
Wind onshore ~ Greenpeace 59 162 866 1,508 1,887 2,186
ETP 2008 650 750 1,100/ 1,350
EIA 2007 33 140 708 1,299
Wind offshore  Greenpeace 0.3 1.6 27 114 333 547
ETP 2008 150 250 350 /650
EIA 2007 2 22 143 424
PV Greenpeace 52 21 269 921 1,799 2,911
ETP 2008 3 150° 600/ 1,150
EIA 2007 2 19 156 1,117
Concentrating  Greenpeace 0.53 5 83 199 468 801
Solar Power
ETP 2008 250 380/ 630
EIA 2007 1 4 15 29
Biomass Greenpeace 21 35 56 65 81 99
ETP 2008 0,5 55/ 65*
*(2025)
EIA 2007 37 74 101
Geothermaf Greenpeace 8,7 12 33 71 120 152
ETP 2008 75
EIA 2007 17 34 64 106

! ACT Map capacities IEA Scenarios

260 GW in the baseline scenario in 2030, 150 G\80B5 and 600 GW by 2050 in ACT scenario. For BLdEngrio over 150 GW in 2030
and 1,150 GW by 2050

% World capacity below 10 GW in BASELINE Scenari&02GW in ACT and BLUE scenario. 380 GW and 630 GivHoth scenarios by
2050

“ The figures correspond mainly to BIGCC. 10 demogslaf 50 MW each between 2020 and 2050 for theltmesscenario, between 2015
and 2035 for ACT scenario and between 2010 and 82BLUE scenario. Co-combustion technologiesaise included, 5 GW for ACT
scenario and 100 GW for BLUE scenario in 2040. 8 BIGCC between 2020-2050 for ACT and 65 GW in 206&0BLUE.

® Biomass capacities include biogas, CHP and BIGCé Greenpeace scenario. The ETP and IEA figtoesspond to BIGCC.

® The figures of ETP and IEA are for conventionabtiyermal capacities whereas the Greenpeace stuabalply refers to hard rock
technologies

The scenario analysis of these studies differoim the energy landscape should look like by
the year 2050. For that reason their results arersk.

The Energy Technology Perspectives (ETP) 2008 lamd\torld Energy Outlook 2007 are the
scenario studies of the International Energy Agefdye baseline scenario is found in the
World Energy Outlook and serves as a referencet ffoirthe Act and Blue scenarios of the
Energy Technology Perspectives. The Act scenaadaae global C®emissions to current
levels (as of 2005) by 2050. In contrast the Bloensirios target a 50% reduction by 2050 as
shown in Figure 6-3 (approx. 14,000 Million tonneBhe combination of energy efficiency
and the introduction of renewables (wind, PV, C8Bmass), nuclear power and Carbon
Capture Storage (CCS) shape the scenarios. By 3380,0f power generation comes from
renewables in the Act map scenario and 46% in the Biap scenario. The baseline scenario,
by contrast, has only an 18% share (mostly HydragwCCS plays an important role to
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reduce CQ emissions, and from nuclear power, 32 GW per yaat 2050 is required. Coal
and natural gas will vary their share in the Adll &ue scenarios together with the amount of
power units with CCS. Figure 6-3 and Figure 6-dsiliate the scenarios’ G@oncentrations
and electricity production.
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60 — wii= ACT Map
50 ==g== BLUE Map
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30 —
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Note: Figures refer to CO, concentrations by volume (ppm CO,).
Figure 6-3 Energy-related CQ emission and CQ concentration profiles for the
Baseline, ACT Map and BLUE Map scenarios
Source: IEA 2008, p. 51.

60 000

Other renewables
Solar

Wind

Biomass + CCS
Biomass

Hydro

Nuclear

Gas + CCS
Gas

il

Coal + CCS
Coadl

]

50 000 —

40 000 —

30 000 — -
20 000 —
[
10 000 —j
0_

| | T |
2005 Baseline Baseline ACT Map BLUE Map

2030 2050 2050 2050

Global eleciricity production (TWh)

Figure 6-4 Global electricity production by fuel inthe Baseline, ACT Map and BLUE
Map scenarios, 2005, 2030 and 2050
Source: IEA 2008, p. 84.

The Greenpeace study takes as a reference scémabaseline of the World Energy Outlook
2007 as a BAU and develops an energy revolutionasa with two objectives: the reduction
of CO, emissions to assure a global temperature incleass than 2°C and the phase out of
nuclear power. Energy efficiency and renewablespshthe power sector. Unlike the
International Energy Agency scenarios, the enemyplution scenario reduces the use of
conventional power to a minimum and wind and stdahnologies are expected to contribute
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46% in 2050. The total share of renewables amaoni$%. The C@emissions are reduced
by 56% in comparison to 2005 figures (10,589 millionnes in 2050). Figure 6-5 and Figure
6-6 illustrate the scenarios’ G@missions and electricity production.
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Figure 6-5 Global CG, emissions energy revolution scenario
Source: Greenpeace 2008; p. 14.
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Figure 6-6 Global development of electricity supphstructure under the reference and

energy revolution scenario
Source: Greenpeace 2008, p. 56.
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Both studies include an analysis with experiengeesito determine the future cost of energy
technologies. The Greenpeace study used the figditee NEEDS study.

6.4 CAPITAL COST PROJECTIONS FOR COLOMBIAN ENERGY MODEL ING
BASED ON EXPERIENCE CURVES

In order to apply the experience curve methodolagythe Colombian case, current
investment costs of renewable technologies and g¢ftaal diffusion were assessed. A review
of available sources shows that these costs vadytlaat diffusion depends on how new
technologies are embraced in the future, whereergatve and optimistic figures are found.

To minimize the uncertainties of the cost figur@sange per technology is derived according
to the sources reviewed. In addition, the consemadiffusion of renewables of the ETP
scenarios and the optimistic figures of Greenpeseeselected. As a result the experience
curve analysis approach for the Colombian powetosetill yield a low and high cost for a
slow and fast penetration of renewable sourcesr (thifusion). The energy model will
therefore be fed with this set of data. In that vaagensitivity analysis is included from the
beginning.

Table 6-5 exhibits the range of investment codecsed from the literature reviewdeTable
6-1) along with O&M costs and the learning ratetfar analysis.

Table 6-5 Cost and learning rates for the Colombiamnergy simulation

Technologies Investment Cost O&M LR
(2005 USD/kW) (%) (%)
Low High
Wind onshore 1,200 1,510 3% 8%
Wind offshore 2,600 3,760 4% 8%
PV 4,245 6,600 1% 18%
Concentrating Solar Power 4,500 7,530 4% 10%
Biomass IGCC 4,320 6,170 6% 5%
Biomass Combustion for power 1,975 3,085 5% 5%
Co-firing with coal 123 245 6%
Geothermal Hydrothermal 1,700 5,700 2% 8%
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Regarding the global installed capacity for reneesban interpolation was necessary for the
figures of the Energy Technology Perspective saesdor the missing years 2010, 2020 and
2040 seeTable 6-4) based on the figures from the IEA (IEX07) in their Act map scenario,
assuming that the penetration follows the sameltréhis does not apply to CSP, where the
projection was not realistic so a linear projectfoom the ETP was assumed. The biomass
IGCC figures were taken only from IEA sources, sitite Greenpeace report does not have a
disaggregated figure for their biomass technolodiéere is no data for biomass combustion.
For geothermal, the figures taken correspond toseational hydrothermal. The results are
shown in Table 6-6.

Table 6-6 Global installed capacity in GW for expeilence curve analysis
Technology 2005 2010 2020 2030 2040 2050

Onshore 59 92 349 750 925 1,100
59 162 866 1,508 1,887 2,186
Offshore 0.3 4 22 150 250 350
0.3 1,6 27 114 333 547
PV 3 10 62 150 375 600
5.2 21 269 921 1,799 2,911
CsP 0.5 6 104 250 315 380
0.53 5 83 199 468 801
Biomass 0 13 27 40 48 55
21 35 56 65 81 99
Geothermal 9 18 31 45 60 75
8.7 12 33 71 120 152

The conservative capacity corresponds to the lofigste from ETP scenarios (Act Map)
and the higher capacities to the energy revolusmenario from Greenpeace. As an example
of how the capacity of renewables differs from bstknarios, Figure 6-7 exhibits the global
capacity for PV and wind in which the variationgie projections are more evident.
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Figure 6-7 Global low and high cumulative capacitydevelopment of wind onshore and

PV

By knowing the learning rates, investment costs giothal capacities, the experience curve
methodology yields the following resultsegeSection 6.2 for the mathematical formulation):

Cost development with high integration of RE
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Figure 6-8 Investment cost with global high integréon of renewables
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Table 6-7 Investment cost with high diffusion of reaewables

Technology 2005 2010 2020 2030 2040 2050
Wind onshore 1,200 1,062 868 813 793 783
1,510 1,337 1,092 1,021 993 973
Wind offshore 2,600 2,126 1,513 1,272 1,117 1,052
3,760 3,074 2,189 1,842 1,620 1,527
PV 4,245 2,846 1,372 965 797 693
6,600 4,426 2,133 1,499 1,238 1,079
Geothermal 1,700 1,635 1,448 1,319 1,237 1,203
5,700 5,484 4,856 4,429 4,158 4,042
Concentrating Solar Power 4,500 3,200 2,087 1,828 1,604 1,478
7,530 5,353 3,492 3,058 2,687 2,475
Biomass IGCC 4,320 3,583 3,385 3,284 3,244 3,211

6,170 5,118 4,836 4,693 4,635 4,585
Biomass Combustion for power 1,975 1,902 1,837 1,817 1,787 1,760
3,085 2,972 2871 2,841 2,795 2,754

The curves with the same color in Figure 6-8 regmeshe cost range of the technology (low
and high investment cost development). A high legrnate as in PV and CSP (18% and 10%
respectively) in combination with a strong diffusibring the cost down in a short amount of
time. In a period of 15 years the PV cost is reduitem 4,245 US/kKW to 1,372 USD/KW

(67% reduction) from its previous level in 2005 dnig$ the 1,000 US/KW mark around 2025
for the low investment cost curve. As soon as dapacowth per year stabilizes so do the
investment costs. That is why the cost reductioashat as substantial as in previous years.

Biomass technologies have a low learning rate andod have an aggressive diffusion, which
cause relatively stable investment costs. Onshoirel will reach costs around 1,000
USD/kW, whereas offshore wind’'s investment coste ekpected to be reduced, since
important expansion rates are supposed to take.plaeothermal has a larger gap between
the low and high investment cost (5,000 USD/kW),jocikhmust be better defined for the
Colombian power sector modeling using another agogro

By a low penetration of renewables, the cost raedastare simply postponed as shown in
Figure 6-9. Instead of a 15 year time span to pRShcosts between 1,372 and 2,133
USD/kW by 2020, 10 more years are necessary tongucsh it. Nevertheless, PV and CSP
experience an important reduction of cost overybars as offshore wind does to a lesser
extent.
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Figure 6-9 Investment cost with global low diffusio of renewables

Table 6-8 Investment cost with low integration of enewables

Technology 2005 2010 2020 2030 2040 2050
Wind onshore 1,200 1,139 970 885 865 845
1,510 1,432 1,219 1,111 1,082 1,062
Wind offshore 2,600 1,891 1,551 1,231 1,157 1,112
3,760 2,733 2,242 1,782 1,675 1,608
PV 4,245 2,999 1,781 1,386 1,065 932
6,600 4,662 2,772 2,152 1,655 1,446
Geothermal 1,700 1,558 1,459 1,395 1,349 1,314
5,700 5,221 4,889 4,672 4,516 4,397
Concentrating Solar Power 4500 3,091 2,017 1,768 1,707 1,659
7,530 5,171 3,373 2,954 2,851 2,771
Biomass IGCC 4,320 3,583 3,385 3,284 3,244 3,211

6,170 5,118 4,836 4,693 4,635 4,585
Biomass Combustion for power 1,975 1,902 1,837 1,817 1,787 1,760
3,085 2,972 2871 2,841 2,795 2,754

The experience curve results do not lead to agstraiorward conclusion about the
competitiveness of the technology. Technical fezgwand market characteristics have to be
taken into account to see the convenience of tisar for example, based on their merit cost.
However it is illustrated that the faster a tecligyl is promoted, the sooner it may reach
competitive levels by reducing cost and gainingesignce.
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6.5 CAPITAL COST OF PROJECTIONS FOR COLOMBIAN ENERGY
MODELING FOR CONVENTIONAL TECHNOLOGIES

The experience curve methodology was applied tewable energy technologies. Learning
rates for these technologies are found in sevenalices. For conventional technologies, cost
projections are based on bottom-up approachesrr#ith@ experience curves, which are
limited for advanced fossil fuel technologies (Eagan Commission 2006, p.24).

The sources reviewed for the cost estimation o$eh@chnologiesséeTable 6-2) included
projections of future cost. The analysis was comgleted with a Colombian study for the
assessment of power technologies cost, which gimadea of the local cost in comparison to
international estimations. It was found that inwest costs for conventional technologies are
very similar among the sources. The investment @&dll costs for the simulation in the
energy models for the Colombian power system velbhsed on the bottom up approaches of
the sources available.

The following tables (6-9 to 6-11) summarize thedings and explain the approach followed
and sources taken. All costs are presented in 2Dollars. The sources for the analysis
are the NEEDS project, where a cost developmeade&nced fossil fuel technologies were
derived (European Commission 2006, p.18) basedottornh up assessment from the Institut
fur Energiewirtschaft und Rationelle Energieanwer@(iER). In addition the estimations of
the International Energy Agency studies were takba: Energy Technology Perspectives
(IEA 2008) and the Carbon Capture and Storage (@CI&)y carbon abatement option (IEA
2008a). The Colombian study, Costos IndicativosGaémeracion, is also included (UPME
2005).

In general, investment and O&M costs reductionsnatevery significant over the years, but
improvements in the efficiency are expected. Tylbica 40 year life span is used for
conventional power plants for economic analysis.
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Table 6-9 Pulverized coal fuel power plant

ltem Units 2005 2010 2020 2030 2040 2050
Investment (UsD/kw) 1,300 1,300 1,300 1,300 1,300 1,300
O&M (USD/kW) 65 65 65 65 65 65
Efficiency LHV (%) 40 45 50 52 53 53
Lifespan (Years) 40 40 40 40 40 40

Notes:

- The sources consulted shows for conventional coal fired power plants investment costs between 1,000 USD/kW and 1,500
USD/KW. A price of 1,300 USD/KW is selected from the Colombian study as representative

- The reduction of investment costs of this technology over the years are expected to be between 10% and 16% (Greenpeace,
IEA -CCS) while others sources (NEEDS, ETP) show an almost constant cost in the long run. This is understood as the price
reduction of super critical and ultra-super critical PC power plants reaching the cost levels of today conventional PC power
plants. Therefore, for the same cost a better efficiency by higher temperatures and pressures in the steam cycle are expected to
be commercially available

- An investment cost of 1,300 USD/KW is therefore kept constant until 2050 with an increase of the efficiencies overtime

- NEEDS reports a 4% of investment cost to be O&M in average as well as the EIA-CCS Study. The Colombian Study reports a
cost around 5.5%. A value of 5% is selected.

- Efficiencies are a representative average of the sources available (Greenpeace, ETP, IEA-CCS, NEEDS)

- Lifespan of this technologies ranges from 45 to 60 years. 40 years were selected. For the analysis until 2050 a replacement of

a new installed unit will not be required

Table 6-10 Gas Turbine Combined Cycle

ltem Units 2005 2010 2020 2030 2040 2050
Investment (USD/kW) 700 679 637 505 595 595
0o&M (USD/kW) 35 34 31,9 29,8 29,8 29,8
Efficiency LHV (%) 57 58 61 63 63 64
Lifespan (Years) 40 40 40 40 40 40

Notes:

- From Greenpeace and IEA sources a decrease in the investment between 12% and 17% is expected in 2030. A value of 15%
is assumed. From 2030 onwards this value is kept constant. The decrease is assumed to be lineal

- Efficiencies being a representative average of the sources available (Greenpeace, ETP, IEA-CCS, NEEDS)

- Lifespan of a combined cycle is assumed to be 40 years. For the analysis until 2050 a replacement of a new installed unit will
not be required

- NEEDS reports a 5.2% of investment costs to be O&M in average, EIA-CCS a 4%. The Colombian study reports a 5.3%. A
value of 5% is selected

Table 6-11 Integrated gas combined cycle

ltem Units 2005 2010 2020 2030 2040 2050
Investment (USD/kw) 1,800 1,720 1,560 1,400 1,400 1,400
0O&M (Usbkw) 756 72,2 655 588 588 588
Efficiency LHV (%) 40 44 51 54 55 55
Lifespan (Years) 40 40 40 40 40 40

Notes:

- The investment costs reported by ETP were selected, other studies show values for other years with same tendency
(EIA_CCS, NEEDS)

- NEEDS reports a 4.4% of investment costs to be O&M in average, while the EIA-CCS study a 4%. A value of 4.2% is selected
- Lifespan assumed to be 40. For the analysis until 2050 a replacement of a new installed unit will not be required

- Efficiencies being a representative average of the sources available (ETP, IEA-CCS, NEEDS)
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There are two technologies that show big differencegarding the investment costs.
Hydropower investment costs from Colombian sousressignificantly lower in comparison
to international sources as well as geothermal wluost has a variation of 5,000 USD/kW
between the low and high cost estimates. For #adan, the Colombian source was selected
to derive the investment cost as shown in Table.67lhe future development of their
investment cost is assumed to be constant. Iniaddihvestment costs for a gas turbine are
also included, which will be used as a peak teawywlin the energy models.

Table 6-12 Hydropower investment cost

ltem Units 10 MW 200 MW 600 MW
Run off the
river
Investment  (USD/kW) 2,000 1,125 1,055
O&M (%) 2 2 2

Source: UPME 2005a, p.164.

Table 6-13 Gas Turbine

ltem Units 150 MW 300 MW
Investment (USD/kW) 1,125 1,055
0o&M (%) 9,6 9,6
Efficiency (%) 33 33

Source: UPME 2005a, p.164.

6.6 ELECTRICITY DEMAND

The Energy Planning Unit of the Colombian Energg &tine Ministry (UPME) releases
every year an indicative transmission and generaixpansion plan with the objective to
analyse how electricity demand can be suppliedraaog to current and expected expansion
in generation and transmission technologies imtidlle term (15 year time horizon). A key
analysis of the plan is the national electricityndad projections. This allows measuring the
energy resources available and the transformaéohnblogies to see how the power sector
can reach expected demand goals. For the simulatiofuture power developments in
Colombia in the accounting framework and optimmatmodel, the demand growth until year
2050 will be based on the official electricity demdgprojections of the ministry.

The methodology for the projection of the UPME &k#o account demand (sales) reported
by the utilities, special demand loads (big indes)rand transmission and distribution losses.
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This recorded information is analyzed within theior@al economy and its sectors demanding
electricity, in which energy prices, GDP growth amgmther parameters are put together by
econometric models for the projection. The resaits yearly and monthly projections which
show the seasonality of the electricity consumptedetermine the power required by means
of the monthly capacity factor of the system witle tatest two years data. The results of the
demand projections are exhibited in Figure 6-10.
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Figure 6-10 Domestic electricity demand from 20060t2022
Source: Data from UPME 2007. p.43

The projection corresponds to economic situatiod arpectations in 2006 and does not
include international electricity transactions. Thmojection considers the losses of
transmission and distribution which amount to 2&8d 13% respectively.

As a result of a sensitivity analysis a projectionnel is obtained showing a low, medium and
high demand growth by year 2022. Table 6-14 sunmesarthe projection of electricity per
year.
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Table 6-14 Demand projection

Year Electricity demand Demand Growth
(GWh) (%)
High Medium Low High Medium Low

2006 50,815 50,815 50,815

2007 53,850 53,400 52,900 5.97% 5.09% 4.10%
2008 57,002 56,317 55,087 5.85% 5.46% 4.13%
2009 60,040 59,019 57,180 5.33% 4.80% 3.80%
2010 62,950 61,678 59,292 4.85% 4.50% 3.69%
2011 66,085 64,155 61,193 4.98% 4.02% 3.21%
2012 69,544 66,980 63,340 5.23% 4.40% 3.51%
2013 72,808 69,562 65,303 4.69% 3.86% 3.10%
2014 76,372 72,351 67,442 4.89% 4.01% 3.28%
2015 80,009 75,189 69,490 4.76% 3.92% 3.04%
2016 84,072 78,320 71,753 5.08% 4.16%  3.26%
2017 87,925 81,238 73,736 458% 3.72% 2.76%
2018 92,251 84,418 75,917 4.92% 3.92% 2.96%
2019 96,937 87,787 78,214 5.08% 3.99% 3.03%
2020 101,012 91,157 80,920 4.20% 3.84% 3.46%
2021 104,263 93,722 82,845 3.22% 2.81% 2.38%
2022 108,224 96,750 85,029 3.80% 3.23% 2.64%

Source: Data from UPME 2007, p.43).

A newest demand projection version as of March 2)@8vs different results (UPME 2009).
First, the horizon was extended to 2030 and indudest recent economic development.

Figure 6-11 exhibits the two set of projectionside until 2022 for the medium growth.
The gap between years 2008 and 2011 varies frono420% showing the overestimation of
the previous analysis.
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Figure 6-11 Domestic electricity demand projectior2007 vs. 2009

Source: Data from UPME 2009, p. 24.

From 2011 to 2022 the difference is approximatdly6%. This is explained by the dramatic
change in economic growth as seen by the demanwktlgria the second semester of 2007.
The demand growth of 4% in 2007 shrunk to 1.6%0@8as a consequence of the slowdown
of the economy with a GDP reduction from 7.5% t8%8 for those years (UPME 2009, p.5).
This contrasts to previous macroeconomic assungtivhich expected GDP’s in 2008 and
2009 between 4% and 6% (UPME 2007, p.41). This @G@fge was estimated to last until
2020. The projections have now shifted this GDRyeato be from 2011 onwards after a
recovery in 2009 and 2010. According to the nevetefgty demand projection the growth
rates estimated for 2009 and 2010 should amouht4®% and 2.7% respectively and a 3.6%
to 3.2% from 2010 to 2030 (UPME 2009, p.4).

Since the simulation in the energy models requaeprojection beyond the last years
available, 2022 and 2030, a set of data was exXatgabassuming growth rates of the last
years available to be constant until 2050. Thelteswme shown in Figure 6-12
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Figure 6-12 Domestic demand projection until 2050
Based on projections 2007 and 2009.

For the projection based on the 2007 figures, dgnaates are 2.6 %, 3.2 % and 3.8 % for low,
medium and high estimations by 2022. The growtbsralf the demand projection in 2009 are
of similar order 2.5%, 3.2% and 3.9 %. As the deainamjection of 2009 goes until 2030 the
growth rates by that year correspond to 2.3 %,98.and 4 %. The medium growth rate is
almost equal in the projections available.

An average difference of 14.4% is observed from22@?2030 and of 14.9% from 2031 to
2050 between the projections. The demand projedtibim the 2007 figures was projected
from 2023 onwards whereas the 2009 version fronl283vards. The electricity demand
projections for the energy models are based o2QQ& version.

An extrapolation of the electricity demand basedtloa last growth rate implies the loose
assumption that growth is constant over those yearsomparison with countries which
experience or are experiencing economic high groatid stabilize their electricity
consumptions per inhabitant is included to guaeanttat the assumption does not exceed
reasonable limits as experienced by other countribeh already reached their industrialized
phase. As electricity consumption per capita isduse an indicator to test those limits, the
consumption per capita for the Colombian projecbgrihe year 2050 is first calculated with
current national and international Colombian popaiaprojections as shown in Figure 6-13.
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Figure 6-13 Population projection for Colombia
Source: Data from DANE 2009 and UNO 2008.

The above projection reflects the latest nationatigics until 2022 (DANE 2009) and a
further population growth based on UNO estimatifresn that year to 2050 (UNO 2008).
The medium projection was selected to obtain therggnconsumption per capita together
with the demand projection figures of the 2007 igr&is shown in Figure 6-14
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Figure 6-14 Estimated domestic electricity consumpdn per capita
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A current consumption per capita of 1,170 kWh/healll increase over 300% to reach a
consumption between 3,414 kWh/capita and 4,176 k®ita. Analogously the same
procedure was applied for selected OECD countseshawn in Figure 6-15.
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Figure 6-15 Electricity energy consumption per capa in countries: Germany, Spain,
USA and Mexico
Source: Data from database energy statistics of[E&stintries 1960 — 2003 (IEA, 2005).

