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Abstract

This paper presents the development and demonstration of a limited foresight energy
system model. The presented model is implemented as an extension to a large, linear
optimization model, MESSAGE. The motivation behind changing the model is to
provide an alternative decision framework, where information for the full tiameefis

not available immediately and sequential decision making under incomplete indormat
is implied. Whilethe traditional optimization framework provides the globally optimal
decisions for the modeled problem, the framework presented here may offer a better
description of the decision environment, under which decision makers must operate. We
further modify tle model to accommodate flexible dynamic constraints, which give an
option to implement investments faster, albeit with a higher cost. Finally, thatiope

of the model is demonstrated using a moving window of foresight, with which decisions
are taken fothe next 30 years, but can be reconsidered later, when more information
becomes available. We find that the results do demonstrate some of the pittadig of s
term planning, e.g. lagging investments during earlier periods lead to higher
requirements lar during the century. Furthermore, the energy system remains more
reliant on fossil based energy carriers, leading to higher greenhousaigamons.
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Implications of Limited Foresight and Sequential Decision
Making for Long-term Energy System Planning: An Application
of the Myopic MESSAGE Model*

llkka Keppo, Manfred Strubegger

Introduction

Different energy futures and the transitions that may lead to these futei@matantly
subjects of analysis, in which uncertainty concerning these transitions playsah c

role. This role is furtar underlined by the mismatch between the relatively short time
frames often used for the decision making and the long lasting effects thssendec

have for many long term issues, like the direction and pace of the energiructfras
development, climate change and the fossil fuel availability. Additionally, sithese
issues are explicitly taken into account, decisions made with a limitedatebmiizon

and imperfect knowledge concerning long term developments may also have zenegati
effect on tle flexibility of the energy system. Avoiding strong leidls and having

flexibility integrated into the energy system planning allows the system to react to new
information concerning, for example, new environmental requirements and technology
needs.

Most technology rich energy system models, used for describing the mid- teetamng-
development of the global or regional energy infrastructure development, aleohase
bottom-up structure, global cost minimization and on a social planner with perfect
foresight (e.g. MARKAL [1], MESSAGE [2, 3] and GET [4]). With such models,
uncertainty concerning the future is usually taken into account by using scenarios
which describe alternative “worlds” we could find ourselves in. The rang®déim

results calculated for these “worlds” therefore shows an uncertainty range for different
indicators that can be derived from the results. While this approach is very oseful f
providing the optimized, ideal transition for the energy system, across the spatietl s
and temporal range, it does not fully describe and simulate the decision dmew

within which decision makers operate. In reality, decision makers do not act with ful
information for the future costs, prices and constraints and the uncertaintiesxoancer
some key developments of the energy system increase rapidly the furthbeifittute

the decisions are to be taken. This can often lead the decision maker to weight more
heavily the decisions of the near term, for which there is more informatidaldesand
which need to be taken soon in any case, and postpone the long term considerations for
later, when new information may become available. This aspect of decision making can
not be described with a model, where all information is exact and simultaneously
available for the whole time horizon to be modeled. With perfect and complete
information there would be no reason to postpone decisions later, or revise already

! This is a preprint of the manuscript submitted to Energdfe Internationallournal



made decisions for future time periods, since new information can not, by defingion, b
expected. However, in reality the “sharghtedness” of the decision maker can be of
key importance, especially in the energy sector, where the long lifetimes and high
capital requirements of the production and transmission capacity mean that wrong
investment decisions can have major negative consequences.

In this paper we present