By looking at the case of Spain in Figure 6-15,dbasumption per capita has had a constant
growth during the last 40 years; Spain was a cguehind the development of industrialized
countries in west Europe decades ago. Today Spaioisomy is an industrialized nation and
its energy consumption per capita has reachecetl@sl of Germany of over 6,000 kWh/head,
which also experienced an economic boom until kxaiyy the consumption per capita in the
nineties. Mexico has one of the biggest econommdsatin America and has a consumption
per capita of around 2,000 kWh/head, whereas theetliStates of America reaches easily
levels over 13,000 kWh. This demonstrates thatritieator cannot be taken as a definite cap
to check the levels of consumption, which deperatonly on the economy performance but
also on society’s consumption habits and preferendewever, it helps to illustrate that the
electricity demand projection for Colombia beyome tyears obtained by the econometric
models should be around reasonable levels andtdeawto unrealistic results.
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6.7 COLOMBIAN NATURAL GAS

6.7.1 Reserves and demand projections

Currently Colombia is self-sufficient to meet thational natural gas demand thanks to
mainly two regions where 85% of the reserves atatéd. As shown in Figure 6-16 the first
region is the north of the Colombian Caribbean toathe fields of Ballena and Chuchupa.
The second region is located in the eastern lowlandthe fields Apiay, Cusiana and

Cupiagua (UPME 2007a, p.39).
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GASODUCTOS Y CAMPOS
DE GAS NATURAL EN COLOMBIA

Figure 6-16 Natural gas fields and relative infragucture
Source: Ecopetrol 2012.
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As of 2007 the country had 131.42 &af commercial proved reserves including 25.52°Gm
for consumption in the operation of the fields (gewion of electricity for the operation,
operation of compressors, thermal treatment, operatf pumps among others uses). The
reserves and supply from 2003 to 2008 are showigimre 6-17.
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Figure 6-17 Natural Gas commercially proved resengand supply
Source: Data from UPME 2009a, p.149-150, own catais.

According to a projection conducted by the EnergyitWPlanning (UPME), Colombian
reserves are able to meet the demand until 201MBJ2009b. p. 147). As of May 2008 the
energy ministry reported reserves to last for 9ridre years (MME 2008). A recent
projection confirms the duration of these reseri@gBME 2010, p.144). Depending on the
evolution of the demand the supply is predictedeoguaranteed with indigenous resources
until between 2018 and 2020, further supportingitim@ortance of finding alternative energy
sources to meet the demand. In such a situatiamalagas could be imported from Venezuela
(pipeline capacity 14.15 million hper day). Liquefied natural gas (LNG) is also tian to

be imported from other markets. Figure 6-18 shadwesdrojection for all sectors based on
2006 figures. It is worth noting that exports tonéeuela take place until 2012 (4.24 million
m® per day). Afterwards 2.83 millionhper day of Venezuelan gas will be imported (UPME
20074, p. 13; UPME 2009a, pl13; Rigzone 2007).
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The amount of gas required to meet the power seatwes from 25% to 35% of the total
natural gas demand. This range varies dependingedads of high electricity demand and
availability of hydropower resources (wet and deasons), which results in a grade of
uncertainty in the projections. 85% of natural damanded by the power sector is consumed
by the power plants at the Caribbean coast (SSPD,31 43). In the modelling of the power
sector, a scenario with a reduced availability géiropower resources will therefore be
included.
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Figure 6-18 Projection of the of the natural gas deand

Source: Data from UPME, 2009b.

Most recent statistics show that commercially proveserves have been kept over 113*Gm
for the last years. The Ministry of Mines and Energported reserves for 7 years by 2009.
Residential, industrial and transport sector denfandhatural gas continue growing and the
power plants require much higher amounts duringogdsrof periodical extreme weather
conditions such as those associated with EI NifleMB8 2010, p.209).

As can be observed, the power sector is exposedaieity of natural gas resources in the
midterm, making it mandatory to either depend darimational natural gas markets and/or to
search for new gas/olil fields or to find other giyesources and implement other technologies
to back up current and future hydropower production
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6.7.2 Natural gas price projections

For a projection of the fuel cost for thermal powsdants firing natural gas, the Energy

Planning Unit UPME figures from its official analgsare used for the simulation in the

energy models. The methodology of UPME for the gmtipn is the result of an estimation of

the gas prices at the production fields (wellheackp and the transportation cost to the power
plants via the gas pipeline infrastructure (UPMB24 UPME 2009b). For the natural gas
production fields located at the Caribbean coastafiGa and Opo6n) the maximum allowed

gas prices are regulated by law according to CRESoRtion 119 of 2005, since price

liberation can only take place if the ElectricitydaGas Regulation Commission consider that
a certain level of competition has been reachedBPR005b, p.75).

The methodology adjusts the price per semestechnkitied to international oil prices. The
indexation is with New York Harbor Residual Fuell @idex of the Energy Information
Administration (IEA) of the United States as folleWCREG 2005, p.4):

PMR = PMR_lx%
INDEX,_,
Where:
PMR = Maximum regulated price for the next pertqdne semester) in US$/MBTU
PMR1 = Maximum regulated price of previous semegtés)
INDEX.1 = Average of index from previous periell)
INDEX:., = Average of index from period preceding the prasgisemestgt-2)
INDEX = New York Harbor Residual Fuel Oil 1.0% SuifLP Spot Price from IEA

The Energy Information Administration provides gukar projection of oil prices from the
present day to the year 2030. These projectiondased on projections generated from the
National Energy Modeling System (NEMS) that aredusg the US governmental and federal
agencies. The model has a market based approackatdr fuel and consuming sector,
accounting for economic competition between fueld sources. It is an equilibrium model
based on macroeconomic variables, fuel price pgosedemands and current legislation and
regulations (EIA 2009c, p.1).

The energy models used for the quantitative armlysthis dissertation dispatch the power
plants by merit order according to short term maabcost determined by the fuel prices. To
feed the model with that information, a data sahwiatural gas prices of existing power
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plants was obtained based on the 2007 projectibbME available and the EIA Indexes in

2008, which were available at the moment of theuwation allowing an upgrading of the

UPME projection applying the same methodology. thergas production fields which do not
have a regulated maximum price (Cusiana field), BRMtermined the competitive prices by
selecting those nodes in the pipelines, where thvedls are competitive with the natural gas
prices of the coast. In that way, the wellhead @m@s found after subtracting the cost of
transportation (NETBACK methodology). Table 6-1®wis the wellhead prices for power

plants with natural gas together with current tpamtation costs in 2006 dollars.

Table 6-15 Natural gas wellhead and transportatiomprices for power plants
Source: Data from UPME 2007a, p.9-12.

Power plant Transport Wellhead price Total
(US$/GJ) (US$/GJ) (US$/GJ)
Guajira 0.324 2.536 2.861
Mamonal 0.546 2.536 3.082
Barranquilla 0.419 2.536 2.955
Merielectrica 1.417 2.536 3.953
Centro 1.559 2.536 4.096
Palenque 1.936 3.630 5.567
Sierra 1.545 2.536 4.081
Dorada 1.802 2.536 4.338
Valle 2.658 2.536 5.194
Emcali 2.599 2.395 4.994

The indexes shown in Figure 6-19 are applied tqtiwes according to the methodology until
2020. Regarding the transportation costs, the @otste pipeline sections from the gas fields,
through the infrastructure up to supply nodes, vdetermined by UPME according to current
contract and regulations including fees and taXée. transportation costs are subsequently
added to find the price for existing power plargshown in Figure 6-20.
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Figure 6-19 Residual Fuel Oil price projection fromthe EIA (2006 dollars)
Source: Data from Annual Energy Outlook (EIA 2008).
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The power plants with low prices are mainly locasédhe coast, whereas those with higher
prices are located in the interior of the country.
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Figure 6-20 Natural gas price projections from 2005 2030 for Colombian power plants
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For the overall economic valuation in the energydeie LEAP and MESSAGE, only one
generic natural gas price is allowed. Since mosthefgeneration from natural gas power
plants is concentrated at the Caribbean coastriegunore than 80% of the natural gas for
the power sector (UPME 2010, p.214), the cost efitBEBSA power plant was selected as a
representative price for the simulations. Theseggriare low in comparison to other power
plants due to the proximity to gas production feelth other words, the model will be tested
with a set of “low prices” making the entrance efsntechnologies challenging.

The methodology for the projection of natural gasgs was updated with recent projections
to take into account, not only the sharp drop bpaces during the financial crisis, but also
expected higher oil prices in the coming yearsaddition, low and high natural gas prices are
obtained to be used for sensitivity analysis in¢hergy models. For that a recent projection
was selected (UPME and NATURGAS 2008, p.9-10). ble price scenario of this source
reveals an underestimation of the projection alelaere introduced with 2007 dataeé
Figure 6-20).

This is due to a new projection from the EIA, whiws been adjusted to account for the high
prices in 2008 and the radical changes experiebygethe energy costs due to the global
economic crisis pushing the prices to a low andribe of prices in 2010. Figure 6-21
illustrates how the fuel oil projections differ. Assresult, the natural gas projections vary
according to the fuel oil price trend as showniguie 6-22.
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Figure 6-21 Oil price projections from 2008 to_203@s predicted by the EIA
Source: Data from EIA 2008, Table 12; EIA 2009, [€&l2; EIA 2009a, Table 12; own
calculations.
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Figure 6-22 Projections available for natural gas pces
Source: Data from UPME 2007a, UPME and Naturgag820@ME 2009a, own calculations.

In summary a sensitivity of the natural gas prieéisbe conducted in the energy models. The
lowest price (TEBSA scenario 2008) and the lategjeption (TEBSA scenario 2009) were
selected to simulate a range of prices where pwdéskely be.

6.7.3 Price of imported natural gas.

Current domestic natural gas reserves will be estlealupresumably before 2020. Therefore
import of natural gas should be considered as &éinrofo help meet the Colombian demand.
An estimation of a price for natural gas importdimsited to imports from Venezuela or a
world market for liquefied natural gas (LNG). Mo®enezuelan gas is used for the
exploitation of oil. Venezuela had the world’s digltargest proven natural gas reserves (4.98
trilion m?), which are still to be tapped, non-associatedunahtgas (not related to oil
exploitation), for local and foreign markets (EIATL).

In order to have an indication of what price levetsuld be foreseen, an overview of

international natural gas prices from the Inteovai Energy Agency, Greenpeace and the
Energy Information Administration of the USA is sho in Table 6-16. For the energy

models, a price for imported natural gas is assutodak 5.69 USD/GJ (2006 USD) which

would be 9% higher than the Colombian price inlilgh price scenario (5.21 USD/GJ).
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Table 6-16 International natural gas prices

Source of imports 2020 2030
(US$/GJ) (US$/GI)
US Imports* 7.47
European Imports 6.95
Japanese Imports 7.43
US Imports® 13.81 15.29
European Imports 12.05 13.45
Japanese LNG 13.76 15.21
America® 5.60
Europe 6.20
Asia 7.80
Referencé 7.78
High oil price 8.06
Low oil price 7.47
Henry Hube Spot Price 7.08 8.37
Average lower 48 Wellhead price 6.26 7.39

1 Price in 2006 USD. Source: IEA 2008, p. 573

2 Price in 2007 USD. Source: IEA 2008b, p.68

3 Price in 2000 USD. Source: Greenpeace 2007, p. 19
4 Price in 2007 USD. Source: EIA 2009, Table 12

5 Price in 2007 USD. Source: EIA 2009a Table A13.

6.8 COLOMBIAN COAL

6.8.1 Reserves and demand projections

As of 2009 Colombia had 6,668 Mt and 4.571 Mt obyad and indicative reserves
respectively with a total potential of 16,669 Mt.itllVcurrent exploitation rates and proved
reserves, it is predicted that Colombia can suppigrnational markets and the internal
demand for 100 years (UPME 2010, p.68).

The exploitation of coal is mainly located at th&afAtic coast region. The mines in La
Guajira and Cesar account for 90% of total Colomlwaal production. The remaining 10%
comes from mines in the Andean regions locatedemtral Colombia (UPME 2010, p.75).
Figure 6-23 shows the coal regions in Colombia.

147



6 PROGNOSIS ANALYSIS

7 GO

| Figure 6-23 Colombian coal resources
Source: UPME 2012.

6.8.2 Coal price projection

Like the projections for natural gas, the projectaf coal prices for thermal power is based
on the official analysis of the Energy Planning tUoi the Ministry of Mines and Energy
(UPME). Accordingly exploitation and transport cosire taken into account as well as the
costs and projections of the EIA the United StaBepartment of Energy, to determine export
prices (UPME 2007, p.78). The analysis was perfdriioe the existing power plants. The
results are shown in Figure 6-24.
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Figure 6-24 Coal price projections
Source: Data from UPME 2006, p.80, own calculations

For the simulation in the energy models, the canace for power plants from the Guajira

region is selected. Since most of the coal ressuace located in this region, an expansion
with coal power plants facing these prices drivgntlie international markets is expected.
Latest coal prices reported by national statidtiomn 2008 to 2010 show prices levels of over
2.8 USD/GJ (after adjusting with inflation to bengeared to 2006 USD prices), which

suggest that the price projections should be sseooaservative in favor of technologies

making use of coal (UPME 2010, p.90).

6.9 TECHNICAL PARAMETERS FOR RENEWABLE POWER AND
CONVENTIONAL TECHNOLOGIES

The technical performance of the power technologies simulated in the energy models.
According to the literature revievsée Chapter 5 for renewable energies technologies and
Section 6.5 for conventional power technologiesgtof technical parameters were defined
as shown in Table 6-18.

As hydropower drives the Colombian power systene, #vailability of water resources
deserves special attention to be considered igithelation. The contribution of hydropower
is dependent on the availability of water resourcekich is influenced by Colombia’s
seasonal cycle, which includes a dry and rainya®aad more drastically by the El Nifio and
La Nifia Southern Oscillation (ENSO). The ENSO isrelcterized by a variation in the

149



6 PROGNOSIS ANALYSIS

temperatures of the surface waters of the tromestern Pacific Ocean which can cause
extreme weather conditions (for example droughtsed by El Nifio and floods by La Nifa
in Colombia) on a global scale, but in particulaeloSouth America. These extreme weather
events can have a significant impact on Colombialtdpower generation.

In a cycle of EI Nifio and La Nifia of around fiveaye with differing intensities of droughts
and floods, the availability of the water resourdesreased causing thermal power plants to
back up the lack of generation to cover the demahi. effect is shown in Figure 6-25.

In this case, a strong El Nifio event reduced thareslof hydropower to 40% of power
generation. Under normal conditions the contributad hydropower is over 70%. A more
detailed analysis of the behaviour of hydropowanfd in Colombia is provided in Chapter
10.
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Figure 6-25 Capacity factor according to four climaology scenarios
Source: Data from XM 2011, own calculations.

The grade of accuracy of the energy models forsthilation of the technologies is not the
same. In the case of hydropower, the capacity fegttould be simulated per month. For the
accounting framework model LEAP only three seagmrsyear can be modeled so the values
of Figure 6-25 were averaged for seasons of 4 msoifihe particularities of the simulation in
the energy models will be further described in skhenario analysis. The expansion of the
system considers not only new power plants to btuded by the energy model but also
power plants under construction or approved tovdeklectricity as listed in Table 6-17:
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Table 6-17 Expected expansion of the Colombian powsystem
Sources: UPME 2008a, p.2; XM 2008, p.4; UPME 2@Q0B1.

Name Technology Capacity Year of

(MW) operation
Amoya Hydropower 78 2010
El Manso Hydropower 27 2011
Bugalagrande Hydropower 40.5 2010
Amaime Hydropower 16.6 2010
Cucuana Hydropower 60 2014
Miel Il Hydropower 135.2 2014
Porce llI Hydropower 660 2011
Porce IV Hydropower 400 2015
Pescadero Itanguo Hydropower 1.200 2018
Sogamoso Hydropower 800 2014
Quimbo Hydropower 396 2014
Termoflores IV Combined cycle 160 2011

Finally, the reserve margin of the system which paras the maximum capacity of power
plants and the peak of the system (normally in Ddxs) is set to be at least 20%, which is
the minimum value required by the Colombian operasystem (UPME 2005a, p. 92). This
value is required to assure that the expansionidenssthis reserve.

151



6 PROGNOSIS ANALYSIS

Table 6-18 Technical parameters of power technologs

Power Existing New Size Lifetime Decommissioning Electrical Efficiency [%] Capacity  Capacit

Technology Ci:l/ma:izty [IMW]®  [years]' [year]® 5006 2010 2020 2030 2040 2050-actor [%]” vy Credit

Natural gas 1,113 Existing Existing 2034 339 339 339 339 70

turbine

Natural gas 1,919 Existing  Existing 2028 339 339 339 339 70

combined cycle

Natural gas 254 Existing Existing 2010 33.9 339 70

steam cycle

Coal power plant 976 Existing Existing 2039 25 25 5 2 25 70

Hydro reservoir 2,636 Existing Existing > 2050 50 — 60

>1.000 MW

Hydro reservoir 5,656 Existing Existing > 2050 50 — 60

<100 MW

small hydro 658 Existing Existing > 2050 50 - 60

<100 MW

Small thermal 23 Existing Existing 2015 30 30 70

power plants

Cogeneration 25 Existing Existing > 2050 30 30 30 0 3 30 30 55

Wind 18 Existing Existing 2023 39

New natural gas For 150 40 - 35 35 35 35 35 35 90 100

turbine expansion

New natural gas For 500 40 - 57.2 58 61 63 63 64 80 100

combined cycle | expansion

New coal power For 300 40 - 41 45 50 52 53 53 80 100

plant expansion

New coal IGCC For 500 40 - 42  43.7 475 50 50 50 80 100
expansion
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Power Existing New Size Lifetime Decommissioning Electrical Efficiency [%] Capacity  Capacit

Technology Ci:l/m;:izty [IMW]®  [years]' [year]® 5006 2010 2020 2030 2040 205dactor [%]” y Credit

New fluidised For 100 40 - 40 40 40 40 40 40 80 100

bed biomass expansion

New biomass For 200 40 - 42 43.7 475 50 50 50 80 100

IGCC expansion

New Wind For Modular 20 - 33 20
expansion

New PV For Modular 30 - 25.5 10
expansion

New solar CSP For 100 30 - 56 50
expansion

New geothermal For 50 40 - 80 100
expansion

New hydro For 600 - 1000 60 - 50 - 60 85

reservoir expansion

New hydro run- For 100 60 - 50 - 60 85

off expansion

Notes:

! Technologies for the simulation in the energy medet Colombia

2 Existing power technologies in Colombian power geas of 2006 (UPME 2007b, p.71). The power plame grouped by technology
3 Power plant sizes of new technologies. Wind andrSmie modular and their overall size (power pa&)will be defined in the scenario analysis
4 Lifetime of the technology which has to be replaaéidrwards

® The commercial operation date of existing powentsavas gathered to determine the year of decoromieg. The year shown corresponds to the last pplest

® The electrical efficiency of new technologies gsoréed by the literature reviewdeSection 6.5). Efficiencies of existing power plmith natural gas were calculated based
on their actual production and consumption from2@02008 (data from XM 2009 and UPME 2008, p.1Efficiency of existing coal is assumed to be 28Xficiencies for
renewable energy power technologies are not redjuirthe simulation since reserves from solar, vénd hydro energy sources do not need to be detedmi

’ The maximum availability or capacity factor is tta¢io of the maximum energy produced to what wddde been produced if the process runs at fullappfar a given
period (SEI 2006, p.24). For existing thermal popfants a lower availability of 70% was assumed.ia@ropower resources the maximum availabilityemubrmal
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6 PROGNOSIS ANALYSIS

conditions varies between 50 and 60 % as detail#is subchapter. For renewable technologies\aiebility was set according to Chapter 4. The biration of the
maximum availability and the rated power determitesenergy contribution of the technology in thetem

8 Capacity credit is required for the expansion efplower system to consider the fraction of ratquhciy that is firm in order to keep a minimum mesemargin of the entire
system. A value of 100% is normally consideredffi@mal power, whereas intermittent energy sounes® lower values (SEI 2006, p.113). Conservag@gacity credits for

wind and solar were assumed, which are lower thein tapacity factor.
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6.10 CO; EMISSION FACTORS AND PROPERTIES OF FOSSIL FUELS

For the simulation of CPemissions in the energy models, the emission faabfossil fuels
were obtained from the program FECOC (Emissiongfador Colombian fuels) developed
by the Colombian Science Academy for the Energynititeg Unit UPME (UPME 2005a,
p.146). The program also delivers the heating \ware chemical composition.

Table 6-19 Properties of fossil fuels
Source: Program FECOC (UPME-ACCEFYN 2003).

Fuel Emission Factor Higher Heating Lower Heating
Value Value

Coal Guajira 91,546 kg/TJ 29.06 MJ/kg 27.84 MJ/kg

Natural Gas Guajira 55,341 kg/TJ 39.40 MJ/Ntn ~ 35.51 MJ/Nm
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7 SCENARIOS FOR THE COLOMBIAN POWER SECTOR

7. SCENARIOS FOR THE COLOMBIAN POWER SECTOR

As per the methodology defined in Chapter 2, tlenado analysis of possible pathways that
the power sector may take begins with the accogritamework model LEAP. LEAP will be
used as a screening tool of possible scenariodetttify the cornerstones of the introduction
of new technologies including renewable energy csear Afterwards a simulation will be
conducted in the optimization program MESSAGE.

This chapter introduces the scenarios createch@®streening analysis. Each scenario is the
result of an in-depth analysis of the functioningl deatures of the current power system
along with the selection of future technologiest thmy be integrated into such a system
depending on the resources and potential of batkexgional and renewable energy sources
in Colombia.

In general, scenarios fall into three categorigsnfore of the same; (2) more of the same but
better or worse and (3) different but better (Satmvd991, p.20). A group of 10 scenarios
were fashioned. They have been grouped in thrediéggamamelybusiness as usual scenario

a modest penetration of renewablaad arenewable power systemith their respective
variants. Substantial data was collected, analyaed,determined to simulate the Colombian
power system technically and economically in botbdeis. During the description of
scenarios the particularities of the energy modeliatroduced for a better understanding of
the logic behind the simulation.

7.1 BUSINESS AS USUAL SCENARIOS

A business as usual scenario (BAU), or referense,cas it is also called is based on the
assumption that the expansion of the power systalinnat experience transcendental
changes in the way it develops as observed inasteyears so the future power system will
look similar to the current situation, more of tk@me. As shown in previous chapters, the
electricity sector relies heavily on hydropowerowses whereas thermal power plants,
mostly run with natural gas, operate at sub-optiefficiencies to cover the remaining
demand. Hydropower amounts to 67% of the total ggio® capacity but delivers between
70% and 80% of the electricity generated. Regartliegmal power plants, around 5% run
with coal and 27% with natural gas.

Table 7-1 and Figure 7-1 illustrate the capacity generation of the power system from 2003
to 2009 respectively.

Table 7-1 Generation capacity in MW for the Colomban Power System, 2003 — 2007
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7 SCENARIOS FOR THE COLOMBIAN POWER SECTOR

Hydropower Coal Gas Wind Others Total
Year | MW) (%) | MW) (@0 | MW) @O MW) (B MW) ()  (MW)
2003 | 8839 67.0 692 5.2 3656 27.y 0 0.0 13 0|1 13200
2004 | 8923 66.5 692 5.2 3766 28.1L 20 0.1 16 011 13417
2005 | 8948 67.0 694 5.2 3682 27.6 10 0.1 14 011 13348
2006 | 8956 67.4 700 5.3 3585 27.0 18 0.1 20 012 13279
2007 | 8997 67.1 700 5.2 3675 27.4 18 0.1 20 011 13410
2008 | 9002 66.8 700 5.2 3739 27.y 18 0.1 20 011 13479
2009 | 9036 66.7 700 5.2 3759 27.8 18 0.1 30 012 13543
2010 | 9026 66.5 700 5.2 3759 27.§ 18 0.1 65 0|5 13568

Source: Data from XM (2011).
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Source: Data from XM 2011.

For the purpose of the screening methodology th&) Béenarios start from the premise that
the expansion of the system is based on convehtemegy sources such as hydropower,
natural gas and coal and with state of the artneldgies at the time the plant is added. The
following subchapters introduce three variants @& plausible as future pathways for the
expansion of the system:
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7 SCENARIOS FOR THE COLOMBIAN POWER SECTOR

7.1.1 Planned additions

In this scenario it is assumed that current cagacitMW] and generation [GWh] of the
technologies with current energy sources will canti having the same shares. This means
that large scale hydropower plants will continuaypig a dominant role and there are no
restrictions for the implementation for such lagg®jects due to environmental, political,
acceptance and conflicting local issues. The hyaln@p potential is still enormous, 84 GW,
and will be exploited. Also, it is assumed that availability of the water sources will not be
changed over the years, so that any reduction efathlity to deliver firm power remains
between the known margins, the capacity credief konstant, and the rain and dry seasons
are within the known limits. To account for the smaality of this resource, thermal power
plants will continue to back up the system, aisedtoday.

Power plants fed with natural gas are further lletaregardless of the availability of gas
resources and any shortage is supplied by impayéesdfrom Venezuela or LNG from the
world market. Alternatively, new gas resources rhigd available. As new discoveries have
not yet officially confirmed, the import of naturghs is assumed to take place. It is assumed
that the required infrastructure for the transgartais at hand as other sectors also will rely
on natural gas. Coal power plants will be alsouded, however playing a modest role in the
production such as today’s current situation, deghie fact that coal resources are plenty in
Colombia (coal resources are mostly exploited doeifjn markets).

Accordingly, the expansion of the system in theoaoting framework model LEAP is an
input into the model instead of an endogenous aubpsed on costs and/or environmental
criteria. Thus, the following basket of technolagise added as shown in Table 7-2.

Table 7-2 Expansion in Planned Additions
Sequence  Technology Unit Efficiency Capacity Capacity Capital Cost o&M Dispatch

Size (%) Factor Credit (US 2005
Dollars/kW)
(MW) 2006 2050 (%) (%) 2006 2050 (%) Rule
1 Gas turbine 500 57 64 80 100 700 595 5 I.A.O.R.C*
combined
cycle
2 Hydro- 1,000 - - 40 -62 85 1,055 1,055 2 ILAO.R.C
reservoir
3 Hydro run- 100 - - 40 - 62 85 2,500 2,500 2 LA.O.R.C
off
4 Coal fired 300 40 53 80 100 1,300 1,300 5 ILAO.R.C
power plant
5 Gas turbine 150 35 35 90 100 495 495 5 .LAO.R.C

* In ascending order of running cost

As shown in Table 7-2, cost and efficiency gain®e do further development of the
technology are entered into the simulation. Openadind maintenance costs are a percentage
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of the capital cost. The capacity credits listed &ept constant over the horizon of the
analysis. The model adds new power plants accortingpe sequence listed on the table
starting with the combined cycle as many timeseagiired to ensure the reserve margin of
the entire system. Typical unit sizes were seleftdethe expansion.

7.1.2 Planned with coal

Unlike the Planned Additions scenario, this scenanakes use of the abundance of coal
resources available. Since proved reserves of alagas will not last for the whole time
horizon, coal resources will supply this shortagehe power sector. Current power plants
will continue running with natural gas but new istraents will shift to coal power plants. As
the Planned Additions scenario hydropower playgjaificant role and it is kept in that way.
This situation may be the result of a system whig lbwest cost possible and little regard for
higher emission of pollutants and greenhouse g&3d§).

Altogether, thermal power plants with natural gasttue having an important share in the
first years and coal will increase its participatim the thermal power portfolio and will
dominate the thermal power production in the lomg. rThis scenario may also be seen as a
BAU using more coal sources.

Accordingly, the expansion of the system in theoaoting framework model LEAP is
achieved with the following power generation tedbgees as shown in Table 7-3.

Table 7-3 Expansion in Planned with coal
Sequence Technology Unit  Efficiency Capacity Capacity Capital Cost o&M Dispatch

Size (%) Factor Credit (US 2005
Dollars/kW)
(MW) 2006 2050 (%) (%) 2006 2050 (%) Rule
1 Integrated gas
combined
cycle 500 42 55 80 100 1800 1400 4.2 LA.O.R.C*
2 Hydro-
reservoir 1000 - - 40 -62 85 1055 1055 2 LA.O.R.C
3 Hydro run-off 100 - - 40 - 62 85 2500 2500 2 I.ARC
4 Coal fired
power plant 300 40 53 80 100 1300 1300 5 ILAO.R.C
5 Gas turbine 150 35 35 90 100 495 495 5 I.A.O.R.C

* In ascending order of running cost

The integrated gas combined cycle technology reglélee combined cycles. In that way, the
system possesses the flexibility in the operatidnclyv gas turbines offer in comparison to
conventional coal power plants with the classiasteycle.
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7.2 MODEST PENETRATION OF RENEWABLES

As the objective of this dissertation is to evatuatlternative pathways of the power
generation expansion in Colombia, this scenarifeidiffrom the BAU by including new
technologies based on renewable energy sourcesin€lusion of these technologies in the
system might be the result of market forces aldnethat case, price signals to attract
investors and a level playing field for new teclogyés is in place.

However, knowing that the major bulk of power corfresn hydropower resources with very
low prices and coal and gas are currently the dantifuels in the market, promotion
mechanisms might be required to allow new techrie®otp enter the market.

It is worth noting that the inclusion of new tecloges as an input into the model instead of
an endogenous output based on costs and/or enwraahtriteria is performed here. As the
philosophy of the screening analysis is to explalternative scenarios to visualize the
technical, economic and environmental repercussi@meodest and aggressive introduction
of renewable energy sources is examined.

This demands an assessment of the renewable gpatgtial to determine conservative and
optimistic figures with respect to a workable cdnition of sources such as wind, solar,
biomass and geothermal in the power system as ctedlin Chapter 4.

In the following, the assumptions and selected rdaution for a modest penetratiorof
renewable for every source is introduced.

7.21 Wind

The best wind resource regime is found in the e@baSaribbean state of La Guajira. A
potential of 22 GW were identified for this regilESMAP 2007, p.27). As shown in Chapter
4, a potential between 5,000 and 10,000 MW is sgalfor this region depending on the area
availability for wind power development and withazdnsidering other good areas in other
regions in Colombia.

For this scenario, with modest penetration of reatges, it is assumed that 5,000 MW of
wind energy is feasible and easily reachable witlly 8% of the area of La Guajira peninsula.
As international experience shows, this can beeaeli in a relatively short time period. In
Germany, Denmark and Spain, where policies forptieenotion of renewables are already in
place, 5,000 MW were reached in 10 and 12 yeaiGarmany and Spain respectively as
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shown in Figure 7-2. In Denmark, the 5,000 Benclinfaas not been hit, but by being a
relatively small country, the penetration of wirastbeen considerable.

As a possible development pathway for the wind gneatevelopment in Colombia, it is
assumed that the installation of 5,000 MW is comgulen a conservative period of time of 16
years. The wind energy growth rates from Spainufeéig7-3, are taken to simulate the
achievement of 5,000 MW in Colombia. For Germangniark and Spain it has been
observed that after 16 years the installation ofentarbines begins to slow down, since the
potential or maximum capacity and permitted ardlasvad are close to being reached.
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Figure 7-2 Cumulative wind energy capacity in Denmark, Germany and Spain
Source: Database Eurostat 2007, own calculations.
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Figure 7-3 Relative wind capacity development in Denark, Germany and Spain
Source: Database Eurostat 2007, own calculations.
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The outcome to be simulated in the energy modsh@vn in Figure 7-4 for a period of 16
years starting in 2010. Afterwards, the 5,000 MW vamain constant until 2050. It means
the replacement of old units after 20 years of afi@n takes place to maintain the capacity.
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Figure 7-4 Cumulative wind capacity development

A summary of main technical and economical pararsedé on-shore wind energy for the
modeling is shown in Table 7-4.

Table 7-4 On-shore technical and economical paramets

Technology Unit Capacity Capacity Capital Cost O&M Dispatch
Size  Factor Credit (US 2005 Dollars/kw)
(MwW) (%) (%) 200¢ 205( (%) Rule
On-shore win 2 30 20 1.20( 78¢ 3 R.F.C**

* For the modeling a value for every four-mop#riod was entered.
** In the model all energy produced is taken iiRa full capacity)

As wind is an intermittent source of energy, th&lavind energy production was simulated
to be always dispatched.

7.2.2 Solar

Like the development of wind energy technologyléwge scale power generation, large solar
power stations also contribute today to large spaiger systems. Photovoltaic cells (PV) and
concentrated solar power (CSP) are the two satantdogies being developed.
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Similar as for wind, the Colombian Caribbean St#téa Guajira is also proven to have the
country’s best solar resources along with otheitdBaan coastal regions. The most promising
technology for large scale solar applications mayClsP technologies, since CSP allows the
thermal storage of energy and thereby improvesiétigery of firm energy. Large scale solar
power plants will be included in the simulation ah assumed that PV and CSP plants will
have a modest share of the Colombian system tapaaity. For instance, with 1% of the area
of La Guajira, 41 units of CSP power plants of M@/ each can be installed amounting to
6,150 MW geeChapter 4)

For a modest penetration of renewables in thisesa®nonly a share of the potential for 1%
will be taken for both technologies. CSP power tdaof 100 MW are to be installed every
three years together with PV plants of 50 MW eddiis yields 1,200 MW of CSP and 600
MW of PV in 2050 starting in 2015.

Alternatively, a scenario without PV plants will @mulated. Thus, the avoidance of
additional investments on back-up technologiesdepkthe reserve margin of the system is
included thanks to the higher capacity credit ofPC8@hermal storage and operation
flexibility) in comparison to PV. Therefore, 600 M@f PV will be replaced with CSP units
for a total of 1,800 MW. Figure 7-5 exhibits theéute capacity installation.
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Figure 7-5 CSP and PV installation development

A summary of main technical and economical pararset€PV and CSP for the modeling is
shown in Table 7-5.
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Table 7-5 CSP and PV technical and economical parasters

Technology Unit Capacity Capacity Capital Cost O&M  Dispatch
Size Factor Credit (US 2005 Dollars/kw)
(MW) (%) (%) 200¢ 205( (%) Rule
PV 50 25,¢ 10 3,70¢ 69: 1 R.F.C*
CSF 100- 15C 56 50 3,87: 1,47¢ 4 R.F.C

* In the model all energy produced is taken (Rufutbcapacity)

7.2.3 Geothermal

Colombia possesses the potential to produce powergeothermal resources. Unfortunately,
the potential for geothermal power generation ito@mia has not yet been determinsdg
Chapter 4).

In other Latin American countries geothermal popants for electricity production already
exist as indicated in Table 7-6 , which shows thabthermal sources are successfully
exploited and contribute to load base of power esyst Without having an idea of the
potential, a conservative figure of the contribotaf geothermal will consider the installation
of 600 MW for this scenario assuming Colombia megch at least 1 GW like Mexico.

Table 7-6 Geothermal capacity of Latin America

Country Capacity
(MW)
Mexica 952
Guatemal 53
El Salvado 204
Nicaragui 87
Costa Ric 162

Source: Fridleifsson 2008, p.60.

For the simulation, a power plant size of 50 M\Wsédected and installed every three years
from 2015 to reach 600 MW in 2050 as shown in FegiH6.
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A summary of main technical and economical pararsedé the geothermal plants for the
simulation is shown in Table 7-5.

Table 7-7 Geothermal technical and economical paraeters

Technology Unit Capacity Capacity Capital Cost O&M  Dispatch
Size Factor Credit (US 2005 Dollars/kw)
(MwW) (%) (%) 200¢ 205( (%) Rule
Geotherme 50 80 10C 1,68¢ 1,20 2 R. F.C’

*In the model all energy produced is taken (Rufutbcapacity)

7.2.4 Biomass

The biomass potential of Colombia is vast. The sssent shows already as of 2006 a
theoretical potential of 5,000 MW with crop residubat do not have a commercial use and
therefore are accessible for power generation. arfadysis also shows that the development
of potential land use could yield over 59,000 M\Wnir residues by optimizing the livestock
areas so that more land is available for agricelttorests and conservation. The expansion of
agricultural areas of interest for power generaigoimom oil palm and sugar cane plantations.
(seeChapter 4)

Unlike promising wind and solar resources locatadspecific areas, mainly in north
Colombia, crop residues can be obtained practicalllyover the country where demand
centers and the national grid are located. Thiersffechnical and economic advantages by

having the possibilty of selecting from a wide gan of suitable areas for their
implementation.
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Direct combustion of biomass and biomass integrgeesilcombined cycles (BIGCC) are the
technological options selected for the modelinge@ithe huge potential and flexibility in the
plant location as conventional power technologi®smass power plants will be included in
the expansion cycle of the model. The expansiom Wwibmass will be the result of the
portfolio of technologies considered in the expansiycle in LEAP as shown in Table 7-8.
The main technical and economic parameters arersiable 7-8 as well.

7.2.5 Expansion cycle

This scenario, with a modest penetration of rendavaburces of energy, can be seen as a
future power system with a much more diversified ofi conventional and non-conventional
technologies. Conventional technologies, includimg combustion of biomass, belong to the
expansion cycle endogenously modeled as shown e T&8. In contrast, wind, solar and
geothermal sources are forced to enter the systetheacapacities and time schedules

conceived as explained.

The intention is to continue running the systemelasn conventional technologies, in
particular hydropower, and supported with the idtrction of other renewable sources.

Table 7-8 Expansion in modest penetration of renevides

Sequence Technology Unit  Efficiency Capacity Capacity Capital Cost o&M Dispatch
Size (%) Factor Credit (US 2005
Dollars/kW)
(MW) 2006 2050 (%) (%) 2006 2050 (%) Rule
Hydro-reservoir 1000 - - 40 - 62 85 1055 1055 2 AOR.C*
Fluidised bed 100 40 40 80 100 1975 1760 5 R.F.C**
biomass
3 Hydro-reservoir 600 - - 40 - 62 85 1055 1055 2 AORC
4 Hydro run-off 100 - - 40 - 62 85 2500 2500 2 oR.C
5 Coal fired power 300 40 53 80 100 1300 1300 5 LA.O.R.C
plant
6 Gas turbine 500 57 64 80 100 700 595 5 LAO.R.C
combined cycle
7 Biomass 200 42 50 80 100 4320 3211 6 R.F.C
integrated
gas combined
cycle
8 Gas turbine 150 35 35 90 100 495 495 5 LAO.R.C

* In ascending order of running cost
** In the model all energy produced is taken (Rariuil capacity)
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7.3 RENEWABLE POWER SYSTEM

If the philosophy before was the combination of v@ntional and renewable energy
technologies in the Colombian power system, in phesent scenario renewable energy
sources compose almost the entire system, so titeledion of fossil fuel power plants is
pushed to a minimum. To achieve that, the contiolbutof wind, solar, biomass and
geothermal sources is increased. Wind energy iatlgrexploited together with the use of
biomass. Instead, geothermal and solar are inadass intensively. As might be expected,
hydropower will continue having a significant shaieh in the capacity and the production as
it is the least cost technology with the best podém Colombia.

This scenario is what might be called a sustaiitgbsicenario since it is being fed with
sources that are likely to always be at disposhis TS converse to those systems reliant on
fossil fuels as an energy source, which are ddpiet@sources, and additionally bear heavy
environmental costs, e.g. @@&missions into the atmosphere.

This scenario assumes an effort to radically resithp Colombian power system. Political
will and energy policies tailored to the promotiohrenewables are a must to accomplish
such a change. The following section presents arigéisn of how the renewable energy
sources might enter into the system.

7.3.1 Wind

For this scenario the installation of 5,000 MW of-shore wind energy from the modest
penetration of renewables scenario is increaseknBying that a capacity of 10,000 MW is
feasible by increasing the dedicated area of tlséaliation to around 4% of La Guajira
peninsula, a further linear expansion of the exgss,000 MW in 2026 takes place in a period
of 16 years by 2042. The growth is assumed torteali Afterwards the capacity of 10,000
MW is maintained. After a 20 years life span, tods are replaced with a same size unit from
2030 onwards. The main technical and economic pateasishown in Table 7-4 remain the
same.
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Cumulative Wind Energy Capacity
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Figure 7-7 Cumulative wind energy capacity developent

7.3.2 Solar

In contrast to the sizes and rates of installawdrthe solar technologies in the modest
penetration of renewable scenario, the penetratites are here modified to reach a higher
capacity. For the CSP technology a power plantsff MW is selected and installed every
three years to reach 2,700 MW. A goal for PV waste®00 MW by installing units of 50
MW every two years. Accordingly, the introductiohexclusively CSP power plants are also
modeled by installing two units of 100 MW every twears until completing 3,600 MW in
the system by 2050. Figure 7-8 depicts the ingtalladevelopment for this scenario. The
main technical and economic parameters remainaime s shown in Table 7-5.
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Figure 7-8 Cumulative CSP and PV installation develjpment

7.3.3 Geothermal

The geothermal capacity is increased in this sc@b@ar900 MW in comparison to the modest
penetration of renewables scenario. Thus, the gohIGW is almost reached by installing 50
MW units every two years as shown in Figure 7-% Tdchnical parameters remain the same
as shown in Table 7-7.
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Figure 7-9 Cumulative geothermal installation develpment
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7 SCENARIOS FOR THE COLOMBIAN POWER SECTOR

7.3.4 Biomass

Direct combustion of biomass with fluidized bed dwstion technologies and biomass

integrated gas combined cycles (BIGCC) are engagexbntribute to the expansion of the

system. This time, the sizes are doubled in thamsipn cycle in order to increase their share
in the system. Accordingly, the expansion will bedaled in the expansion cycle. The

portfolio of technologies considered in the expansiycle along with biomass is shown in

Table 7-9.

7.3.5 Expansion cycle

Similar to the expansion cycle of the diversifiggtem of the modest renewable penetration
scenario, the portfolio of technologies are a mixconventional and non-conventional

technologies and sources. However, the gas turimmebined cycles were not included in

order to continue pushing down the demand of nhgas To cover for that loss, the capacity
of biomass IGCC power plants shifts from 200 to 408/. Since coal resources are plenty,

coal power plants are still in the expansion cytdgether with gas turbines needed for
backing up the system.

It is important to note that the contribution ohdiand solar has been greatly increased which
shrinks the penetration of conventional power @aitus, the system runs mostly based on
renewable sources and the role of gas and codemteat minimum. Table 7-9 summarizes
the main parameters of the expansion cycle fonbdeling.

Table 7-9 Expansion in the renewable power systensenario
Sequence Technology Unit  Efficiency Capacity Capacity Capital Cost o&M Dispatch

Size (%) Factor Credit (US 2005
Dollars/kW)
(MW) 200 2050 (%) (%) 2006 2050 (%) Rule
6
Hydro-reservoir 1,000 - - 40 - 62 85 1,055 1,055 2 I.A.O.R.C*
Fluidized bed 200 40 40 80 100 1,975 1,760 5 R.F.C**
biomass
Hydro-reservoir 600 - - 40 - 62 85 1,055 1,055 2 LLAOR.C
4 Coal fired 300 40 53 80 100 1,300 1,300 5 ILAO.R.C
power plant
Hydro run-off 100 - - 40 - 62 85 2,500 2,500 2 AOR.C
Gas turbine 150 35 35 90 100 495 495 5 LAO.R.C
Biomass 400 42 50 80 100 4,320 3,211 6 R.F.C
integrated
gas combined
cycle

* In ascending order of running cost
** ** In the model all energy produced is taken (Rto full capacity)
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7 SCENARIOS FOR THE COLOMBIAN POWER SECTOR

7.4 SENSITIVITY ANALYSIS

At this point, the scenarios’ economic and technpgarameters required by the screening
methodology with LEAP have been defined. In ordemiake the simulation more robust and
obtain more accurate results, a sensitivity anslyss conducted. Before introducing the
variables to be tested in the sensitivity analyaisummary of the three scenario families
presented in the previous subchapters is firstrgteeprovide a better view of the screening
procedure.

Table 7-10 Technologies for scenarios and given quuit [MW]

Technology Planned Planned Modest Renewable
Additions Renewables

Wind - 5,00( 10,00(
Solar P\ - 60C 90c
Solar CS| - 1,200-1,80( 2,700- 3,60(
Geotherme - 60C 90C
Fluidised bed bioma - Model Outpu
Biomass integrated g - Model Outpu
combined cycle
Cc-firing with biomas - Model Outpu
Hydrc-reservoi Model Outpu
Hydro rur-off Model Outpu
Gas turbin Model Outpu
Gas turbine combined cyt  Model Outpu Model Outpu -
Coal fired power pla Model Outpu

Integrated gas combini
cycle

- Model Outpu - -

The capacity and generation quantities are endaghndetermined by the model according
to the expansion cycle and technical and economfameters introduced before for every
scenario ¢ee Table 7-8 and Table 7-9). An exception to thawviad energy, solar and
geothermal sources, where the capacity is exoggnsessand the full generation is delivered
to the system.

For the model's sensitivity analysis, most of teehinical parameters for all technologies are
not changed. The technical parameters are thet rekal literature review. Instead, a high
uncertainty can be expected from economic varialflesthat reason, the sensitivity analysis
includes the following variables critical to thestgm:

- Investment costs of renewables due to a rangevesiment prices and the uncertainty on
future penetration to decrease the cost.

- Cost of fossil fuels which depends on oil pricesjgetions which vary.

- Discount factors which also may change accordiniguestor expectations and financial
conditions.
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7 SCENARIOS FOR THE COLOMBIAN POWER SECTOR

Regarding the investment costs of conventional neldgies, the results of the literature
(review) do not present drastic changes and thetfeddy cost projections are not alterse€
Chapter 4).

From a technical point of view, issues such asablability of water resources, public

acceptance for large hydropower, planning issuasate change, etc. are worth considering.
Despite the fact that any effect on the contributad hydropower due to this issues is not
clearly foreseeable; the ability of hydropower pdato deliver energy and contribute greatly
to the expansion of the system might be compromi$éds, the capacity credit might be
reduced and the expansion might be changed eitheotbincluding and/or reducing the unit

size of a hydropower plant. As a consequence hgdopower capacity will be in the system
allowing other technologies to have a higher pgudigon.

For the reasons above, the modeling with the adoauframework model LEAP for the
screening analysis and subsequently with the opgioin model MESSAGE must take into
account, for the running of the scenarios, the tagey on both the technical and economic
sensitive variables. Table 7-11 and Table 7-12leixthe parameters to be changed to test the
influence from them on the results and ultimatebt the power system.

Table 7-11 Economic variables for sensitivity anabis

Variable Description
Natural gas pric Low prices
Natural gas prices from power plant TEBSA and pmtige with low price
EIA data from year 2008 which corresponds to tlveekt natural gas price

projection
High prices:
According to latest analysis from UPME without gaise regulation
Coal prict Low and high prices from the Cerrejon open minetaken
Capita cos Low cost
of renewables Lowest capital cost with a high penetration worldevdf renewables
High cost:
Highest cost of renewables with low penetrationenfewables worldwide.
Discount factc A standard value of 10% is applied. Values of 0% &nd 15% are als
simulated
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Table 7-12 Technical variables for sensitivity angksis
Variable Description

Capacity credit hydropow 85% as a high value and a reduction from 85% to Ti@¥h 2006 tc
2020. Afterwards, it is kept at 70%.

Expansion with hydropow  Planned Addition:
Unit size reduced from 1000 MW to 600 MW in expanscycle éee
Table 7-2)
Planned with coal:
Unit size reduced from 1000 MW to 600 MW in expanstycle see
Table 7-3
Modest penetration:
The unit of 600 MW is removed from expansion cyskeeTable 7-8)
Renewable power system:
The unit of 600 MW is removed from expansion cyskeeTable 7-9)
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8 SCREENING ANALYSIS

8. SCREENING ANALYSIS

The aim of the screening analysis with the accogntiamework model LEAP is to obtain a
first inside view of how the power system could éganded according to the scenario
families introduced and to evaluate technicallypremmically and environmentally the

performance of the system. The model LEAP has algxithe system with the technologies
assigned to every scenario following the predeficagacity development for renewable
energy technologies and the expansion cycle foother power technologies. Thus, the
generation required to cover growing demand andteeall capacity required for the system
are obtained. As soon as the system is definediedly, the bookkeeping of the economic
parameters and emissions of greenhouse gases lartdngs is computed.

The main results to be introduced in this chaptertberefore the capacity (GW), the energy
output (GWh), the net present value of the ovegralver system (capital, O&M, and fuel
costs in 2006 Million USD), C®emissions (Million tonnes). With this informatidor every
scenario an assessment of the scenarios is coddudis assessment is the purpose of this
chapter. To facilitate the interpretation of theules, they are presented per scenario. An
overall analysis is later introduced and a sumnséityrie main findings closes the chapter.

8.1 PLANNED ADDITIONS

The Colombian power system is expanded with todagisventional energy sources. The
same shares in the capacity and the productiormaistained. In other words, the current
portfolio of technologies and energy sources aadescfor the future (more of the same
scenario).

Consequently, the system delivers 50.8 TWh in 22t produces 230.4 TWh by 2050 which
is around 4.5 times the existing demand. The sbafheg/dropower over the time horizon is
mostly between 70% and 80% and the fossil fuelecahat remains with still more natural
gas than coal as shown in Figure 8-1.
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Figure 8-1 Energy output planned additions

The fluctuating delivery of power from hydropowdamts is due to the availability of the
resource in given years as entered into the model.

Regarding the capacity of the system, Figure 8iibats the results. The system is expanded
from 13.3 GW in 2006 to 47.6 GW by 2050, almostrftimes the current power capacity.
The capacity shares of every energy source aréasitoithe base year, 2006, all over the time
horizon. Hydropower continues to be the major eigity source in the system.

“Biomass

HGeothermal

Solar

Wind

OCogeneration

Capacity (GW)

¥ Natural Gas

HCoal

B Hydropower
O 0 O N & ©W 00 O N & © 0 O o g © 0 O N € © 0 O
o O = = ™ = ¥ N NN N &N N o ™ M O ¥ & F T T W0
o O © O O O O O 0O oo O O o o o o oo o o o o o o
L A A S S o L A B o B &V A S S A U A S B & B oV B o A o B o B oV B o
Figure 8-2 Capacity planned additions
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By generating electricity with natural gas and ctla¢ system releases 833 million tonnes of
CQO; into the atmosphere in total over a period of d@rg as shown Figure 8-3.

Environmental Results: Global warming potential CO2 eq

Scenario: Planned Additions, GWP: All GWPs E Colombian gas
Colombian coal
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Figure 8-3 CO, emissions with planned additions scenario

8.2 PLANNED WITH COAL

The results show the effect of shifting the futtinermal power investments towards coal
power technologies and over time relying less aarce natural gas resources as shown in
Figure 8-4. The system runs on existing natural gabines and gradually the energy
production is based on coal resources. As usudlolppwer dominates the system. A total of
230.4 TWh are generated by 2050, where coal habaee :of 33% of the total energy
production which is an increase from the 8% inlihse year. Hydropower has a share of 64%
by 2050. In contrast the participation of gas dases from a high of 20% in 2010 to less than
3% in the energy production.
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Figure 8-4 Energy output planned coal

The capacity expansion of the system is not altéedhtroducing direct combustion coal
technologies and coal gasification combined cyck&iace coal power and the natural gas
technologies have similar technical features in tieedel, namely the capacity credit, the
reserve margin is still kept regardless of theotiction either of gas or coal technologies.
Therefore, the same power of 47.6 GW by 2050 is altained. From the 7% coal share In
the first 15 years, in which current natural gasv@oplants are replaced, coal technologies
reach a share of 29% at the end of the periodotal 8,500 MW of IGCC power plants are
installed together with 5,100 MW of direct combasticoal power plants. 66% of the overall
capacity is based on hydropower by 2050. The resuné shown in Figure 8-5.
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Figure 8-5 Capacity planned coal

An immediate effect of burning more coal sourceghs increase of COemissions in
comparison to cleaner natural gas. 1,061 milliomés of CQ (seeFigure 8-6) are released
over a period of 40 years.

Environmental Results: Global warming potential CO2 eq
Scenario: Planned carbon, GWP: All GWPs E gg:gm:: %
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Figure 8-6 CO, emissions with coal expansion scenario
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8.3 MODEST INTRODUCTION OF RENEWABLES

This scenario is the combination of conventional aon-conventional energy sources in the
power system, where a full range of technologiekensacontribution to the system. Thus, the
energy sources are enhanced as can be seen ie Bigur

The effect of forcing the model to include reneveabburces, which is analogous to a policy
for the promotion of new technologies, shows thepldicement of generation from
conventional sources, especially natural gas ard exergy sources. Hydropower supports
the system but the current generation from thenpoaler plants decreases as solar, wind,
geothermal, and biomass sources enter the systeisitréend is notably visible by the year
2030. As soon as the contribution of wind, solad geothermal reach the capacity set in the
scenario and it is not increased, other sourceagentp expand the system. That is why coal
and natural sources start to increase their simthei system from 8,400 GWh in 2030 to
37,800 GWh by 2050. In this case biomass contributeot allowing the thermal sources to
have a bigger share, since there is no a giverctgpe biomass technologies in the system
like the other new renewables and the share ineseager the years.

As in other scenarios, hydropower continues tohlgenbajor electricity source in the system.
However the share of hydropower and thermal powaitg is reduced due to the inclusion of
renewable energy sources.

250
Biomass
225
200 B Geothermal
E 175 Solar
=
= 150 _
g Wind
g 125 - )
ogeneration
3 100
E 75 ¥ Natural Gas
w "
50 = HCoal
25 -

EHydropower

ERoNYwp SYI LI LBITILe
SSERS8S8RRRKESRRSERREISERK|ESR
Figure 8-7 Energy output: Modest introduction of renewables

Regarding the capacity, a similar situation is o=@ as shown in Figure 8-8. Wind energy
has the largest share of new renewables in GW fbeit @mpleting the expansion of 5,000
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MW of wind, coal and gas technologies must entersiystem again to help the expansion. By
including intermittent sources of energy like wiadd solar, reserve capacity is required to
back up the system as soon as those sources aswailatble. This aspect is considered by
including the capacity credit of every source @scgower generation technology. The results
show that the system grows from the 13.3 GW froenldhse year 2006 to 52.9 GW by 2050
which is a larger capacity in comparison to busresusual family scenarios (47.6 GW from
planned additions and planned with coal ) due eéoiture of the wind and solar resources.
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Figure 8-8 Capacity: Modest introduction of renewaltes

Unlike business as usual scenarios, the includiorew energy sources different from natural

gas, coal and hydropower diversifies the portfoliGcources and technologies in the system.
To illustrate this, Figure 8-9 shows the percentemaribution of renewables during the time

horizon of the analysis.
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Figure 8-9 Energy production shares of new renewaes in the modest introduction of
renewables

Wind energy is the main source of new renewableggneds soon as the expansion with
wind energy is over, 5,000 MW in the system by 2023.5 % of total capacity), biomass
increases its share in the system gradually froB02&enewable energy sources different
from hydropower then reach a share over 20% by 20Rig share is maintained until 2050.

In contrast, the share of fossil fuel sources seered in the production by new renewables
as shown in Figure 8-10. From a share of up to BO2013 of fossil sources, the new energy
sources make the energy from fossil sources shark low of 5.6 % in 2026. Afterwards,
fossil fuels increase their share to 16.3% by 208thse values are already lower than the
new renewable shares so the mix of conventionalremdconventional is achieved for the
system with an introduction especially of wind eefrom 2010 for a period of 16 years and
the constant growth of biomass over the whole perio
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An issue worth mentioning is the emission of gresrde gases by fossil fuel sources in this
scenario as illustrated in Figure 8-11. As it waersin the business as usual scenarios,
planned additions and planned with coal, emissievels grow in accordance with the
constant inclusion of more fossil fuel power tedogees in the system. Although this
scenario includes fossil fuels, a clear reductidremissions per year take place as new
renewable sources start displacing conventionailfsel sources and therefore decreasing
the installations and use of fossil fuels. As sasrthe maximum capacity for wind, solar and
geothermal is reached; fossil fuels are consequetin in demand, resulting in an increase
of emissions in the last 20 years.

However this scenario is already a contributiomtaitkle the growing emission from business
as usual scenarios, in which a total amount of #kon tonnes are released in comparison
to 833 and 1,061 million tonnes from the businessusual scenarios. In other words, a
reduction of 50% and 58% respectively is achieved.
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Environmental Results: Global warming potential CO2 eq
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Figure 8-11 CQ, emissions with modest penetration of renewables

8.4 RENEWABLE POWER SYSTEM

This scenario relies more on new renewable enevgyces. Thus, the contribution of fossil
fuel sources are pushed to a minimum and the depeerdon hydropower is also reduced.
The results are illustrated in Figure 8-12 and Fagr13.

The result of having a continual expansion withexgables instead of a cap on the capacity of
wind, solar and geothermal sources guaranteeshbse sources are always on the rise so the
system receives a larger delivery of electricignirthese sources every time. 10,000 MW of
wind energy is to be completed in a period of 3argefrom 2010 to 2042, and a greater
contribution of biomass account for the biggestresha the system after hydropower. A
transition from a system having fossil fuel powdanps to supplement hydropower to a
system relying almost exclusively on renewable sesiis achieved. Coal is still present with
a small share while natural gas is still burnedya&s turbines for the peak loads. Existing
combined cycles running with natural gas operattl tiley are replaced completely by
renewable technologies.

From an upper-most generation of 20,900 GWh fromssifopower plants by 2013
corresponding to a share of 31% of total electrigéeneration, these power plants deliver less
than 4% of total electricity generation from 202¥nvards. The opposite is experienced by the
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new renewables from a negligible participation e tsystem in the first years until
progressively reaching around 40% in 2035 in tleglpction as it is shown in Figure 8-14.
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Figure 8-12 Energy output: Renewable power system

By relying more on renewable sources, in particulatermittent sources such as wind
energy, the need of firm energy required for th&tesy in this scenario is higher. The capacity
required in this case for the system amounts toGY¥8 by 2050, which override other
scenarios in terms of capacity. Similar to the gaten figures, new renewables have higher
shares than their fossil fuel source counterparttheé system after 2022 when the capacity
share of fossil fuels is 17% in comparison to 20%mf renewables. After that year new
renewables increase their share in the systemalimibing to 37% starting in 2037. Biomass
and wind energy are the sources that supply thé poeger to the system capacity.
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Figure 8-13 Capacity: Renewable power system

To highlight the contribution of new renewablestlnis renewable power scenario, Figure
8-14 exhibits the shares of every source and tleeativcontribution to electricity generation
in the system. Unlike the modest introduction afewwables scenario, the participation of the
new renewables is higher and most importantly witlstopping the expansion. Wind reaches
its cap of 10,000 MW in 2042, and solar and geatiarin 2050 whereas biomass always
increases its share. Thus, a share of over 40%t&aned and maintained, so a call for fossil
fuel power plants is avoided.
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Figure 8-14 Energy production shares in the renewdb power system
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The overall development of the system with all ggesources in the production is shown in
Figure 8-15. The penetration of renewables disglageneration from fossil fuels and the
share of hydropower in the system is decreased &@¥ to values slightly under 60%. This
means that hydropower continues playing a majoe rol power generation but the
dependence of the system on hydropower is spreadtbg new sources. Fossil fuel is still
present with a minimum of participation. This résdtom giving priority to renewable power
in the dispatch.

100 5

Biomass
B Geothermal
Solar
Wind
50 -
OCogeneration

¥ Natural Gas

ECoal

Energy Output Shares (%)

® Hydropower

© © O N ¥+ © O O N S © 0 O N T © 0 O
O O v ™ » » — A N NN N® OO 06N S S S I T D
SO © O © © o O O 0O 0 0O 0 O O O O o O o o0 O O
NN N NN NN NN NSNS~ NN NN NN

Figure 8-15 Energy output shares in the renewableqwer system

As more generation from fossil fuel sources isaeedl, a drastic reduction of @@missions
takes place in a renewable power system scenariocontrast to the scenario with a modest
introduction of renewables, an increase of emissoioes not take place after reductions are
accomplished from 2027 to 2044. A light increaseuos afterwards.

A total amount of 283 million tonnes of G@re released in comparison to 445 million tonnes
from the modest penetration scenario. In comparisoithe business as usual scenarios
planned additions and planned with coal, the redacis very significant, 66% and 73%
reduction of CQ emissions is achieved. As it can be seen in Figdi®, the yearly CO
emissions from the base year 2006 are reduced%ydsDaverage from year 2026 to 2050.
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Environmental Results: Global warming potential CO2 eq
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Figure 8-16 CQ, emissions with renewable power system

8.5 SCREENING RESULTS

The different pathways of the power sector thatehbeen described show how diverse the
shaping of the Colombian power sector can be asebided by the scenarios families here
introduced. As the objective of this dissertatisrid quantify not only the technical outcomes
but also economic and environmental issues, thisnsary will focus on a comparison of
these aspects between the scenarios.

The scenario families possess a set of technolagiésdistinctive economic and technical
features. The amount and kind of power plants | $lgstem and their contribution to
electricity supply determine the overall cost.

All of this has been accounted for by means of désh analysis to determine the Net
Present Value (NPV) of all scenarios so to allowdaomparison about the economic merit
of every alternative. The NPV of all scenarios,luding the sensitivity analysis with natural
gas prices and renewable energy investment and @&sts, are shown in Table 8-1 and
Figure 8-17. All economic results shown in this jufea were calculated with a discount factor
of 10% and are expressed in 2006 US Dollars.
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Table 8-1 Economic valuation of scenarios in millio dollars

BAU BAU RET RET
Planned  Coal Modest Renewable

Low cos renewable technolos

Capital 5,301 6,018 7,200 8,482
0O&M 6,617 6,859 7,167 7,820
(1) Tota 11,91¢ 12,877 14,36 16,30:
High cost renewable technolc

Capital 5,301 6,018 8,611 10,871
0O&M 6,617 6,859 7,590 8,655
(2) Tota 11,91¢ 12,877 16,20: 19,52¢
Fuel cost

Low price NG 5,319 4,076 3,857 3,486
High price NG 6,011 4,739 4,514 4,146
Coal 1,691 2,254 1,431 1,338
Biomass 0 0 53 125
(3) Total fuels low pric 7,011 6,32¢ 5,34( 4 ,94¢

(4) Total fuels high pric 7,70¢ 6,99: 5,997 5,60¢
Low price NG + low cost RET (1+&

NPV [Millions 2006 Dollars] 18,929 19,206 19,707 2b1
High price NG + low cost RET (1+4

NPV [Millions 2006 Dollars] 19,621 19,869 20,364 210
Low price NG + high cost RET (2+¢

NPV [Millions 2006 Dollars] 18,929 19,206 21,542 piig
High price NG + high cost RET (2+4

NPV [Millions 2006 Dollars] 19,621 19,869 22,198 234
Emission of pollutants

CGQ; [Million Tonnes] 833 1,061 445 283
CGO, NPV 145 159 119 111

An immediate conclusion by looking at the total N@WVbold numbers) is that scenarios with
new renewables in the system, modest penetratiohranewable power, are the more
expensive alternative in comparison to BAU scemainieconomic terms. This means that
fossil fuel cost savings by using renewable enexmyrces are not enough to recover both the
extra capital, O&M costs and the extra power regflito guarantee the minimum reserve
margin as shown in the Table 8-1 with the rows redrkvith (1), (2), (3), and (4). The
investment and O&M costs constitute together thgelashares in the total NPV.

However a closer look at the relative extra coseasared with the NPV between the
scenarios, provides a better idea of the gap betwesn:

- Modest penetration of renewables versus BAU scesawith low investment cost of
renewables between 2.5% and 4.1%

- Modest penetration of renewables versus BAU scesaxith high investment cost of
renewables between 11.7% and 13.8%
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- Renewable power scenario versus BAU scenarioslahnvestment cost of renewables
between 10.3% and 12.3%

- Renewable power scenario versus BAU scenarios witth investment cost of
renewables between 26.5% and 29.3%

The inclusion of renewable energy technologies welbresent extra economic expenses
ranging from 2.5% to 29.3%. This depends on theldpment of investment costs and fuel
prices, and the energy mix of the power systemlerai®? shows the additional expenses in
detail.

Table 8-2 Additional expenses from renewables

Sensitivity Parameters Modesi Renewable
Carbor  Plannec Carbor  Plannec
Low price NG + low cost RE’ 2.6% 4.1% 10.6% 12.3%
High price NG + low cost RE 2.5% 3.8% 10.3% 11.7%

Low price NG + high cost RE 12.2% 13.8% 27.4% 29.3%
High price NG + high cost RE 11.7% 13.1% 26.5% 28.1%
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Figure 8-17 Additional expenses from renewables
LG: Low price natural gas; HG: High price naturakg
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8.5.1 Sensitivity analysis of the results

The sensitivity to natural gas prices does not lzar@jor influence in the economic valuation

of renewable scenarios versus BAU scenarios. Thpéns because the increase in the
natural gas price affects all scenarios and theofidessil sources are intensive in the first

years for all of them until new renewables stasdgially becoming part of the system. Those
first years have a larger influence in the castv fevaluation than savings taking place after
2015.

Very high prices of fossil fuels would speed up itmplementation of other energy sources,
where new renewable technologies could be competiti some point by their own merits. It
is important to point out that the results are thetoutcome of a competitive model selecting
the best suitable technologies according to mddtees. Instead, the mix of technologies has
been previously determined and renewables weredai@ dispatch all their production. So a
change in the fuel prices in the accounting frantdwmodel does not affect the mix of
technologies and their production between scenarios

An issue that was also tested in the modelingaspttssibility that hydropower can no longer
provide the same levels of capacity and produc®mobserved in recent years. For this case
the capacity credit and the capacity expansion itdiropower was reduced. The results with
this variation are exhibited in Figure 8-18 anduf&g8-19. These figures show the results in
the capacity and production with and without thigdrdopower adaptation for a better
understanding of the economic valuation, whichloaiseen in Table 8-3.

In general, the model adds more units of othernelcyies to cover for the reduction in the
capacity credit of hydropower to guarantee the mimnh reserve margin. Thus, the total
capacity is increased over 50 GW for BAU scenahbys2050 in comparison to a lower
capacity in the BAU scenarios without the hydroposensitivity. In all cases the installation
of coal power plants increases. This is necessarpack up the lesser generation from
hydropower, therefore the expansion cycle is forceddd them. By having more coal fired
power plants, the model dispatches them more tercthe demand. The dispatch by merit
order of running cost contributes to a higher vaduof electricity from coal source by being
consequently first dispatched. This explains why NPV of natural gas under this hydro
reduction is lower than the scenarios without ifggedient in the analysis.

In the case of the renewable scenarios, hydropdaes not decrease its share in the system
as much as the BAU scenarios due to the backupabiaifrom renewables so the expansion
cycle is not forced to add new conventional powants. However, more coal and gas fired
power plants are installed along with biomass uwitéch are integrated in the expansion
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cycle. The system relies on the expansion of theasdenologies to account for the reduction of
capacity from hydropower. The contribution of bi@®as higher which impedes more output
coming from fossil sources.

What this hydropower sensitivity shows in the reablg scenarios is that an increase of
capacity and generation of biomass is the mairceffethe modeling unlike the engagement
from fossil fuel sources in the BAU.
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Figure 8-19 Sensitivity to hydropower in the modespenetration of renewables

As the previous economic results for the scenambisout the hydropower sensitivity show,
the NPV of scenarios with renewables are costlyoimparison to BAU scenarios as shown in
Table 8-3 and Table 8-4. However, the relativeagtist has increased between the scenarios
renewable versus BAU scenarios. Less hydropowets uni the expansion automatically
represent a higher cost for the system as othanodmgies have higher costs. Secondly, the
NPV of renewable scenarios increases more prondutitan the increase in the BAU
scenarios because more fossil and biomass unitequéred. Again, it is important to point
out that this effect does not correspond to amapétion of the system; it is rather an output
of the predefined expansion cycle. For instancestiee of gas and coal should be better
adjusted to decrease overall investment and prmstucbsts. In summary, the extra economic
expenses range from 3.7% to 44%.
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Table 8-3 Economic valuation of scenarios with ledsydropower

BAU RET

Plannec  Coal Modes Renewabl
Low cost renewable technolc
Capita 6,46¢ 7,61¢ 8,78: 10,81«
O&M 7,171 7,47 7,86t 8,92¢
(1) Tota 13,64¢ 15,09: 16,647 19,74(
High cost renewable technolc
Capita 6,46¢ 7,61¢ 10,43: 13,81¢
O&M 7,171 7,47 8,45¢ 10,14¢
(2) Tota 13,64¢ 15,09: 18,88¢ 23,96¢
Fuel cost
Low price NG 4,14¢ 2,907 2,89( 2,48¢
High price NG 4,73( 3,39( 3,37t 2,91¢
Coal 2,19¢ 2,64t 1,43 1,252
Biomass 0 0 95 224
(3) Total fuels low pric 6,34¢ 5,552 4,42: 3,96(
(4) Total fuels high pric 6,92¢ 6,03¢ 4,907 4,39t
Low price NG + low cost RET (1+3
NPV [Millions 2006 Dollars] 19,99: 20,64« 21,07( 23,70(
High price NG + low cost RET (1+4
NPV [Millions 2006 Dollars] 20,57 21,12 21,55¢ 24,13t
Low price NG + high cost RET (2+%
NPV [Millions 2006 Dollars] 19,99: 20,64« 23,30¢ 27,92¢
High price NG + high cost RET (2+4
NPV [Millions 2006 Dollars] 20,57 21,12 23,79 28,36
Emission of pollutants
CQ; [Million Tonnes] 1,11¢ 1,17¢ 404 20z
CC, NPV 15¢ 162 107 9

Table 8-4 Additional expenses from renewables witless hydropower

Sensitivity Parameter: Modesi Renewable
Carbor  Plannec Carbor  Plannec
Low price NG + low cost RE’ 2.1% 5.4% 14.8% 18.5%
High price NG + low cost RE 2.0% 4.8% 14.2% 17.3%

Low price NG + high cost RE 12.9% 16.6% 35.3% 39.7%
High price NG + high cost RE 12.6% 15.6% 34.2% 37.8%

8.5.2 Capacity credit analysis

Another aspect that was worth analyzing is thecefé the capacity factor and capacity credit
of technologies in the system. This has been aedly® means of shifting PV — CSP solar
technologies to only CSP and by increasing theesl&rwind energy from 5,000 MW to
10,000 MW.
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Regarding the solar technologies, the higher caypéator of CSP plants in comparison to a
PV solar plant makes it possible to generate miectrecity and avoid the installation of other
plants in the system in order to maintain the nesenargin. In the modest penetration of
renewables scenario the overall total NPV of treteay with only CSP power plants is higher
than a combination of PV and CSP unitseq Table 8-5). Despite the fact that a larger
production of CSP avoids more generation from cativeal power plants, in this case
hydropower and fossil sources, the savings doesaootver the extra cost of the investments
(their dispatch is by merit order while the dispatd renewables has been set to maximum
delivery).

Table 8-5 Economic analysis PV-CSP vs. CSP

RET RET

Modest Modest Renewable Renewable

PV-CSP CSP PV-CSP CSP
Low cost renewable technolc
Capita 7,20( 7,20¢ 8,48: 8,46:
o&M 7,165 7,201 7,82( 7,84(
(1) Tota 14,36 14,40¢ 16,30: 16,30:
(2) Tota 16,20: 16,25¢ 19,52t 19,50¢
Fuel cost
Low price NG 3,851 3,84 3,48¢ 3,48¢
High price NG 4,51« 4,49¢ 4,14¢ 4,14¢
Coal 1,431 1,43: 1,33¢ 1,33
Biomass 53 52 12t 11¢
(3) Total fuels low pric 5,34( 5,32¢ 4,94¢ 4,941
(4) Total fuels high pric 5,991 5,98 5,60¢ 5,591
Low price NG + low cost RET (1+3
NPV [Millions 2006 Dollars] 19,70; 19,73¢ 21,25! 21,24
High price NG + low cost RET (1+4
NPV [Millions 2006 Dollars] 20,36 20,39: 21,91 21,89¢
Low price NG + high cost RET (2+%
NPV [Millions 2006 Dollars] 21,54; 21,58t 24,47 24,44¢
High price NG + high cost RET (2+4
NPV [Millions 2006 Dollars] 22,19¢ 22,24( 25,13¢ 25,10¢
Emission of pollutants
CG; [Million Tonnes] 44~ 444 28¢ 282
CGC; NPV 11¢ 11¢ 111 111

This avoidance of generation from conventional poplants including biomass technologies
(they are included in the expansion cycle) variegethding on the portfolio of technologies,
their share and their capacity credit in the syst€hus, a small share of CSP plants in the
system, 1,800 MW or 3.4% of the total capacity @@, does not help to reduce the size of
the overall system just by having a better capacigdit. For instance in the modest
penetration of renewables with only CSP plantsy @nll50 MW Gas turbine unit could be
postponed, which is insignificant. Nevertheless, ititrease of the capacity credit affected the
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year in which a power plant should be added tastlséem and therefore the mix in the system
as shown in Figure 8-20 from 2021.
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Figure 8-20 Capacity additions PV-CSP vs. CSP in ¢hmodest penetration of
renewables

The expansion of the system is naturally unaltéoedhe first years until the expansion with
solar sources begins in 2015. The effect of theaci&p credit on the units added for the
expansion takes place in 2021. It results in chengethe dispatch of power plants as
exhibited in Figure 8-21, where gas consumptioaliered, at times the gas consumption
being higher with only CSP plants. This explainsywie economic analysis from Table 8-5
shows NPV for fuels with higher or lower values atitht the small share of solar
technologies in the system do not allow for a ghtiorward conclusion in this case.
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Figure 8-21 Fossil fuel consumption PV-CSP vs. C3R modest penetration of

renewables

A different result can be seen in the renewablegy@genario as shown in Figure 8-22, where
the effect of the capacity credit of CSP is gredie to its higher share in the system. By the
year 2050, the introduction of only CSP power @dot solar technologies, shows a decrease
of 650 MW in the total capacity of the system, vehéne solar share is 6.3 %. Figure 8-23

shows the minor effect in fossil fuel consumption.
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Figure 8-22 Capacity additions PV-CSP vs. CSP in newable power scenario
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Figure 8-23 Fossil fuel consumption PV-CSP vs. CSR renewable power scenario

In general, the shift to only CSP power plants does show a significant effect in the
economic valuation. The share of solar power iy genall to have an influence on the system
by the better capacity credit of solar thermal. ldger, it can be observed that the capacity
factor and capacity credit then are crucial paransethat influence the size and generation of
the system. The role of the capacity credit carfupther illustrated by comparing the two
scenarios with new renewables. As more wind anar sesources are exploited, the capacity
credit of those technologies demands from the systere back-up as shown in Figure 8-24.
The renewable power scenario requires 4,600 MWdditimnal power in comparison to the
modest introduction of renewables. This is a 9%dase from 52.8 GW to 57.4 GW by
2050, which is needed to back up the system du@teer shares of wind and solar sources.
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This is a crucial aspect for the introduction ohewable energy sources which are
intermittent as solar, wind and hydropower. Hydnepo reservoirs allow storage and
therefore flexibility in the operation. With regardo solar sources, the use of CSP power
plants with thermal storage make it also possibleactkle firm energy issues. Regarding wind
energy, storage is possible by means of directiGgimins such as hydrogen production and
compressed air energy storage (CAES), otherwisd&upadrom other power generation
technologies in the system needs to be availablether words additional capacity in the
system is required.

What makes the Colombian system interesting foirgh Bhare of new intermittent energy
sources such as wind energy is the large numbdéydfopower reservoirs at hand. Thus,
hydropower plants can have an important contrilbuiio improving the operation of the

system with a high share of wind power. Whenevemdwiesources are not available, a
hydropower plant covers the gap. This may also densas a business opportunity for
hydropower, not only to feed the load base of sysbeit also to back up the system. The
simulation has been run with a typical capacitydidref wind of 20% from power systems

that rely more on fossil fuel sources. A committeadiropower production to backup wind

could shift the capacity credit to higher values.dépends on the availability of hydro

resources, number of hydro power plants and itsosedity.

A closer look at this topic is presented in Chagi@but a quantitative analysis in that regard
is beyond the scope of this dissertation. Howetvehauld be conducted at a future time so to
gain a better understanding of the integration ofdwenergy in the system. The simulation
has maintained the value of 20% capacity crediviofl as a conservative parameter to test
the scenarios with renewables.

8.5.3 CO, emissions

Regarding C@emissions the contribution of renewable energysesito reduce millions of
tonnes over the time horizon is indisputable asvshim Figure 8-25 from data in Table 8-1.
BAU scenarios are the least cost alternativeshmyt will increase the emissions significantly
above today'’s current levels, coal being the maiuree.
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Figure 8-25 CG, equivalent cumulated emissions in all scenarios

To illustrate the relationship between the JCfavings and the cost of scenarios with new
renewable technologies, the cost of the avoidaicde@ emissions is calculated. This is
done in order to identify the least cost alterregito reduce a tonne of €@hich is the cost

to be charged per tonne to match the cost of the.BAe results are shown in Table 8-6.

Table 8-6 CQO, savings cost per tonne for all scenarios and setigites

Scenarios \ CQ Cost Low NG-LowRET HighNG-LowRET LowNG-HighRET Hig hNG-HighRET
(USD/Tonne) M R M R M R M R

- Planned vs. 30.1 66.5 28.7 65.5 99.1 158.6 97.7 157.5
Renewables

- Planned coal vs. 13.2 42.4 13.0 42.2 59.3 109.0 59.1 108.8
Renewables

- Planned vs. 22.2 60.3 20.2 57.9 68.4 129.1 66.4 126.7
Renewables [H20]

- Planned Coal vs. 7.7 44.7 7.7 44.0 48.1 106.4 48.1 105.7

Renewables [H20]
M: Modest, R: Renewables, [H20O]: less hydropower

In general the cost per tonne is very sensitivehéocapital cost of renewables, whereas the
natural gas prices do not have a major influence.

An expansion based on coal sources in comparistmtiaé modest penetration of renewables
scenario shows the lowest prices per tonne sinesetlBAU scenarios release the largest
amount of CQ so the avoidance is consequently greater. Theranges from 7.7 USD/tonne
to 59.3 USD/tonne depending on hydropower avaitgbihatural gas prices and capital cost
of renewables. Similarly for planned BAU scenatios cost ranges from 20.2 USD/tonne to
99.1 USD/tonne.
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The same analysis with the renewable power scesanws higher costs per tonne of CO
avoided. For BAU scenarios with coal from 42.2 UBDbhe to 106.4 USD/tonne and with
planned additions from 57.9 USD/tonne to 158.6 U&mie.

CO;, costs per tonne are overestimated since the exffigi of the new fossil fuel power plants

added to the system was set at their highest wahieh assumes always a load factor of the
plant that reaches the highest efficiency. Tharguable since thermal power plants do not
operate always in the base or intermediate loashaatimum capacity and their dispatch is

therefore variable. C{emission savings are therefore underestimated.

8.6 SUMMARY

The integration of new renewable technologies iwgrosystems at a moderate or great scale
has implications for costs, the portfolio of tecluges, the portfolio of energy sources and
the environment on a local and global scale.

The screening methodology with the accounting fnaor& model LEAP produced the
expected results, the modeling of the power sexdaa big picture, and has shown the effect
of the inclusion of new technologies on the systener different developments in the power
expansion by means of scenarios. Thus, the kegsseu the Colombian case that shape the
power sector were identified and quantified.

Large hydropower plants will continue playing a amajole. As being the least cost
alternative and still having great potential, hysbvaver will always be the main driver for the
expansion and electricity production. Even in tivergé of decreased availability of water
resources and new hydropower installations, theriboation of hydropower will influence
the amount of new technologies based on fosséewable energy sources.

The results show that BAU scenarios are the least alternative even with a major

expansion with coal. Hydropower and coal are abondasources. Natural gas is currently
the favoured option over coal. Natural gas for teleity generation in the future will depend

on its availability in Colombia. Imports of naturghs might be costly resulting in a
dependence on foreign energy sources.

A power system with the inclusion of new renewablehnologies is strongly driven by their

investment costs. The renewable scenarios werk gases more costly than BAU scenarios.
Gas prices were not determinant to reduce the gapelen the BAU scenarios as all scenarios
make use of it in existing power plants and impartiuture gas savings take place after
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today’s existing gas turbines and combined cycdashed their lifespan. The relative extra
cost of renewable scenarios with low investmentsaoscomparison to BAU scenarios in a
horizon until 2050 is between 2.5% and 4.1% forteady 20% share of new renewable
energy sources from 2036eeFigure 8-9). This is a very motivating signal, aHisuggests
that in the long term, and only based on econonecits) investment in renewable energy
technologies may not represent a burden for theggreector, if the cost of renewables are
kept at a minimum in the future.

Since investment costs of new technologies are ohethe main drivers to reach
competitiveness and Colombia would have to impuesé technologies, the competitiveness
depends on the development of international pritbs makes the Colombian power sector a
price taker. In a global effort to lessen the & on fossil fuel energy sources to halt GHG
emissions globally and to assure the 2°C maximuerdble increase of global temperatures
in coming decades will further the chances to iasecthe share of renewable energy sources
for power generation globally. Such a situation nhatyher decrease the cost of renewable
energy technologies as they will boost the indiialtaof more capacity.

Dependence on international prices can be avoiddédasset of right policies in Colombia to
push investment costs down by promoting, for ins¢athe local content for the introduction
of new technologies, by incentivising joint ventsreith local industries and attracting
foreign investment to manufacture the goods locally

The results also show the effect of intermittentyemewable energy sources such as wind
and solar. Low capacity credits of these energycasucan be overcome with indirect or

direct storage. The joint operation of hydropowkanfs with wind and PV power plants can

lower the required backup power, thus, improving ¢eonomics of a system with renewable
energy sources. This could boost the penetratiothede technologies. The model did not
include that improvement, so results are conseseani that regard.

A better optimized system may yield other resujtshoosing a portfolio of technologies that
reach the least costs, or that minimize GHG emmssar that find an optimal combination of
both based on market forces instead of the itergtiocedure with scenarios in which the
accounting framework model LEAP is based on. Fat tteason a second step in this
guantitative analysis is to simulate under idealkatconditions the portfolio of technologies,
letting market forces alone to define the portfaid production of power technologies. This
will greatly enhance the results that have beemyced up to now. The optimization model
will better define the maximum share of renewalrlergy sources that the system may have
based on economic merits measured as the leastofaste system. The results with
optimization approach are presented in the nextteina
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9. OPTIMIZATION OF THE POWER SYSTEM

Unlike the scenario analysis with the accountirggrfework model LEAP, the energy mix of
the power system will now be determined by economerits. The optimization model
MESSAGE here applied, will find the least cost powgstem through the optimization
process geeChapter 2 for more details). The parameters fersimulation are the same as
those introduced previously in the prognosis amalys Chapter 6. Instead of defining
scenarios by determining in advance how the exparshould be done as it was created in
LEAP, the optimization model selects from all teclogies available, the least cost option
over the horizon of the analysis according to thenework set for the expansion such as the
availability and seasonality of energy sourcesramgwable energy potential.

Since the optimization model approach is based arkeh forces and allows a more detailed
description of the demand and seasonality in teetetity production, an additional analysis
of the Colombian power system is necessary forsihmulation. Similar to the screening
methodology, a sensitivity analysis is also conddctn the following subchapters a brief
description of these additional inputs requiredMiESSAGE is introduced. The results of the
simulation with MESSAGE are presented later. A swammof the key findings with
MESSAGE concludes the chapter.

9.1 ADDITIONAL INPUTS ANALYSIS FOR MESSAGE

9.1.1 Electricity demand

Since the electricity demand module of MESSAGEvedidor a more detailed description of
its behaviour, a further analysis of the Colomkadactricity demand shape was conducted for
the simulation.

The pattern of the demand for every month of ther yeas defined based on the Colombian
electricity demand for the year 2007, and it isuassd that this pattern is similar over the

years. Figure 9-1 shows the shape of the elegtritgtnand in January grouped per hour in

order to determine the shape of a typical day dtle@ under the curve corresponds to the total
demand in January in kWh). As can be seen, a pattiethis demand can be distinguished:

Part 1 corresponds to the morning hours, part @sponds to daylight hours, part 3 describes
the night peak hours where electricity demand e hs the highest and part 4 the night

hours.

202



9 OPTIMIZATION OF THE POWER SYSTEM

January
(Standard Day)

300
z .. | 3|
3 2] 4
2 200 —
@©
E
8 150
oy
2 100
©
Qo
W 50

i
O — N O g 0 © &~ 00 0O O «~—~ N OO < 0 O~ 0 OO ©O «— N ™M
©C ©C O O O O 0O O O O v~ ™ v v v ™ v v v v (N N N N

Hour
Figure 9-1 Electricity demand of one standard dayn January

Source: Data from NEON, own calculations.

This analysis performed for the other months ofytear also exhibited the same pattern. In
that way MESSAGE dispatches the power plants endtto these sections of the demand per
month. Every year the demand is higher and additipower plants will be added to the
power system as soon as existing power plants taope with the demand. A load curve is
internally calculated by MESSAGE as the combinatdrine 4 part of the days per month
and the electricity demand share of a given mantnyear as shown in Figure 9-2.
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Figure 9-2 Demand load curve for MESSAGE

9.1.2 Hydropower

Since MESSAGE can simulate the dispatch of hydreggawthe load curve of the system, a
further analysis of its behaviour was conductedufé@ 9-3 shows the generation of
hydropower per month over the last 15 years. Dutirggperiod from January to April (the

dry season), the share of hydropower in the sysdawer than in other months. To simulate
the contribution of hydropower according to thissenality, a load curve of the hydropower
production was determined as shown in Figure 9dich was entered into MESSAGE.
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Figure 9-3 Hydropower generation per month
Source: Data taken from XM 2011, own calculations.
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Figure 9-4 Load curve for hydropower in MESSAGE

The load curve for hydropower in MESSAGE, whiclpiesented in Figure 9-4, describes the
changes of average capacity factors. The loadecigrcalculated as the ratio between the
energy produced per month and the maximum capaditthe system. The average was
determined as shown in Figure 9-5. The load cuescidbes the changes of the capacity
factor over the month of the year. A maximum cayafeictor for MESSAGE was set at 60%.
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Figure 9-5 Capacity factor of hydropower

Source: Data from XM 2008, own calculations.
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9 OPTIMIZATION OF THE POWER SYSTEM

9.2 SENSITIVITY ANALYSIS FOR MESSAGE

Like the accounting framework model, LEAP, a sevisit analysis was also conducted in
MESSAGE. The economic parameters used for thetsatysanalysis in LEAP were also
used for the sensitivity analysis in MESSAGE anduded: fossil fuel prices, investment
costs and discount factors, which are describébhlrie 7-11. Technical parameters of power
technologies are provided in Table 6-18.

The main difference between the two energy modethat in MESSAGE there is no set of
scenarios to control the expansion of the powetegys The scenario is a result of the
simulation in MESSAGE. The expansion is then cdi@doby the economic and technical
parameters. The technical parameters were adjustedhydropower and the electricity
demand as shown in the previous subchapter. UhlH&P, only a cap for the expansion of
renewable energy technologies was defined and dispatch was not forced. This is done to
allow the model to select the optimal power syswitih a high degree of flexibility. A
sensitivity analysis tailored to MESSAGE for thentrdoution of hydropower is included. A
summary of these technical parameters for the estpams shown in Table 9-1.

Table 9-1 Technical variables for sensitivity analgis

Variable Description

Expansion Wind power: Maximum 10,000 M'
Solar power: Maximum 5,000 MW
CSP: Maximum 5,000 MW
Hydropower: Maximum 84,000 MW
Geothermal: Maximum 900 MW
Conventional fossil fuel power plants: No - limits

Dispatch Renewables were not forced to be dispat

Contribution of hydropower Reference cas
The maximal contribution for the analysis from 20dfwards was
set at 80%
Hydropower Sensitivity:
The maximal contribution for the analysis from 20dfwards was
set at 70%

Analog to the simulation with LEAP, in MESSAGE tpessibility that hydropower can no
longer provide the same levels of capacity and pecbon was simulated. The hydropower
sensitivity in MESSAGE set at 70% the maximal citaition of electricity into the system.

9.3 TECHNICAL RESULTS

The results of the optimization model MESSAGE aseased according to the energy mix
obtained, the least cost value of the whole powstesn and the CQOemissions. A reference
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case for the simulation was defined, which correggoto the combination of low cost of
renewable energy technologies and low cost of ahgas and coal. The reference case is
then compared with the sensitivity analysis forts@nd hydropower production.

The simulation was performed from 2006 to 2050 famlitate the control of the variables in
MESSAGE the first years in which actual data arailable were simulated from 2007 to
2010. Afterwards the expansion was simulated ieruals of 5 years. The outputs of the
simulation as shown in the following figures inglthapter display the year 2045 as the final
year. However this year corresponds to the inte20db — 2050.

9.3.1 Reference case

The results are shown in Figure 9-6 and Figure 947e system continues generating
electricity with current conventional technologweh hydropower, coal and natural gas, until
2020, when natural gas resources for the poweroisdcome scarce and imports are
necessary. For that reason more electricity willpb@vided by new coal technologies (bed
fluidized combustion and IGCC) and the consumptibnatural gas is reduced.

At the same time, and driven by high natural gasepr (import price) and competitive

investment costs, wind energy enters the systeedbas its own economic merits after 2020
becomes an important share of the system overdéies yintil reaching the capacity of 10,000
MW from 2045. As well as wind, geothermal alonghwiiuidized bed combustion and IGCC

with biomass enter the system. CSP will manageate@ la small share, which is seen from
2020 onwards. In contrast, PV enters the system la¢e from 2045 on despite its very low
cost but lowest capacity factor of all of the tezlagies available.

The share of renewable energy electricity aparnfhydropower amounts to 0% in 2020 and
reaches 29% in 2050. This helps to lessen the tigiendence on hydropower resources
which is pushed below the 80% cap maximum contidiput
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Figure 9-6 Electricity generation for the referencecase
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Figure 9-7 Shares of technologies in electricity geration

Regarding C®@ emissions, the combination of hydropower and aenwdficient production
utilizing new coal power plants and renewable epderhnologies in the power system
makes CQ@ emissions remain below the maximum level calcdlate 2009 as shown in
Figure 9-8. Thus the system is able to reduce @mnisdurther and maintained current levels.
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Since electricity demand continues growing and qoaler technologies increase their
production over the years, emissions increasetsligfter 2030.

nbnill
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Figure 9-8 CO; emissions in the Reference case
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9.3.2 Sensitivity with high fossil fuel costs

The results with high prices for natural gas anal eme shown in Figure 9-9 and Figure 9-10.
By having higher natural gas prices, coal technelgre dispatched with higher shares at the
expense of natural gas, which will neverthelesginoa supplying the system together with
coal technologies until 2020. Hydropower keepslitare in the energy mix around 80% until
2020 and will be reduced by the higher share of ema the entrance of fluidized bed
combustion with biomass and geothermal.

It is worth noting the delay of wind energy to ertige power system in comparison to the

reference case. This is explained by a higher mrigetural gas allowing existing coal plants

to be preferentially dispatched and therefore actathg new investments in coal power

plants. As soon as their share in the system reased, an expansion with new technologies
is postponed. This proves that a preference toolag given technology affects the future mix

of the system as is shown by the logic of the least optimization in the simulation.

The installation and dispatch of new renewable ggnézchnologies because of higher fossil
fuel prices is not accelerated before 2020, whimihaides very closely to the reference case
scenario. This is the result of the new balancevéen coal and natural gas from 2010 to 2020
and higher shares of coal afterwards. Wind powe&grerthe system between 2025 and 2030.
Once more CSP and PV technologies enter the syatéfmsmall shares, they generate
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slightly more electricity than the reference caBmmass becomes the main contributor of
electricity after wind power.

The share of renewable energy electricity aparnftyydropower amounts to 0.7 % in 2020
and reaches 29% in 2050 by its own economic mkelging to lessen the high dependence
of hydropower resources which is pushed below 0% 8ap maximum contribution.
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Figure 9-9 Electricity generation with high fossilfuel prices
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Figure 9-10 Shares of technologies in electricityegeration with high fossil fuel prices
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By reducing the shares of natural gas technologmesdispatching more coal power plants,
CO, emissions increase from 2010 to 2025 as showmguré& 9-11. Analog to the reference

case, the introduction of wind and renewable endegynologies reduces the emissions
afterwards. Emissions are kept around 10 milliotriméonnes per year.
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Figure 9-11 CG, emissions with high fossil fuel prices

9.3.3 Sensitivity with high costs for renewable energy thnologies

The results of sensitivity for investment costs rehewable energy technologies are
summarized in Figure 9-12 together with a sensytivor the cost of fossil fuels. A high
reliance on natural gas and coal takes place froh® 20 2020. Unlike the low investment
cost in the reference case, the introduction ofdwpower and biomass technologies is
postponed for the period 2025 to 2030; a delayivé fyears. Despite the increases in
investment costs, new renewable energy technolag&sage to enter the system by their
own economic and technical merits and reach shigttiuced shares in comparison to the
low investment scenario for the last 20 years efdhalysis (approximately 1.6% on average
for low fuel prices and 1.9% on average for higél forices).

The optimization model shows that the introducta@inew renewable technologies takes
place during a period of 10 years between 2020283@. This is the period where renewable
technologies are competitive with conventional texdbgies. The scale of their introduction
depends on how cost and prices will develop unéihtas shown be the sensitivity analysis.

Regarding fossil fuel costs, a higher cost for raltgas increases the share of coal in the
system. The expansion with wind energy will reashfull potential after 2045 anyway. The
share of new renewable energy electricity withogdrbpower amounts to 0% in 2020 and
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reaches 27% in 2050 by its own economic and teahnierits and so the high dependence of
hydropower resources is pushed below the 80% capmaan contribution.
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Figure 9-12 Electricity generation and share of tdmologies in electricity generation for
high investment costs

CO, emissions increase slightly due to a higher slireoal as shown in Figure 9-13.
However they do not surpass the 12 million tonnes.
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Figure 9-13 CQG, emissions with high investment costs
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9.3.4 Sensitivity for hydropower

With a sensitivity simulating a lesser contributmirfhydropower in the system, the chances to
introduce other technologies are naturally enhanthd results are shown in Figure 9-14 for

212



9 OPTIMIZATION OF THE POWER SYSTEM

low cost of renewable energy technologies. In thise coal power technologies profit from a
maximal contribution of 70% of generation from hydower in the coming years.

The dependence on natural gas and coal beginsrease in 2010. The share of natural gas is
reduced after 2020 to a minimum due to scarcity lag prices of imported natural gas. In
contrast, coal increases its share in the systezn the years to be later reduced again as
renewables reach higher shares in the system248%y.

The introduction of fluidized combustion biomassothermal and CSP is brought forward
between 2015 and 2020, and their share in the mystencreased. Noticeable biomass and
geothermal technologies play a more important iolhe system under the low investment
scenario. Wind enters the system after 2020 wighéri penetration rates so the share of wind
in the system reaches a constant portion overdaesy

The shares of renewable energy electricity apamnfihydropower amount to 1.54% and
4.22% in 2020 for the low and high fuel scenariepesctively. The shares are 31.8% and
29.4% in 2050 by its own economic and technicalithemhe shares of renewable energy
sources help to decrease the high dependence aopwoyder resources which is pushed
below the 70% cap maximum contribution.

As previously stated in the sensitivity analysidigher fuel cost for natural gas affects only
the shares of coal and natural gas in the comihgduHowever, the combination of higher
fuel costs, less hydropower resource availabilityd dow cost of renewable energy
technologies is the most favourable scenario faewable energy sources. In that case the
contribution of renewable energy sources is alreadynd 18% in 2025.
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Figure 9-14 Electricity generation and shares of #hnologies in electricity generation
with less contribution of hydropower (low cost forrenewables)

As a consequence of the reduction of hydropoweemgion in the system, the emissions of
CO; increase due to the higher contribution of natgeal and coal in the system. They exceed
10 million tonnes of C@beginning in 2020 as shown in Figure 9-15.
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Figure 9-15 CQ emissions with a lower contribution of hydropower
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In a scenario with a lower contribution of hydropaveombined with higher investment costs
for renewables, as shown in the results exhibiteBigure 9-16, the dependence on coal and
natural gas sources increases. Soon after 201€htre of coal increases in the system over
the years. This is in particular noticeable by higél costs of natural gas. The expansion of
the power system relies on important shares of.cdak higher cost of renewable
technologies postpone a high penetration of renlewabergy sources after 2025 allowing
coal power plants to enter the system to supperteéduction of hydropower.
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However, a higher contribution of renewables iseobsd after 2040. Unlike the low
investment costs sensitivity, the introduction efewables occurs after 2020. A higher cost
of renewable energy technologies postpones theadaoction for 5 years. Again biomass and
geothermal achieve important shares and wind poe&ches its maximum capacity after
2045.
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Figure 9-16 Electricity generation and shares of &hnologies in electricity generation
with less contribution of hydropower (high cost forrenewables)

As expected, this sensitivity tops the £€missions of all simulations introduced until now.
The emissions reach a new maximum of almost 16omilionnes for the period between
2035 and 2040 as shown in Figure 9-17.
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Figure 9-17 CQ, emissions with a less contribution of hydropower
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Unlike the accounting framework model LEAP where #tenarios were predetermined, the
optimization model result suggests that new renéavabergy technologies will be part of the

system under all sensitivity analysis. Unfavouramenomic conditions for renewable energy
technologies with high investment costs, low fols@l prices and high shares of hydropower,
did not inhibit the expansion with these technadsgiHowever the speed of this penetration
and its magnitude depends on them.

9.4 LEAST COST RESULTS

The objective of the optimization model is to finadsystem with the overall least cost. The
optimal solution then is the net present value Ib€@sts and investments of expanding and
operating the power system under the parametein #& model such as electricity demand,
investments and O&M costs, fuel prices, availapiof resources, etc. Table 9-2 shows the
results for the reference case and the sensiavigyses.

Table 9-2 Least cost optimisation results

Sensitivity Parameters Reference Case Hydro Sensitivity
Sensitivities
(Million 2006 USD) (%) (Million 2006 USD) (%)

1 Low price fuels + low 13,105 - 13,856 -
cost RET Reference case

2 High price fuels + low 13,419 2.4 14,369 3.7
cost RET

3 Low price fuels + high 13,622 3.9 14,666 5.8
cost RET

4 High price fuels + high 14,036 7.1 15,131 9.2
cost RET

RET: Renewable energy technologies

A higher share of hydropower is always the learahtive option for the system over the
years. A reduction of hydropower implies automdlychigher costs for the system as shown
in Table 9-2 for the scenarios with the hydroposansitivity.

The relative maximum extra cost of having high dostrenewable energy technologies in the
power system by comparing the net present valuts the reference case (low fuel prices,
low cost RET) is between 7.1% and 9.2 %.

A reduction of hydropower contribution is more d¢psh comparison to an increase in fuel
costs indicating that the value of the system esq@é as the net present value is more
sensitive to hydropower (13,856 vs. 13,419 and@@h&. 14,036 Million in 2006 USD).
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9.5 CO; EMISSION COSTS

Combining renewable energy policies and carboneprior climate change mitigation

accelerates the deployment of renewables (IPCC 2013%). Based on the results of the
accounting framework model LEAP, the price of C@er tonne was determined by
comparing the renewable scenarios with the BAU a&genesults. Thus a price to be charged
per tonne to match the cost of the BAU was foundceB per tonne are between 7.7
USD/tonne and 158.6 USD/tonne of G€Eq. (2000 USD).

In the optimization model, the result suggests #hatice for CQis not required to guarantee
the entrance of renewables into the system. Tts é=est system is achieved with renewables
by their own economic and technical merits. Howgwecarbon price would accelerate the
competitiveness of renewable energy projects arcefbre their entrance into the system.
This would reduce the share of coal power planteenpower generation sector in the future.

A carbon price would be the result of a global pplio reduce C®emissions to combat
climate change. Therefore an additional analysisdaoted with MESSAGE includes a
carbon price to determine the effect on the enengy According to the IPCC, carbon prices
between 20 and 50 USD/tonne of £Q000 USD) implemented globally between 2020 and
2030 would deliver deep emission reductions by aadtury consistent with the stabilization
of CQ;, at around 550 ppm CG&eq (IPCC 2007, p.621). These results were repditethe
IPCC with a high level of confidence which wouldliphelecarbonize the world’s electricity
system (IPCC 2007, p.660).

Assuming the introduction of a global carbon taxnir 2020 with a sustained price of 20
USD/tonne of C® until 2050, results were obtained for the refeeegase including the
sensitivity for hydropower as shown in Figure 9atfél Figure 9-19.
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Figure 9-18 Reference case with prices for C{rs. Reference Case

It was found that the contribution of coal sourtesthe system was further decreased in
comparison with the results without a charge for, @@issions. The overall G@missions
of the power system are reduced and maintained wheelO million tonnes of COmark.

The introduction of wind energy into the system was$ brought forward, but more units
were installed. This increases the share of windleatricity generation. The introduction of
CSP and biomass was accelerated as well as tremie sl electricity in total generation.
Accordingly the share of coal in electricity gertema is reduced. The results prove that the
competitiveness and emissions from conventionaitplare reduced by imposing a price per
tonne of CQ. This price increases the variable cost of pradador these power plants.
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Reference Case CO, with Low Hydropower Reference Case with Low Hydropower
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Figure 9-19 Reference case with less hydropower ampdgices for CO, vs. Reference case
with less hydropower

Figure 9-19 compares the results of the sensitioktyhydropower with and without the
introduction of a carbon tax. The results sugglat the carbon tax did not have the same
impact suggesting that more coal power plants adead needed together with more new
renewable sources to cover for less hydropowerediiction of the share of coal takes place
only from 2020 to 2025 which is compensated by mmatural gas. The reduction of €O
emissions is found only during this period of tin®0, emissions increase afterwards as the
share of coal increases. The overall,@issions of the power system are maintained under
the 12 million tonnes of COmark from 2020 onwards.
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9 OPTIMIZATION OF THE POWER SYSTEM

9.6 SUMMARY

Overview

Unlike the accounting framework model LEAP, the imgtation model MESSSAGE
determined the least cost power system based omosto and technical merits of the
individual technologies. A BAU scenario was usedagsoint of reference for the scenario
analysis defined in LEAP. This is converse to MB&g, in which the continuation of
energy policies and the current conventional enayrces technologies hydropower, coal
and natural gas were not an output.

In all scenarios simulated with MESSAGE, new rer@®aenergy technologies were

introduced to the power system regardless of fuaep, investment and operation and
maintenance costs sensitivities according to therial defined for every source. The result
suggests that, sooner or later, the introductionesi renewable energy technologies will take
place in Colombia by its own economic and technicatits.

With the help of sensitivity analyses it was howesiown that the entrance and electricity
generation of new technologies will be acceleratedpostponed according to economic
conditions of fossil fuel prices, investment cost renewable energy technologies and
contribution of hydropower to the system. Thereftre results of the optimization model
gives an indication to when and how much new rehdsva&nergy technologies can be
expected in the system as illustrated in Figur® @2 Figure 9-21.
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Figure 9-20 Renewable energy shares in electricigeneration
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Figure 9-21 Renewable energy shares in electricigeneration with less hydropower

Figure 9-20 and Figure 9-21 exhibit the key yeaneng the reshaping of the power sector can
take place, which is between 2020 and 2030. Imgamval of ten years the power system will
experience a transition to a more diverse systens mew system will have hydropower
playing a key role and also include a variety aien@able energy sources such as wind, solar,
geothermal and biomass. Despite the abundancedodpgwer and coal, the entrance of new
renewable energy technologies in the system isveepgol message especially for power
sectors dominated by hydropower.

In summary fuel prices alone are not the key drfeerthe introduction of renewable energy
technologies. Hydropower contribution to the systamd the competitiveness of new
technologies in the future drives the introductafirenewables. Under a scenario of a lower
contribution of hydropower and low investment casisrenewables, the entrance of these
technologies can be expected after 2015. Regardfgasces for fossil fuels and investment
costs for renewable energy technologies, a sharewfrenewable energy sources between
7.5% and 17% can be achieved by 2025.

Technologies

According to the findings, the most promising neswewable energy technology is wind
energy, which delivers most of the electricity frow renewable energy sources despite of a
capacity factor of 33%. The potential of 10 GWaached after 2040.
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9 OPTIMIZATION OF THE POWER SYSTEM

In all scenarios conventional geothermal technel®giere introduced. The analysis does not
take into account the costs to determine the ahiiilfaand quality of the resource. This is a
condition precedent to make sure that geothermakpglants can be installed. A potential of
geothermal resources for power generation in Colarhhs not yet been determined. The
advantage of utilizing geothermal technologies heirt dispatchability for base load as
conventional technologies with coal and naturalwis capacity factors over 80%.

The use of biomass sources with fluidized bio costibn and biomass IGCC is present in the
system notably in the scenarios with a lesser tpals@r contribution and low investment and
operation costs. The key challenge here is theofisolid residues especially from sugar
plantations and their collection, disposal, andgport to power plants. Biomass has also high
capacity factors around 80%.

In contrast, solar technologies as concentratedr gwdbwer and PV have a very modest
contribution in the system. Concentrated solar poeféers an interesting alternative with
higher capacity factors with energy storage, howele high investment and operation and
maintenance costs make them prohibitive for higiares. A photovoltaic system has very
competitive prices per kW, but its lower capaciggctbr is seen as a disadvantage for the
system in the simulation by MESSAGE.

CO, emissions

The CQ emissions in all scenarios do not show notewoftingtuations and are kept, on
average, between 10 and 12 million metric tonne@s/par. Scenarios with a low contribution
of hydropower and high investment cost for renewadsiergy technologies reach 14 million
metric tonnes of C® The CQ emissions are approximately 12 million metric tesum 2009,
when the contribution of hydropower was not undemmal conditions due to El Nifio, and
natural gas and coal were greatly dispatched. Titeoduction of renewable energy
technologies and more efficient coal and naturad g¢echnologies therefore keep the
emissions at a constant level. The results with BEi#ffered greatly with MESSAGE, since
the scenarios were predefined to include renewatdegy technologies and the magnitude of
their contribution. C@ emissions in the accounting framework model LEA®veed, for
instance in the BAU scenario with coal, over 50ioml tonnes of C@in 2050.

In addition a carbon price was included in the wsialunder the assumption that a global
policy is in place to combat climate change. Thaulte prove that the competitiveness and
emissions from conventional plants are reducedniposing a price per tonne of @O his

helps to decarbonize the power system and furth@ease the share of renewable energy
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9 OPTIMIZATION OF THE POWER SYSTEM

sources in the system, if carbon prices reallyaases the operation costs of conventional
power plants to decrease their competitiveness.

The results presented here with MESSAGE along thithpredefined scenarios of LEAP will
be dependent on Colombia’s energy and market amwiemt, where energy policy will
dictate in which direction the power system shdadddeveloped. As the current policy of the
country is the use of most competitive sourceshenr system, the renewable energy sources
should enter the system by their own economic awetirtical merits at some point in time
between 2015 and 2030 as shown in the results.

It does not mean that the market by itself wilballthese technologies to become part of the
system as soon as they are economically and tedlymeable. A policy framework that does
not promote the long term will continue promotingegumably conventional and known
sources and technologies. The market actors regufioemation of the potential for the
exploitation of renewable energy sources and thekehasignals in order to make the
investment decisions of the future. By knowing tteg transition might begin around 2020, a
period of ten years should be used to pave thetwayake possible this reshaping of the
Colombian power sector with new energy sources.

The implementation of new technologies is possibillh a set of right policies allowing a
smooth transition to the power system of the futliee next chapter introduces in more
detail these issues for the Colombian case.
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10. RENEWABLE ENERGY IN THE CONTEXT OF THE COLOMBIAN PO WER
SECTOR

The introduction of new power technologies, inchgdrenewable energy technologies, into
the Colombian power sector was simulated with gnargpdels. The theoretical results
suggest that renewable energy technologies wilbimeca part of the Colombian power sector
by their own economic and technical merits. Whyséhéechnologies should be introduced
into the Colombian power sector is the topic o$ ttihapter. In this chapter, the results of the
simulation will be put into the context of Colomisipower sector so to better understand the
importance of having these technologies.

Colombia’s picture regarding global GHG emissiosisanalysed as well as the impacts of
climate change in Colombia, which may affect theveosector, in particular hydropower.

The current contribution of the Colombian powertese¢o GHG emissions is presented.
Given the importance of hydropower in Colombia, #@ssential attributes of this resource,
which essentially drive Colombia’s power sector @s® examined.

The results of the simulation of the Colombian powector together with the analysis of
hydropower and climate change in the Colombian exdninake possible a comprehensive
analysis of the Colombian power sector and addhessesearch questions of this dissertation.
A summary of the reasons that could drive the pt@mmoof technologies powered by
renewable energy sources in Colombia is detailedumary of the facts and uncertainties
facing the Colombian power sector is conductednieustand why renewable energy sources
should be promoted in Colombia.

The entry of new technologies brings new challengé® integration of renewable energy
technologies is analysed with particular focus be tssue of intermittency in electricity
production. The advantage of having wind energy lmoed with hydropower for the

Colombian power sector is examined.

As the transformation in the power sector may rebbly driven by market forces alone, an
electricity market allowing a level playing fielerf new technologies to come via tailored
energy policies is also necessary. This topic slog® chapter and the content of this
dissertation.
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10.1 RENEWABLE ENERGIES AND CLIMATE CHANGE

The latest report by the IPCC, the Fourth AssessReport (AR4), comprises the most up to
date policy which includes relevant scientific, ieical and socio-economic information on
climate change. The IPCC was established by thddMdeteorological Organization and the
United Nations Environment Programme in 1988 amd huthor teams consist of the world’s
leading climate change scientists and experts.

The synthesis report, which summarizes the findoigshe AR4, confirms that “warming of
the climate system is unequivocal, as is now eviffem observations of increases in global
average air and ocean temperatures, widespreathgnel snow and ice and rising global
average see level” (IPCC 2007, p. 30).

The assessment also concluded that “there is longfhidence that recent regional changes in
temperature have had discernible impacts on phyaschbiological systems” (IPCC 2007, p.
30) and that the cause of change are due to “ckBamge@tmospheric concentrations of
greenhouse gases (GHGs) and aerosols, land codeis@ar radiation alter the energy
balance of the climate system and are driversiofaté change” and that “human activities
result in emissions of four long-lived GHGs: g®ethane (Clj, nitrous oxide (NO) and
halocarbons” (IPCC 2007, p. 37).

“Global atmospheric concentrations of carbon diexi@Q) methane and nitrous oxide have
increased markedly as a result of human activélese 1750 and now far exceed pre-
industrial values determined from ice cores spapmrany thousands of years. The global
increases in carbon dioxide concentration are dueapily to fossil fuel use and land use
change, while those of methane and nitrous oxi@epaimarily due to agriculture”(IPCC
2007a, p.2).

Figure 10-1 illustrates the amounts and sharesHis @ases in the period from 1970 to 2004,
the source and the sectors in total anthropogeHIG @missions in 2004 in terms of &@q.
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Figure 10-1 Global Anthropogenic GHG emissions
Source: IPCC 2007, p.36.

CO, is the most important GHG in terms of global wargni CQ concentrations in the
atmosphere have increased by 80 % between 197QG0&W They represented 77% of the
total GHG emissions in 2004 (IPCC 2007, p. 30). &hergy supply sector is the sector that
has contributed the most to GHG emissions as shmoWwigure 10-1.

The report also notes the notable differences amegigns in the world regarding their share
in GHG emissions according to their income and fedmn. The Annex | countries, which
include all OECD countries as of 1990 and countnits economies in transition, account for
57% of the world’s Gross Domestic Product basedtloair Purchasing Power Parity
(GDPppp). These countries account for 46% of gl@tas emissions as illustrated in Figure
10-2 (IPCC 2007, p. 37).
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Figure 10-2 Regional Distribution of GHG emissiondy population and GDPppp
Source: IPCC 2007, p.37.
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Latin America and the Caribbean accounted for 10a83%lobal GHG emissions as of 2004,
the equivalent emissions per capita correspond 0% ®f that of North America and
emissions per USD of GDPppp are over 1.0 kg-€QQUSD GDPppp (2000).

The impacts of climate change are dependent oahthege in concentration of GHG’s in the
atmosphere over the next decades, and thus on Ghi§Ziens, in particular anthropogenic
emissions. Anthropogenic GHG emissions are charget by demographic, economic and
technological factors. Any combination of the expécdevelopment of these parameters
results in a series of alternative scenarios an@hhissions. Continued GHG emissions and

therefore further warming will induce many changegshe global climate system that are
likely to be greater than those observed in thiedastury (IPCC 2007, p.45).

Figure 10-3 shows the projected emissions in tlse@de of additional climate policies and
the projected global average temperature for afsetenarios showing how global warming
might develop and thereby the expected range dfadlavarming according to the GHG
emissions predicted to be released in the 21sticent
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Source: IPCC 2007, p.7.

Predicted impacts of global warming in Latin Amancas reported by the IPCC (IPCC 2007,

p.50):

- Decrease in soil water that lead to gradual rephece of tropical forest by savanna in
eastern Amazonia. Semi-arid vegetation will tenBe¢aeplaced by arid-land vegetation

- Risk of significant biodiversity loss through spesiextinction in many areas of tropical
Latin America
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- Productivity of some important crops is projecteddecrease and livestock productivity
to decline

- Changes in precipitation patterns and the disappear of glaciers affecting water
availability for human consumption, agriculture arergy generation

The above listed impacts have a confidence levéligh’ (seelPCC 2007, p.50).

The UN Framework Convention on Climate Change dalisa stabilization of GHG in the
atmosphere and the Cancun Agreements in 2010ocaihé avoidance of global warming of
more than 2°C above pre-industrial values and a&gteeconsider a value of 1.5°C (IPCC
2011, p.11). In order to reach that value, the eatration of GHGs should be in the range of
445 to 490 ppm Cg&eq, which would mean a peaking year for @&missions between 2000
and 2015 and a reduction of g@missions by 50 - 85% in comparison to the 2006l )ey
the year 2050.

Such stabilisation levels “can be achieved by dgpknt of a portfolio of technologies that
are either currently available or expected to baroercialised in coming decades, assuming
appropriate and effective incentives are in placedevelopment, acquisition, deployment and
diffusion of technologies and addressing relatadidrs” (IPCC 2007, p.68).

Such a portfolio of technologies is mainly relatecenergy supply and energy efficiency. The
combination of these technologies achieves an itapbrstabilisation level. Renewable
energy technologies in this context can contribgiteatly to the stabilization as shown in
Figure 10-4.
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Figure 10-4 Portfolio of technologies for achievingtabilization of GHG concentrations
Source: IPCC 2007, p.68.
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Coal, gas and oil represent 85 % of the globalgnsupply which amounted to 492 EJ by
2008 as shown in Figure 10-5 (IPCC 2011, p.15).b&8lenergy supply relies heavily on
these fossil fuel resources, which makes energylymtion the main contributor of GO
emissions in the atmosphere. Renewable energyneesopresent an attractive alternative to
fossil fuel resources in light of global warmingt De overall global primary energy supply
in 2008, renewable energy sources had a share .89l which bioenergy represented
10.2%. 60% of the bioenergy share is biomass usettaditional cooking and heating
applications in developing countries (IPCC 20115).
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/ 1 Ocean Energy 0.002%

Gas

22.1% Bioenergy
10.2%

oy

—— Geothermal Energy 0.1%

Nuclear
Energy 2.0% ——

Wind Energy 0.2%

Hydropower 2.3%

Figure 10-5 Shares of energy sources in total globarimary energy supply in 2008
Source: IPCC 2011, p.15.

With respect to power generation renewable enexgyces contributed 19% of global
electricity supply, hydropower being the major edmitor with 16%. The global electricity
supply amounted to 72.65 EJ (20,181 TWh; 14.7%otdl tglobal primary energy supply).
Figure 10-6 summarizes the energy sources of thel wiectricity generation (IPCC 2011,
p.16).
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Figure 10-6 Share of primary energy sources in wadl electricity generation in 2008
Source: IPCC 2011, p.16.

As the global primary energy supply, electricityngeation is dominated by fossil fuels
representing 68% of total production. Including togbwer the share of renewable energy
sources is 32%. The contribution of renewable gnesgurces apart from hydropower
continues to be very small despite high penetrataies especially those of solar and wind
technologies, which are already proven technologmespart of the global market.

In the global context renewable energy sources &y option for reducing emissions in the
power sector due to their low specific emissiorlatiee to fossil fuels as shown in Figure
10-7. A successful implementation of these techmie® together with other technical
solutions such as improvements in supply and denethdiency, shift to cleaner fuels,
nuclear energy, carbon capture and sequestratiG®s)@mong other solutions are necessary
to reach reduction targets.
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Figure 10-7 Lifecycle GHG emissions of power techiagies
Source: IPCC 2011a, p.36.

10.2 CLIMATE CHANGE IN THE CONTEXT OF THE COLOMBIAN POWE R
SECTOR

Colombia approved the United Nations Framework @otien on Climate Change
(UNFCCCQC) in Law 164 in 1994 and approved the Ky®&wmtocol in Law 629 in 2000.
Because of the commitments of those treaties, Coikbminstitutions have adopted a number
of policies and strategies to address climate olhakgr example a national strategy for the
implementation of the Clean Development Mechanisas weveloped by the Ministry of
Environment in 2000. The first national communimatwas issued in 2001, which provided
the national inventory of greenhouse gases foydlaes 1990 and 1994. The national strategy
for the sale of environmental services for the gaition of climate change was developed in
2003, and represents one among many other progna@mombian institutions. Recently the
second national communication for the years 20@D2894 was issued which is analogous to
the global analysis of the IPCC by 2007 as intredua the subchapter above.

Colombia’s picture regarding its GHG emissions amparison to global GHG emissions is
very modest. The total emissions amounted to 18mtonnes of CQ equivalent per year
by 2004 (World: 49 Giga tonnes of @@quivalent by 2004). In that context, Colombia
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contributes 0.37% of the total global GHG emissidghgure 10-8 shows the emissions of the
period 1990 — 2004 according to the national comoations inventory of GHG per sector.
Energy and agriculture sectors (including livesjoecke the main “suppliers” of GHG
accounting for more than 74%. Agriculture and lamge, land-use change and forestry
(LULUCEF) together account for more than 50% of GH@eam 2010, p.128).
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Figure 10-8 Colombian total emissions 1990 — 2004
Source: Data from Ideam 2010, p. 128.

In comparison to the regional distribution of GH@igsions $eeFigure 10-2), Colombia’s
GHG emissions fall well below the Latin American Gl¢missions per capita (Latin America
emits approximately 8.0 GCEQ. tonnes/cap) as shown in Figure 10-9. Regar@iHg per
unit of gross domestic product (GDP), Colombia resialso lower than the Latin America
average of around 1.0 kg GOSD GDRy, (year 2000 value) as illustrated in Figure 10-9.
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Figure 10-9 Colombian emissions per capita and GDP
Source: Data from Worldbank 2011 and DANE 2007, eafculations.

With respect to the energy sector (36.65% contolboubf CQ, emissions by 2004eeFigure
10-8), the GHG emissions have shown a steady Iawile period from 2000 to 2004 due to
the shift to cleaner fuel sources such as nat@asl the conversion of public transportation to
natural gas and the high share of hydropower imptweer sector in those years (Ideam 2010,
p.148). The GHG emissions attributable to powetegatiion amount to 8.49% (15.3 Million
tonnes of CQEQ) by 2004 in contrast to world figures of 23.1@%eam 2010, p.127).

Colombia had begun since 2000 to implement the ssecg institutional mechanisms to
define responsibilities, objectives, programs arehsares to address climate change. The
national energy plan, which provides a strateggdpe with the energy future needs of the
country, includes the concept of sustainable dgreémt, the rational use of energy and use
of non-conventional energy sources to diversifyliheket of power generation technologies.
These plans are still in the early stages of implatiation and current barriers such as lack of
information diffusion and high costs of technolayi@deam 2010, p.163) have so far
prevented the implementation of these technologies.

10.3 POTENTIAL IMPACTS AND VULNERABILITY OF COLOMBIA DUE TO
CLIMATE CHANGE

The national communications have assessed the ismpad vulnerability of Colombia due to
climate change. Based on the simulations condubtetdeam, mean temperatures would
increase by 1.4 °C for the period from 2011 to 20#02.4°C for the period from 2041 to
2070 and by 3.2 °C for the period from 2071 to 2100ese findings are based on the results
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from the period 1971 to 2000 as a base case fopibjections by climate models (Ideam
2010, p.54). Figure 10-10 illustrates the mean eyatprre differences and percentage change
in rainfall over the Colombian region. It is notatde that the Andean region is affected by the
reduction of rainfall, where all hydropower plaate located.

Figure 4.1 Map of the mean temperature difference from the multimode Figure 4.2 Map with the percentage change in rainfall from the
for the period 2011-2040, compared to 1971-2000. multimodel in the period 2011-2040 vs 1971-2000.
T\ Rer E Bt apllec

i N :runuc-uun-mum . 3 ¥ K :mn-mnr.r-n:n
- L TN 2001 040 AND 15742000 TN ALL 2015 2M) VS 901 X000
— ]
IR - - ) il )
1 — < ) S
) z -~ 1 | ., -
w | ) - a5) o ‘ —
- et -
e S A =
L ey —— - < ;i o o
'f o~ o — \'l i 4 o~ -
s Iy g
§ T - rom =~ y I — s >
-~ - . 2 -~ - — o
3 A 2 ..
o v o B »
- - gl 1 ‘\‘ -
> A \.‘» . \ ~>.
e i - '1 Svemba -
S W R ez tx wosermon : oy
L=
- == Ll

Figure 10-10 temperature and rainfall change in theeriod 2011 - 2040
Source: Ideam 2010, p.54.

Climate change scenarios for the geographic regfo@olombia due to climate change as
predicted from simulations performed by Ideam (ld&010; p. 59 — 62):

- Reductions in rainfall will occur over most of tl®untry, in particular over the
Caribbean region and some regions of central Cammlvhereas increases are
expected in remote areas, where high demand cexreersot located.

- Ecosystems of the Andean region with high concéatraof population and
production systems will be affected by pressureseduby the advance of the
agricultural frontier due to over-utilisation andnwersion of natural ecosystems into
crop and pasture areas.

- In the period from 2011 to 2040 50% of the Colomigiasturelands may be affected
by a deficit in rainfall

- 47% of the total peasant economy might suffer & egh impact due to reductions in
rainfall.
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- With respect to hydropower generation, high ang/Wvegh impacts might be caused
to 43% of the existing total capacity due to reahurcdf rainfall

The second national communication, therefore recena® research to be conducted on the
vulnerability and availability of water resources different scenarios of climate change,

giving priority to sectors such as farming, elestyi generation and public services (ldeam

2010, p.63).

In contradiction to the very modest €@missions emitted by Colombia in the global contex
the evidence suggests that Colombia will be aftedig climate change. As the second
communication has pointed out, Colombia is highlynerable to the effects of climate
change (Ideam 2010, p.62).

In a simulation of the energy sector with the maddatkal in order to assess the options to
reduce GHG emission in the Colombian energy sdobon 2010 until 2040 (Cadena et al
2009), it was found that the contribution of theemy sector in the GHG emissions is
expected to keep a share between 35% and 40% (€atl@h2009, p. 31).

Under the assumption that the country experienaggs dconomic growth (Base Case 1), the
simulation included a set of measures to reduce @Hfizsions such as shifting to cleaner
fuels (gas vs. coal), increasing number of passsm vehicle use, the inclusion of a mix of
renewable energies in the power system, the impl&atien of energy efficiency measure in

the industrial and commercial sectors and the madibf electric powered small vehicles.

The results are shown in Figure 10-11.

The measures that lead to the greatest reducti@Omnemissions are in the industrial and
transport sector; remarkably in the shift from ctwabas in boilers, improvement of boilers’
efficiency and improvement in the passengers pbiclieeand use of biofuels. With respect to
renewable energies in the power sector, they rankha fifth measure (excluding large
hydropower) with reductions of 38 Million tonnes@®; eq.
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Figure 10-11 CQ reductions in the energy sector from 2010 to 2030
Source: Modified from Cadena et al 2009, p. 23.

The cost of abatement was also determined whicheprthat energy efficiency measures are
economically feasible (negative abatement costhe @batement cost for renewable was
found to be between 20 and 35 USD/tonne, @@hout considering transaction costs. The
total emissions that can be mitigated in the Colamnergy sector are 365 million tonnes of
CO; over the period from 2010 to 2030 with high ecoimognowth and 363 million tonnes of
CO;, over the period from 2010 to 2040 under BAU sciisafCadena et al 2009, p. 23-26).

It is worth noting that the share of renewablethgnpower sector for the simulation described
above is very modest, 712 MW in 2030 and 1,410 NtV2040 including small hydropower
(Ideam 2010 p. 166) and the competitiveness ofwahk energy technologies is seen as the
result of the combination of their investment castl the emission certificates they might
obtain (Cadena et al 2009, p. 31).
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10.4 DEPENDENCE ON HYDROPOWER IN COLOMBIA’S POWER SECTOR

The second national communication on climate chamgeColombia points out the
contribution of hydropower as an alternative toradd the GHG emissions of the power
sector. This contribution is subject to techniealyironmental and socioeconomic factors that
may limit their implementation. In addition, the Inarability of water resources due to
climate change, which might also affect their inmpéatation (Ideam 2010, p.186).

The GHG emissions attributable to power generaimount to 8.49% (15.3 million tonnes of
CO, equivalent including self-generation power prodacgas treatment plants, refineries
and smelting furnaces) by 2004. Due to the higheslod hydropower, the contribution of
renewable power technologies, apart from hydropaomwére power sector, might be seen as a
low priority for addressing climate change in Colna Nevertheless the current challenge of
the power sector is to keep the high share of Ipain@r in electricity generation and/or
introduce technologies powered by renewable enexgyrces with low lifecycle GHG
emissions in order to maintain the low share of Gei@issions in the Colombian power
sector.

The contribution of hydropower is dependent onatailability of the water resources, which
is influenced by Colombia’s seasonal cycle, whintludes a dry and rainy season and more
drastically by the EI Nifio and La Nifa Southern mon (ENSO). The ENSO is
characterized by a variation in the temperaturethefsurface waters of the tropical eastern
Pacific Ocean which causes extreme weather conditfdroughts and floods), which can
have a significant impact on hydropower generation.

Most of the hydropower power plants are locatedemions of the country with a rainfall
deficit during EI Nifio (Corpoema 2010, p. 4-4) &swn in Figure 10-12. The blue dots are
existing hydropower plants in the ranges of the émibcated in deficit areas.
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Figure 10-12 Rainfall deficit during El Nifio and hydropower plant locations
Source: Modified from Corpoema 2010, p.4-3 and UPME

Figure 10-13 shows the share of hydropower in a@#st generation over the last 15 years
and the effect of El Nifio on hydropower generafwatted circles) and electricity spot prices.
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Figure 10-13 Contribution of hydropower and thermalpower plants in power
generation
Source: Data from XM 2011.

In an approximate five year-cycle of El Nifio withfering intensities of rainfall deficits, the
availability of the water resources decreased ogusiermal power plants to back up the lack
of generation from hydropower to cover the demandam be seen in particular in 1998 and
2010. The effect is more evident by looking at Engears as presented in Figure 10-14. A
severe El Nifio has already reduced the share abpgaver in power generation below 50%.
Under normal conditions the contribution of hydrajeo is over 70%.

100% e

90% + | #1997
1998

80% 1999

w)
)
| .
[y
B
%)
S 70% —*—2000
= —-25001
5 60% TOA0E
=
S o | —2003
@ Uk —2004
% 40% + | 2005
d 2006
0,
g 30% 2007
8 20% s
e 2009
% 10% 2010
== Average
0% . ' : . , ' ‘ ' . : 9

1 2 3 4 5 6 7 8 9 10 1 12
Month

Figure 10-14 Hydropower share per month for total pwer generation
Source: Data from XM 2011.
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The fluctuations of hydropower generation leadddations in power generation prices in the
spot market. Under normal conditions hydropoweivedes most of the electricity and other
generators maintain their share in production. Shigation is illustrated in Figure 10-15 from
July 2008 to December 2010. Generation per eneogyce and spot prices are plotted
together. Spot prices oscillate between 50 COP/ki@H49 USD cent/kWh) and 100

COP/KWh (4.98 USD cent/kWh) in the second half 00& After that, the contribution of

hydropower falls gradually through the first haff 2009 and prices abandon their normal
range to be over 100 COP/kWh (Corpoema 2010, p#M45S,

160,000,000 350

140,000,000 - 300

120,000,000 -
- 250

100,000,000 -+ 1
- 200
80,000,000

150
60,000,000 +

Power Generation (kWh)
Spot Price (COP/kWh)

- 100

i
40,000,000 T B mY - - - 1 ¥ 1 ) .
|

20,000,000 -~ Ik
o e A

50

M~ 00 O O —~— N —~ NM T 00 O~ 0 00O - N ~—NM T I O~ 0o O — AN

- T - T = Yo

~=Hydropower ~=Coal “~==Fuel Oil & Diesel ~Natural Gas
=—Cogeneration ‘Small power plants Spot Price

Figure 10-15 Power generation and spot prices underormal conditions and during El
Nifio
Source: Data from XM 2011.

As El Nifio advanced through 2010, hydropower geimaralrastically reduced its supply of
electricity into the system and gas power planteeweainly dispatched to cover the shortage
of hydropower. Fuel oil power plants were dispatcbporadically under normal conditions.
In such a situation prices oscillate between 10(P&®@W/h (5.27 USD cent/kWh) and 300
COP/kWh (15.81 USD cent/kWh) for a period of 9 nientThe average spot price in that
period was 180 COP/kWh (9.48 USD cent/kWh). As sasnthe hydropower generation
recovers, normal spot prices are reached again.
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10.5 WHY THE INTRODUCTION OF RENEWABLE ENERGY TECHNOLOGI ES
IN COLOMBIA'S POWER SECTOR

The main objective of this dissertation is to ansthe research question, whether large scale
integration of renewable energy sources for powemegation in Colombia is a sensible
alternative to current conventional energy sources.

Within this context, a simulation to assess theomhiction of power technologies, including
technologies powered by renewable energy sources,canducted for the Colombian power
sector for the period from 2010 to 2050. The satiah was based on economic and
technical parameters such as fossil fuel pricegestment and operation costs, technical
features of all technologies (conventional and oonventional), C@ emissions and the
particularities of the Colombian resources and pasystem. In addition other issues such as
Colombia’s dependency on hydropower, relative, @issions and climate change in the
Colombian context for the power sector have beenessed.

The results of this dissertation allow a comprehe@nsnalysis of the Colombian power
sector, which is summarized as follows:

10.5.1 Facts and uncertainties for the Colombian power sécr

Based on the topics reviewed in this dissertatiom,Colombian power sector is characterized
by:

(1) A high dependence on water resources for ed#st production,

(i) A high dependence on hydropower during bodny and dry seasons, and thus
variations of the contribution of fossil fuel powgants,

(i)  Periodic extreme weather conditions suclsaeng El Nifio events which demands a
robust power system that backs up the shortage abvérwesources for electricity
generation,

(iv)  Fossil fuel thermal power plants which bagkthe power system,

(v) A high reliance on natural gas to back up tystem,

(vij A dependency on fossil fuel power plants whaite exposed to availability of fossil
fuels and price fluctuations,

(vii)  Electricity spot prices driven by the contition of hydropower,

(viii) Electricity spot prices exceeding normal é&ds due to extreme weather conditions,

(iX)  Low CO, emissions and low electricity prices due to hydnwer.
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These following facts are the source of uncertesntor the future:

(1) Availability of natural gas reserves and theadivery of new natural gas reservoirs for
electricity generation.

(i)  Availability of water due to the impacts ofimate change (e.g. droughts associated
with strengthening ENSO events).

(i)  The scarcity of natural gas in Colombia magsult in the energy sector becoming
dependent on imports.

(iv)  Price of fossil fuels, in particular naturag(linked to oil prices).

(v) The role of CQ emissions in the shaping of the power sector.

(vi)  Overall cost of the power system.

The simulations conducted with the energy modelge heddressed these uncertainties by
showing the spectrum of possibilities for the depetent of the power sector and the
outcome by introducing new technologies and ensogyces as summarized below:

10.5.2 Simulation outcomes

Overall system cost

Both energy models deliver the overall cost of $histem by means of the net present value
approach. In the accounting framework model LEAB #ntrance of renewable energy
technologies in all scenarios resulted in an iregeaf the overall cost of the system (the
overall cost of renewable scenarios are betweeid d9d 24.4 billion in 2006 USD),
suggesting that BAU scenarios are the least ctostnative (the overall cost of the BAU
scenarios are between 18.9 and 19.8 billion in 2080). However, the exogenously given
amounts for capacity and production of new techgiet® in the simulation were not adjusted
to find a better energy mix in order to lower theeall cost.

On the other hand, the simulation with the optimiara model performed with the same
parameters suggests that despite all sensitivitieswable energy technologies will enter the
system by their own economic merits in an idealketas the optimization model assumes
(the overall cost of the optimization results aegneen 13.1 and 15.1 billion in 2006 USD).

Figure 10-16 illustrates the shares of new teclgie®opowered by renewable energy sources.
In addition, this figure shows why the accountingniework model LEAP with the scenario
approach differs from the optimization approachMESSAGE. For instance, still not
competitive wind and solar technologies are soameoduced in the system by LEAP with
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much higher energy production shares in comparisdhe optimization results. The energy
mix of the scenarios in LEAP in comparison with greergy mix of MESSAGE shows how
the scenario analysis based the expansion on lhigtes of biomass and CSP whereas the
optimization approach of MESSAGE relies mainly oindv The optimization also shows that
renewables may be competitive after 2020 (withogeasitivity for hydropower) whereas
LEAP shows already a share of renewables betwesmmd712 % by 2020. This explains the
higher cost of scenarios with the scenario approdtiAP.
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Figure 10-16 Renewable energy sources share in pavgeneration. Results from LEAP
and MESSAGE

According to the results of the sensitivities asaythere is a period from 2015 to 2030 in
which the conditions are given for renewable end&pghnologies to become part of the
power system with diverse energy production shdepending on the evolution of economic
and technical parameters.

The results of the simulation prove that investmantew technologies, especially the ones
that rely on renewable energy sources, might doutieito a more optimized system from an
economic point of view. The simulation also showsatvshape the power sector may take if
new technologies are not allowed to become pathefsystem (BAU scenarios) causing
much higher emissions of G@nd a higher dependence on hydropower and fasdd. f
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It is indisputable that at some point in time n&eshnologies powered by renewable energy
sources will become competitive (grid parity). Tewerent challenge is how to pave the way
to make sure new technologies can become parteobybtem and to channel investment
decisions in that direction. Just by market forakme, renewable energy technologies may
not reach their economic and technical potential.

Hydropower sensitivities

The magnitude of impacts on hydropower due to seds@riations of water availability and
climate change is uncertain. Sensitivities in timusation for hydropower contribution were
defined in both models to account for lesser abdilg of water resources.

Assuming an expansion of the system with curreshrtelogies (BAU scenarios), less

hydropower units automatically represent a highest dor the system as more fossil fuel

power plant units are required to back up the systed expenditures for fossil fuels increase.
In such a scenario higher volumes of electricitg aoming from coal sources. Likewise,

renewable scenarios with less hydropower show higbsts. These results were also found in
the optimization model. A higher share of hydropowealways the least cost alternative for
the system over the years.

By having a lesser availability of hydropower theacces to introduce other technologies are
naturally enhanced to become part of the systerh.sPuply, more coal power plants are
installed and dispatched in the coming years befereewable energy technologies reach
competitive costs. Afterwards a higher share okwables are installed and dispatched to
cover for less hydropower resources.

In summary, renewable energy sources will be ned¢debdack up the Colombian power
system. They will contribute to a reduction in theerall cost in comparison to an expansion
of the power system based exclusively on fossil feeergy sources. In addition, the
Colombian power system will be much less affectgd/datilities of fossil fuel prices and
intermittency and availability of hydropower protioa affecting electricity prices.

Natural gas and coal consumption

According to the simulations, Colombia should rely imported natural gas from 2018
onwards. The results of the accounting frameworldehd_ EAP for the BAU scenarios
(Planned additions scenario in Section 7.1) showataral gas consumption of 3.16 &hy
2018. The consumption of natural gas will increms8.05 G, 4.95 Gri and 7.64 Grhby
2030, 2040, and 2050 respectively, which represtetyast amounts of gas needed only for
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power generation in comparison with today’s lev@608: 1.69 Gr). This is a scenario
exercise to show the effects of continuing expamdie system with natural gas in the long
term and how the system would depend on naturahgasrts.

Unlike natural gas, coal is abundant in Colombid @anports are thus not expected. In a
scenario based on coal (planned with coal scemai&ection 6.2) the share of natural gas in
the system is drastically decreased to 0.7G,@m3 Gm, and 1.67 Grhby 2030, 2040, and
2050 respectively. Nevertheless coal will have mhigfher shares in the system, increasing
CO, emissions drastically in the years to follow.

By simulating an optimized system, the results ssgghat other technologies will displace
the use of the fossil fuel resources, improvingdhersity of the system. The share of gas is
reduced, however coal will continue to be a parthef system; this time in a system with
renewable technologies.

The introduction of renewable technologies intoddabia’s power system will help to reduce

the stress on natural gas resources and will bedwaid a high dependence on foreign natural
gas sources; releasing the system from price fiticios and high natural gas prices. In
addition, the share of coal technologies in eleityrigeneration will reach a maximum of 14%

(18% for less availability of hydropower), whichlease more coal resources to supply
foreign markets.

CO, emissions

By continuing to expand the system with currentrgpesourcesgeeBAU planned additions
scenario, Section 7.1), the emissions of, @@l surpass 12 million tonnes of G@q. per
year after 2010 until reaching around 36 milliontafines by the year 2050. In that case the
system would release 793 million tonnes of,G4. into the atmosphere in a period of 40
years (1,079 million tonnes of G@q. with lesser hydropower). In the coal planneditions
scenario geeSection 7.2), the emissions increase drasticedigching 52 million tonnes by
2050 realising 1,021 million tonnes of €€q. over a period of 40 years (1,136 million tane
of CO, eq. with less hydropower).

This shows the importance of avoiding future emissiof CQ for countries like Colombia,
which will continue growing together with its appetfor energy sources. This highlights
Colombia’s responsibility to address climate chaimgthe global context.

According to the optimization results, emissiond e below 12 million tonnes of C(Ceq.
per year over the defined 40 year period due toenefficient conventional fossil fuel
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technologies and the entrance of technologies pedvby renewable energy sources. They
will reach a maximum of 16 million tonnes of €@q. with a sensitivity for hydropower
resources. Thus, the power system would releaseebat350 and 405 million tonnes of €0
eq. over a period of 40 years (between 405 and bll®n tonnes of CQ eq. with less
hydropower).

This demonstrates the immense potential of renegabicluding large hydropower to
maintain current emission levels over the next é@ry despite electricity demand growth.
Between 388 and 671 million tonnes of £€y. can be avoided and between 556 and 731
million tonnes of CQeq for a scenario with lesser contribution of loymbwer. These figures
should be seen as a maximum to be reached, bl#aityc proves the benefits of renewable
energy sources.

CO; prices

In order to include in the analysis the effect afbon prices in the expansion of the power
system, the cost of abatement in the accountingevark model LEAP was determined and
the introduction of a carbon price was simulateMEBSSAGE.

The cost of abatement was determined by findingctdst of one tonne of GQo be charged

to fossil fuel power plants in renewable scenatomsmatch the lower cost of the BAU
scenarios (overall system cost measured by the NPM)instance, an expansion based on
coal sources shows the lowest price per tonne gshiseBAU scenario releases the largest
amount of CQ. The CQ price ranges from 7.7 USD/tonne to 59.3 USD/tod@eending on
hydropower availability, natural gas prices anditedpcost of renewables. Similarly for
planned BAU scenarios with more natural gas, theemanges from 20.2 to 99.1 USD/tonne
of CQO..

In the optimization scenario, a price for £8 not required to guarantee the entrance of
renewables into the system. The least cost powstesy is achieved with renewables.

However, a carbon price would both accelerate thapetitiveness of renewable energy

projects and their entrance in the system and wmddce the share of coal power plants in
the future.

Assuming the introduction of a global carbon tateaR020 of 20 USD/tonne of G(see
Section9.5), it was found that the contribution of coatlagas was further decreased. In other
words, the shares of wind energy and biomass gteehifrom 2020 and CQOemissions are
further decreased to reach levels below 10 miltmmes of CQ eq. per yearsge Section
9.5). By conducting a simulation of a lesser cdwttipn of hydropower it was however found
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that the carbon tax was not high enough to acdeleh® introduction of renewable energy
sources.

In summary, energy policies charging a cost to, @issions via a global carbon tax or
carbon markets (CDM) would help the introductiorclgfan technologies into the market.

Promising new technologies

According to the optimization results, the mostmising new power technology is wind

energy. Wind energy reaches competitive costs ectetity production earlier than other

technologies which may be explained by a combinatib lower investment costs and the
amount of hours per year that the technology dediedectricity (capacity factor of 33% was

simulated in comparison to 25% of PV). In all sawmsies in the model, wind energy reaches
a significant share in electricity generation uplth4% after 2040. The share of wind can
already be around 7% in a situation of less hydnsgaesources by 2025. 7% wind energy
injecting 7,675 GWh of electricity in the systenguees 2.8 GW of wind capacity.

In all scenarios conventional geothermal technolagyg introduced. The result shows the
potential of this technology, which is perfectlyitable for base load. Therefore, efforts to
overcome the lack of information about the avalipband quality of the resource need to be
addressed.

The use of biomass sources with fluidised bio castibn and biomass IGCC is present in the
system, notably in the scenarios with a lesser dpa@lver contribution. The key challenge
here is the use of solid residues, especially fargar plantations and their collection,
disposal, and transport to power plants.

In contrast, solar technologies, such as concetrablar power and photovoltaic, make a
relatively modest contribution to the system. Coniceded solar power offers an interesting

alternative with higher capacity factors with enegjorage; however, high investment and
operation costs make them prohibitive for highearsh. Photovoltaic systems will have very

competitive prices per kW, but their lower capadagtor is presumably a disadvantage in the
simulation. However, the methodology does not iake account the potential of solar power

for attending the demand at the Caribbean coastrevhigh temperatures are connected to
higher consumption of electricity from air conditing systems. This issue will be addressed
in Section 10.6.

Renewable energy will be a part of the Colombiawegrosystem. This means the current
portfolio of technologies will be transformed fraarsystem heavily based on hydropower to a
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more diversified portfolio of technologies. The atiecity production will have not only
intermittency from hydropower but also from winddasolar resources. State of the art coal
and gas fossil fuel power plants together with geohal and biomass will complement the
system. This new picture of a power system for @lia, as suggested by the results of this
dissertation, brings new challenges into the iraBgn of new technologies.

Further steps are necessary to achieve such ititegr&specially in a hydropower based
system like the one in Colombia which will be addsed in the next sections.

10.6 INTEGRATION OF RENEWABLE ENERGY IN POWER SYSTEMS

A transformation in the power sector will not otlg driven by market forces. The entrance
of new technologies requires addressing, in additm cost, their technologies’ specific
challenges (IPCC 2011, p. 13). Integration of resigles energies in power systems is not only
a technical challenge but also requires addressigglatory and institutional issueseénext
subsection). In this subsection the focus is onitbhermittency of energy sources in the
energy production.

Intermittent energy sources such as wind and galges the question whether significant
shares of electricity from wind or solar energy rees can be optimally integrated into a
hydropower based power system like the one in CbianThe results of the simulation of the
Colombian power sector suggest that wind energy roagtribute greatly to power
generation. For that reason an analysis of theaghation into the Colombian power system is
relevant.

This issue has been addressed by two recent stpeidsrmed by the Energy Sector
Management Assistance Program (ESMAP) for an iseetaeliance on wind energy in
Colombia (ESMAP, 2010) and by the Consorcio EndgrgéCorpoema (Corpoema and
UPME, 2010) for a national plan for non-conventioaaergy sources in Colombia. Both
studies analyse the complementarity of wind andrgobwer systems with hydropower. The
output of hydropower with reservoirs can be managegheet peak demands and to balance
electricity systems that have a large amount absée renewable energy (IPCC 2011b, p.4).

It was found by ESMAP that electricity productionrh wind energy is highest during the dry
season, from January to May (ESMAP 2010, p.36).ureig10-17 illustrates the

complementarity based on the monthly electricitgduction from the Wind Park Jepirachi
and the energy stored in the reservoirs of hydraugplants. In addition, during periods of
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extreme droughts associated with El Nifio, the pctida of electricity from wind energy was
found to be above average (ESMAP 2010, p.40).
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Figure 10-17 Complementarity of hydropower and windenergy
Source: Data from UPME 2010, p.110; XM 2011.

This is also corroborated by the study of Corpoemd the Colombian utilty EPPM who
owns the wind park Jepirachi (Corpoema 2010, p, 5-8). A greater generation from wind
parks are expected in the dry season. Howeverttldy sould not conclude if during El Nifio
occurrences, wind energy is above average (tlapparently because of lack of information).

By analysing data collected from meteorologicaltistes at sites along the Colombian
Caribbean coast in an hourly resolution, it wasbthat the first semester of a year exhibits
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higher wind speeds, which take place in the aftenndn particular for the station at La
Guajira at the Almirante Padilla Airport the winpgegds are above 5 m/s (at 10 meters height)
between 9 am and 5 pm on a consistent basis asnsinoiigure 10-18. Lower speeds are
found from August to December and higher speeds fbecember to April (ESMAP 2010,
p.36) confirming the higher production of the wipark Jepirachi in the dry season.

1 2 3 4 & 8 T B 8 %W N 12
MESES

Figure 10-18 Wind resource at Almirante Padilla Aiport in La Guajira
Source: ESMAP 2010, p. 38.

Figure 10-19 exhibits the wind resource at otheatimns along the Caribbean coast. The
stations of Galerazamba and Cortizos Airport exhilgher wind speeds above 7 m/s from 2
pm to 21 pm, suggesting that a wind park locateth@se regions could deliver energy in
hours where mostly demand peaks take place bet@&/es@ 8 pm. In addition these higher
speeds are found from January to May corrobordhegavailability of the wind resource in
the dry season.
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Figure 10-19 Wind resource for other stations on tb Caribbean cost

Source: ESMAP 2010, p. 39.

An analysis of wind energy was also performed atrljoresolution by the study of

Corpoema. The study combined the average elegtpcdduction of the wind park Jepirachi
and a normalized electricity demand profile of émtire Colombian power system as shown
in Figure 10-20. Electricity generation from Jephiahas a peak around 3 pm which is
between the secondary (11 am) and primary peakn)7ob the demand profile (Corpoema
2010, p. 5-10). This contribution should be seehaseficial to the system since hydropower
with reservoirs could be better regulated by stprvater to dispatch, for instance, higher
amounts of electricity at peak hours of the systéhis is a form of indirect or virtual storage
for wind energy due to the flexibility of hydropowplants in the system. Run of the river
hydro power plants, which have in most cases s@wel bf storage (from hours to weeks)
and therefore a limited flexibility, can also oftéye possibility to shift their production inside

one day, helping also to balance the system (Aekal 2012, p. 6).
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Figure 10-20 Normalized electricity demand vs. wingjeneration from Jepirachi
Source: Data from XM 2011.

The complementarity of wind energy and hydropowas &lso measured through an analysis
of the joint operation of a hydropower plant andiiad park by the study ESMAP. ESMAP
used an analysis which takes into account the vesesize and river discharges of
hydropower plants and the wind energy generatiodepirachi. A simulation model was
employed with hypothetical hydropower and wind gask similar size (ESMAP 2010, p.41).

It was found that the joint operation of wind padesd hydropower plants exhibits a strong
complementarity as the firm energy that resultsnfithie joint operation is greater than the
firm energy of the isolated operation (ESMAP 20p@1-42). Firm energy is defined as the
monthly maximum energy that can be produced wittdeficits during the analysis period
including El Nifio occurrences. Figure 10-21 anduFeg10-22 exhibit the advantage of the
joint operation.
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Figure 10-21 Complementarity of joint operation ofhydropower and wind
Source: Data from ESMAP 2010, p. 43. O=run of rplant 1= substantial regulation

capacity.

The analysis suggests that critical periods of gnerflows from rivers do not correlate with
electricity production from wind parks. In additiertreme scarcity of water resources caused
by El Niflo which affect the power system (represdnwith the green bars in Figure 10-22)
may be overcome by regulating hydropower with wewkergy. This theoretical exercise
proves that wind energy may help to reduce theerallity of the system due to climate
extreme events, if the operation of the Colombiawegr system manages to optimize the
operation of intermittency sources as hydropowandvand solar power.

1.200
1.000

0.600

0.400

0.000

Reservoir volume/Resrvoir capacity

0.800 K

0200 ||

GUAVIO RIVER RESERVOIR OPERATION
ReservoirSize =.2

YT
1 (| (] | \
VAR A T | A

|| ! —lsolated
a1

cccccccccccccccccc

Rese rvoir volume/Re srvoir capacity

GUAVIO RIVER RESERVOIR OPERATION
ReservoirSize =.5

Figure 10-22 Joint operation of hydropower and windparks

Source: ESMAP 2010, p. 44. O=run of river plantsidbstantial regulation capacity.
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Regarding solar resources, the study of Corpoemiarpged a complementary analysis by
normalizing the Colombian electricity demand ofitgb days in January and a theoretical
production of a photovoltaic solar plant duringaydElectricity generation with a solar plant
could contribute to cover the peak before noorttiersystem between 11 am and 12 am. This
contribution could also be beneficial for the systas hydropower with reservoirs could be
better regulated by storing water to cover the pddke system. (Corpoema 2010, p. 5-4).

In addition, the Corpoema study analysed the comgiearity of solar sources for dry season
of hydropower. Unfortunately with the informatiomadlable this complementarity in the dry

season cannot be concluded (Corpoema, 2010, pHef)ever based on the Colombian solar
map EeeSection 4.2) the monthly contribution of solar sm®s is rather constant over the
year (UPME - IDEAM 2005, p.28-39).

What the analysis of both studies does not conssdine electricity demand at the Caribbean
coast. The use of air conditioning systems migluwsh different curve demand profile in

comparison to the whole system as shown in FigOr@QLfor wind energy. In that case the
generation from solar power plants may follow tlemdnd profile when temperatures, in
particular those around noon, are high. The ussot#r energy sources may contribute to
shave these peaks at noon, thereby allowing arlvegelation of the hydropower plants and
the overall system.

The complementarity of solar and wind energy saua® described above complement the
results of this dissertation. A high share of nateimittency sources such as wind and solar
may reduce the vulnerability of the system to ctenand hydropower availability. The
advantages shown by the simulation with wind eneagy basically more from a cost
perspective; however the models do not simulate dispatched in an hour resolution
including transmission constraints, which is beytimel analysis of this dissertation. But they
confirm that having new power technologies combinét renewable energy sources should
be considered as a serious option for the futuder@man power sector. It is also important
to note that firm energy technologies such as gzatal and biomass are still a part of this
solution.

With geothermal power technologies, an assessniehé eesource to determine the potential
is fundamental. Regarding biomass power technadogieshould be ensured that sustainable
practices are in place to control changes in lamdl farest use and ultimately to avoid an
alteration of carbon stocks (IPCC 2011, p.4).
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10.7 POLICIES FOR THE INTEGRATION OF RENEWABLE ENERGY

The entrance of power technologies into Colombdsver system can be achieved in a
period between 2015 and 2030 as suggested by shésr@f the simulation. This entrance
will not be only dependant on market forces as dineulation suggests, but also requires
paving the way for their implementation not only fbeir technical integration but also to

accomplish an electricity market allowing a levédying field for the new technologies to

come.

At the time of competitiveness of renewable endegyhnologies, these technologies will face
barriers to become part of the power system asguthie current Colombian power market
and regulatory framework. The Colombian studiesesggd concluded that current market
and its regulatory framework is a barrier for tiérance of renewable power technologies in
Colombia. Table 10-1 summarizes these findings.

Table 10-1 Barriers for the entrance of renewablenergy technologies into Colombia

Capital Intensity

- Generation costs are not competitive and up-frargtsc are higher than conventional
technologies.

Local financial market limitations

- Lack of financing of development phases.

- Short financing terms, which do not allow for anmation. Finance based on cash flow of
renewable projects often requires long term finagaver a course of 10 years.

Productior uncertainty and reliability

- Current regulation incentives with a premium focdme electricity suppliers who can
contribute to strengthening the resilience of thgtesn in cases of high demand and/or
variability of hydropower production.

- By their intermittent nature, wind and solar enesgurces do not contribute to firm energy
according to current legislation. This is an ertigyrier in comparison to thermal power
plants.

Market structur:

- Few large players dominate the market
Regulatoryuncertainty:

- A competitive market has not been successful naetthg private investment
Tax structur:

- VAT and tax on exported goods perceived to be Vvegh for upfront high costs of the
technology such as wind and solar technologies.

Information Earriers:

- Lack of adequate data to assess renewable enemyrce availability

- Difficulties in accessing renewable energy data

- Lack of access to information on regulations

- Limited access to technological know-how and trdipersonnel

- Difficulties accessing R&D results and reports

Regulatory barrier:

- Lack of clear rules for non-conventional supphhtealogies to enter the market

- Bias in favour of conventional technologies

- Lack of legislation tailored to the particulariti@se. intermittency and contribution to firm
energy) of the technology to create a level playielg for all technologies.

Source: ESMAP 2007, p.53-60; Corpoema 2010, p@Gadiena et al 2009, p. 31; ESMAP
2010, p.70.
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Assuming that cost and financial barriers are shltiee regulatory barriers may still continue
to hinder the entrance of renewable energy teclgiedo In that regard, a recent examination
of barriers for wind energy found that the lackre€ognition of the contribution of wind
energy to firm capacity represent a key regulatinyier. Conventional power plants receive
an additional income for their contribution to firemergy (ESMAP 2010, p.12; Diaz et al
2007, p.10). The result of the ESMAP study for wimaergy shows that the single most
effective policy instrument is the granting of asséo reliability payments recognizing the
firm energy and complementarity of wind energgdFigure 10-21 in Section 10.6). This
mechanism is enough for wind park costs around 0L,8&D (2010 dollars) to attract
investors. Otherwise access to attractive financial condgicand fiscal incentives are
required (ESMAP 2010, p.13).

These findings suggest the necessity to adjustetpelations to consider the contribution of
wind and solar to firm energy and in general toiévbias in favour of conventional
technologies. At the time of competitiveness caatribrs should not be an issue if a level
playing field is achieve for all technologies.

There exist a set of policies for renewable energfmat allow a drastic intervention in the
power market to accelerate the integration of rext#evenergy sources. In this case, instead
of waiting for the time to come when new technodsgare competitive as simulated with the
energy models in this dissertation, a set of pedi@re put into place in order to commence
their integration in advance. The target of thesed$ policies is to create a demand for
renewable energy technologies, for instance, throfigancial incentives and market

obligations.

! The assumptions of the calculation are a rateewfrn for the investor of 14% with a 30% of theaieility

payment, if the contribution of firm energy to wiedergy is granted (ESMAP 2010, p. 17).

“ The clean technology fund cited by the authorstimerconditions of 0.65% interest rate with 20 yaad 40
year repayment period and 10 years of grace. Fgegirfinance of renewable energies in Europe fiiranof
commercial banks are typically for maturities lovilean the life span of the technology (lower th@ny2ars)
and for periods of time with guaranteed revenues (eced-in Tariffs or Power Purchase Agreemeittgrest
rates are easily over 5% in the current marketrenment.
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Table 10-2 shows the most common types of reneveaisegy policy strategies. They consist
of voluntary approaches, regulatory price driveratsgies, and regulatory capacity driven
strategies.

Table 10-2 Policy strategies

Policy Strategy Direct Indirect
Price Driver Capacity Drivel
Regulatory Base Investmen Rebates Quotas (RPS)/ Environmental
Focused Tax Incentives TGC Taxes/ Permits
Generation Bast  Feed-in Tarrifs Bidding

Source: Hohmeyer and Mora 2004, p. 68.

Thevoluntary approacheare mainly based on the willingness of consumeisaty premium
rates for renewable energy and/or private initggivo purchase clean power. They are not
regulatory instruments, which intervene directlythe market system and enforce a desired
environmental goal.

In the regulatory price driven strategigesrenewable energy projects receive financial
incentives in diverse ways via, e.g. contributibmghe investment, financing at low interest
rates, tax credits, fixed or premium tariffs pentusutput (e.g. Feed-in Tariffs). In the
regulatory capacity driven strategidbe desired level of energy or market penetratibn o
renewable energy systems is set by the authorithange (e.g. renewable portfolio standards
RPS or tradable green certificates TGC). The enpr@ge is established afterwards through
competitive bidding among the energy suppliers.

The indirect strategiestarget the non-renewable electricity generatiopacdy of the
electricity market (conventional power technoloyibg, e.g. levying a tax, issuing tradable
permits or removing subsidies previously given assfl or nuclear generation instead of
promoting directly renewable energy projects. lat tway renewable energies have a chance
to compete and penetrate the market.

Figure 10-23 illustrates the direct strategy byyieg a tax on a polluting technology, which
might match the cost of a renewable technologyherindirect strategy by reducing the cost
through an incentive. For instance currently emgstfeed-in tariffs should be regarded as
mechanisms to reduce the cost gap between a ntatlmaology and the renewable system.
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Figure 10-23 Indirect and direct promotion strateges

In other words, this kind of intervention will nafait for these technologies to be competitive
as depicted in Figure 10-24. Point A representsritersection of the electricity price curve
and renewable electricity cost curve without a reainktervention.
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Figure 10-24 Effect of a level playing field on reewable energies

A level playing field and governmentally inducedpiotion strategies for renewables ensure
competitiveness of renewable energy systems atadierepoint of time as compared to a
situation when their penetration is solely leftth@ market forces as shown by point B in
Figure 10-24. Therefore, a set of adequate poligesnoting renewable energies and

internalising external costs to pull the demand cacure earlier penetration of clean
technologies.
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Such an intervention is urged by the existencextdraal costs and their negative impacts on
societies’ welfare These policy instruments can internalise suchereal effects to
encourage the implantation of clean technologidsusT diverse factors such as climate
change mitigation, environmental protection, hurhaalth, as well as security of supply and
employment creation (for instance rural developmbatome drivers for the intervention.

The results of the simulation based on market ®inethis dissertation show an important
penetration of renewable energy sources apart frgadnopower, which did not include the
factors relating to external costs. However, adjestts in the regulation may be necessary to
allow the entrance of new technologies based om #wnomic and technical merits as
simulated in the optimization model creating a leaying field of new technologies at the
time of competitiveness.

An acceleration of the penetration of these teabies by means of policy strategies to
intervene the market would mean a deviation of ldast cost approach based on market
forces simulated in this dissertation. It is a fpcdil decision to internalise the existence of
external costs. In such a case the overall coshefpower system would be higher. The
simulation of external costs in the Colombian pogystem was not conducted and is beyond
the scope of this dissertation.

! Energy supply systems give rise to impacts orethéronment by, e.g. emissions to air, water aridesther
during the production of the supply system itsati during its operation. The emissions (may) calaeages to
a wide range of receptors like human health, nheeasystems and the built environment. The damages
referred to as external effects of the energy sugpt the costs associated with those damagesfareed to as
external costs of the energy supply. They repres@ost to society that is not taken into accoyrthie polluter
that causes the emissions (e.g. in the case ofmwyngperating a coal power plant). For renewabégas the
external costs are usually lowest among all engegyeration technologies (Hohmeyer and Mora 2008).p.
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11. SUMMARY AND DISCUSSION

This dissertation examined whether large scalggrat®n of renewable energy sources for
power generation in Colombia is a sensible altéredab current conventional energy sources
such as hydropower, natural gas and coal. The tgeof this dissertation was to test the
following hypotheses:

(1) Renewable energy sources can fully substitgsiff fuel energy sources and can turn the
hydropower based power system in Colombia intoG%d €enewable energy system.

(2) The introduction of renewable energy source€atombia can be part of the least cost
alternative for the expansion of the Colombian posystem.

This final chapter summarizes the results of thisseftation. The results focus on the
hypotheses to conclude about the opportunitieargkl scale integration of renewable energy
sources for power generation in Colombia. The figdiof the quantitative analysis brought
about questions on how to make possible the inttimlu of renewable energy sources. A
discussion on that issue and recommendations forefistudies close this chapter.

11.1 RESULTS

To accomplish the objective, this dissertation eggpfuantitative analyses. The core analysis
performed was the simulation of power generatioil€alombia using energy models. Two
bottom-up models were selected, the accounting dmork model LEAP and the
optimization model MESSAGE. A time horizon from 2010 2050 was selected for the
analysis.

These selected models differ in their approachimlate power generation systems. The
LEAP scenario approach was used to explore enetgyes. In that way an expansion of the
Colombian power system with current energy sourtesiness as usual scenarios) was
compared to an expansion scenario with both a moded significant penetration of
renewable energy sources (renewable scenarios)colirast, the optimization model
MESSAGE was used, which identifies autonomously l#zest cost expansion path for the
power system.

The combination of the two model techniques praeele essential to arrive at more precise
conclusions. The results of LEAP’s scenarios helfgedinderstand the cornerstones of the
expansion. For instance the BAU scenarios showedHhigh the consumption of natural gas

260



11 SUMMARY AND DISCUSSION

and coal can be and how the growth of GHG emissiangxceeded current levels. The
results of the simulation with MESSAGE found leasist expansion paths that include
renewable energy technologies. Thus, the leastagy@bach suggests that renewable energy
technologies will be competitive upon entering slystem.

Therefore, the results of the simulation suggest tiew technologies powered by renewable
energy sources will be introduced at a large scetlee Colombian power sector by their own
technical and economic merits. This was accompdishé&hout driving their entrance by
either forcing the expansion or giving any economicentive to improve their
competitiveness. The results of this study are sarz@d and discussed below:

(2) Renewable energy sources can fully substitgsil fuel energy sources and can turn
the hydropower based power system in Colombia antb00% renewable energy
system.

Colombia currently relies mostly on hydropower péafor power generation. The expansion
of power generation will always consider hydropowsince this is Colombia’'s more
important energy source for electricity producti®he results of this dissertation suggest that
new renewable energy technologies powered by wgedthermal, biomass and solar, will
contribute to diversifying the supply of electrycin Colombia. Fossil fuel sources will be
displaced as the main energy sources completingppgaver production by other renewable
energy sources.

Figure 11-1 shows a pathway of the expansion optiveer sector according to the simulation
with MESSAGE (reference case with low prices fassib fuels and low investment costs for
renewable energy technologies) to better illusthate renewable energy sources will enter
the Colombian energy mix over the time horizon loé¢ tanalysis and the importance of
hydropower in electricity production.
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Figure 11-1 Least cost electricity generation fortte reference case

In all sensitivities simulated with the least cestproach of MESSAGE, new renewable
energy technologies were introduced to the powstesy regardless of fuel prices, investment
and operation and maintenance cost sensitivities.résults suggest that in a period between
2015 and 2030, the introduction of new renewablergyn technologies will take place in
Colombia. Figure 11-2 shows the shares of renewatdegy sources in electricity generation
for all sensitivities in MESSAGE as an indicatioh when and which new technologies
powered by renewable energy sources can be expctader into the system. A share of at
least 8% in 2025 (not including hydropower) is extpd to increase to 28% by 2050 with the
introduction of renewable energy sources.

The most promising new renewable technology is ped/ey wind energy. In all sensitivities
in the model, wind energy reached a significanteha electricity generation over 10% after
2040. In addition, the maximum potential of 10 G¥t s the simulation is reached after
2040. This suggests the potential to continue edipgnthe system with wind energy by
increasing and further developing suitable site€atombia including off-shore wind energy
which was not included in the simulation.
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Figure 11-2 Renewable energy shares in least co&atricity generation
LF — HF: Low and high fuel prices, LRET — HRET: lamd high investment costs for
renewable energy technologies

In all scenarios conventional geothermal technolagg introduced as well as biomass. In
contrast solar technologies such as concentratéat gower and photovoltaic have a
relatively modest contribution to the system.

However, the results show an expansion path doessach a 100% renewable system until
2050 including large hydropower. Despite an impurtdecrease of fossil fuel sources for
power generation over the years, the system stdda these sources to be part of the least
cost solution. The results suggest that duringithe horizon in the analysis, the Colombian
power system will not turn into a 100% renewablstem based on market forces. It is worth
noting the combination of existing and new hydropowlants with the introduction of
technologies powered by wind, geothermal, biomas$ solar turning the heavy based
hydropower system in Colombia gradually over tharganto a diversified renewable energy
system. Thus, the current share of up to 80% of dletricity supply coming from
hydropower plants will be reduced to approxima&d§o. The introduction of new renewable
energy sources together with hydropower will inseeghe share of all renewable energy
sources to 90% as shown in Figure 11-3.

Renewable energy sources can contribute signifigaotdiversifying the supply of electricity
within the Colombian power sector
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Figure 11-3 Total share of renewable energy sources. total hydropower share in
electricity generation

In the same order of ideas, the results suggesattgowing introduction of renewable energy
technologies over the years will substitute a gpsation of energy that otherwise should be
coming from fossil fuel sources. However, renewabtergy technologies do not fully
substitute or avoid the use of fossil fuel sourtespite of this the share of gas is drastically
reduced, whereas coal will continue to have a srsh#ire in the system. Figure 11-4
summarizes the results in relation to fossil fumlrses by comparing BAU and Least Cost
scenarios. Renewable energy sources will contributédecrease the dependence on natural
gas for the power sector and to release carbomures® to supply international markets and
so improving Colombian’s balance of payment.
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Figure 11-4 Consumption of natural gas and coal foBAU scenarios vs. least cost
approach

Higher shares of electricity coming from fossil lfymwer plants may affect security of
supply by relying on scarce energy sources suctaasal gas. The BAU scenarios simulated
with LEAP showed how much more fossil fuel soureeay be necessary to continue
expanding the system with natural gas and coathegevith hydropower as shown in Figure
11-4.

The results from analyses performed with MESSAG# lalBAP showed that Colombia will
rely on imported natural gas from 2018 onwards.alrBAU scenario the natural gas
consumption of the power sector may increase fromeat levels (2008: 1.69 Gjnto 3.05
GnT, 4.95 Gm and 7.64 Grhby 2030, 2040, and 2050 respectively. In a BAlhacie based
on coal the share of natural gas in the systemaistidally decreased to 0.70 &rt.13 G,
and 1.67 Grhby 2030, 2040, and 2050 respectively. Neverthaleaswill have much higher
shares in the system, rising €émissions drastically.

A logical effect of reducing the contribution ofs&il fuel energy sources in the Colombian
power sector is the avoidance of £€nissions. Otherwise the emissions oL, @@l surpass
today’s levels. This situation was simulated withUBscenarios using LEAP.
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By continuing to expand the system with conventicargergy sources, the emissions of,CO
will surpass 12 million tonnes of G@q. per year after 2010 until reaching around 8tom
tonnes by the year 2050. In that case the systentdwelease 793 million tonnes of €@xq.
into the atmosphere in a period of 40 years. In BiAdJ scenario based on coal power
(scenario of coal planned additions), the emissionsease drastically reaching 52 million
tonnes by 2050, releasing 1,021 million tonnes ©f €q. over a period of 40 years.

The optimization results suggest that emission$ lveilbelow 12 million tonnes of GCeq.
per year during the time horizon of 40 years duesritrance of technologies powered by
renewable energy sources. Emissions could reacmillibn tonnes of CQ eq. per year if
hydropower no longer provides the same levels paciy and production. Thus, the power
system would release between 350 and 405 milliongs of CQ eq. over a period of 40
years. This shows the immense potential of reneavahkrgy technologies including large
hydropower to maintain current emission levels otfex next 40 years despite electricity
demand growth. Between 388 and 671 million tonne€@©, eq. or between 556 and 731
million tonnes of CQ eq. for a scenario with lesser contribution of doybwer can be
avoided.

In addition, the introduction of a carbon tax wasdated. Assuming a global carbon tax
after 2020 of 20 USD/tonne of GOt was found that the contribution of coal and geas
further decreased. In other words, the shares ofl wnergy and biomass are higher from
2020 and C@emissions are further decreased to reach levédsvig million tonnes of C@
eq. per year. By a simulation of a lesser contidsuof hydropower it was however found that
the carbon tax did not have the same impact suggetitat more coal power plants are
indeed needed together with more new renewablesstio cover for less hydropower.

Renewable energy sources can contribute to sigmifig reduce the dependence on fossil
fuels and avoiding greenhouse gas emissions

The issue of the dependence of the Colombian pmeetor on hydropower was also
analyzed. The availability of water resources, Whig influenced by Colombia’s seasonal
cycle, which includes a dry and rainy season ancerdoastically by the El Nifio and La Nifa
Southern Oscillation (ENSO), which causes extreraatirer conditions (droughts and floods
respectively), have a significant impact on hydmepo generation. In addition the
vulnerability of Colombia to climate change may exbely affect the contribution of
hydropower. For that reason diversifying the Col@anbpower system with other power
technologies to reduce this dependence is crucial.
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Figure 11-5 shows the shares of all energy souncelectricity generation for all sensitivities
in MESSAGE. The entrance of renewable energy ssurte the system beginning in 2025
caused a reduction in the contribution of hydropoWwem current levels, around 80%, to
62% during the time horizon of the simulation. Thesewable energy sources contribute not
only to reducing the shares of fossil fuel souttlmaisalso the dependence on large hydropower

plants.
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Figure 11-5 Energy sources shares in least cost@lécity generation
LF — HF: Low and high fuel prices, LRET — HRET: lamd high investment costs for
renewable energy technologies.

Included in the simulation was the possibility thgdropower will no longer provide the
same levels of capacity and production as obseiwedecent years due to technical,
environmental and socioeconomic factors that mawit litheir implementation and the
vulnerability of the water resources due to climetange. This was achieved by capping the
contribution of hydropower to 70% of total eleciiycproduction. The results are shown in
Figure 11-6. The entrance of other renewable ensogyces from 2015 in the system caused
a reduction of the contribution of hydropower un@d@%o from 2025 during the time horizon.

By having a lesser availability of hydropower, tbkance for the introduction of other
technologies into the system is naturally enhanéed.simply, more coal power plants are
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installed and dispatched in the coming years beferewable energy technologies reach
competitive costs. Afterwards a higher share okwables are installed and dispatched to
cover for the reduction in hydropower resources.
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Figure 11-6 Energy sources shares in least cost@lgcity generation with less
contribution of hydropower
LF — HF: Low and high fuel prices, LRET — HRET: lamd high investment costs for
renewable energy technologies.

HF - HRET

Under a scenario of a lower contribution of hydnepo and low investment costs for

renewable energy technologies, the entrance ofmable energy sources can be expected
after 2015. Regardless of fossil fuel prices angdestment costs for renewable energy
technologies in the analysis, a significant shdrever 14% for renewable energy sources
apart from hydropower can be achieved after 2020.

Renewable energy sources can contribute to redubmglependence of the Colombian
power sector on large hydropower plants
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The results of this dissertation suggest that thier@bian power system may be transformed
from a system heavily based on hydropower to aesystomposed of a more diversified

portfolio of technologies and energy sources sughvimd, geothermal, biomass, solar and
hydropower. State of the art coal and gas fossil power plants will also be introduced into

the power system. A 100% renewable system by 2GE0net obtained. Therefore fossil fuel

energy sources are not fully substituted but thdl v displaced as main energy sources
after hydropower.

(2) The introduction of renewable energy source£olombia can be part of the least
cost alternative for the expansion of the Colomlgamwer system.

The results of the simulation with MESSAGE founddecost expansion paths that include
renewable energy technologies. In all sensitiviteaducted in MESSAGE, the least cost
approach suggests that renewable energy technslogié be competitive to enter the
Colombian power system between 2015 and 2030 deépermoh the development of fuel
prices, investment, operation and maintenanceasabsthe contribution of hydropower.

The time of introduction and shares of renewablergy sources for electricity production
varies over the years according to the sensitg/gienulated. For instance, the scenarios with
a low cost of renewable energy technologies aressel contribution of hydropower showed
a more rapid expansion with renewable energy ssusmseshown in Figure 11-5 and Figure
11-6.

Figure 11-2 shows how the share of wind energy @vgubw over the years suggesting that
expected further investment cost reductions in doatlmn with the Colombian wind
resources will boost the introduction of the tedbgg after 2025. The least cost approach
also showed an important contribution of techna@sgiuch as biomass and geothermal which
do not have the high learning rates of wind andrsphotovoltaic but higher capacity factors.

In terms of system expansion, a combination ofrmittent energy sources such as wind and
natural base load energy sources such as biomdsgeathermal were obtained. This makes
the Colombian power system much less dependentossil ffuel price volatilities and
intermittency and availability of hydropower prodioa which have an important effect on
electricity prices.
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11.2 DISCUSSION

The least cost approach of MESSAGE can be sedreasmulation of electricity supply in an
ideal market environment in which an electron frarwind turbine is not treated differently
from an electron from a coal power plant apart fribvair technical features and generation
cost. Thus, the results of this dissertation sugtfes competitiveness of new renewable
energy sources in all sensitivities in the simolatiThis approach does not necessarily reflect
the power market environment that technologies faceality.

It is indisputable that at some point in time thesehnologies will become competitive (grid
parity). The cost of renewable technologies hasirt and additional technical advances are
expected to result in further cost reductions. Thallenge is to ensure that power markets
allow new technologies to be part of the systethatime of their competitiveness.

An example of that dissimilarity in the current Golbian power market is the economic

incentive for electricity suppliers, such as fo$sél power plants that can contribute to firm

energy in cases of high demand or variability odriepower generation. This is an additional
incentive that intermittent energy sources suctviasl and solar cannot profit from. Such an

incentive suggests the bias of market rules towsotse technologies and the importance of
developing a level playing field for all technolegiin the Colombian power system.

Incentives for renewable energy sources could hsamplemented, for instance for the

complementarity of wind energy with hydropower loe tontribution of solar power plants to

intermediate and peak loads at the Colombian CeaiblCoast.

A level playing field for renewable energy sourcethe Colombian power market should be
ensured to capture their full economic, techniaadl @nvironmental potential at the time of
competitiveness

Regarding the integration of new technologies lfier €olombian power system such as wind,
solar, biomass and geothermal, a level playingl firlthe power market is not the only issue
to be assessed, but also the technical integratiorew technologies into the system. The
issue of intermittency requires an assessment tterbenderstand the operation of the
Colombian power system to optimize the operationimgérmittency sources such as
hydropower, wind and solar power.

In that regard, hydropower offers the opportuntyittegrate a high penetration of wind
energy in the system due to its flexibility providia form of indirect or virtual storage for
this energy source. The power system in Colombig n@ only benefit from the storage
capacity of hydropower to accommodate intermitt@mirces such as wind energy but also
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from the strong complementarity of wind energy dgrthe dry season which may improve
the firm energy of the system. For that reasonrtegration of wind energy and hydropower
should be assessed in the context of the entitergyis detail.

Regarding solar energy technologies such as CSPP&hdhe results of this dissertation
suggest a small participation at the very end eftime horizon after 2040. Solar energy
deserves a better and fairer analysis. An assessrhére potential of solar power should be
conducted to attend the demand at Colombia’s Caaiblzoast, where high temperatures are
connected to higher consumption of electricity dn\by the use of air conditioning systems.
That makes solar technologies ideal for daily aedsenal operation matching peak and
intermediate loads. Such a contribution releasesranergy sources to cover these loads and
could also optimize the grid operation.

For technologies such as geothermal and biomass,latk of information about the
availability and quality of associated resourcesusth be overcome. The use of solid residues
from sugar plantations, in particular the collestidisposal and transport, should be assessed
in detail. These technologies are key since theynat intermittent, therefore contributing to
the supply of firm energy into the system.

Finally, the results of this dissertation should dmmplemented with a study to determine
transmission expansion and enforcements to maletisat the Colombian power system can
realise its potential and profit fully from new egg technologies powered by renewable
energy sources.
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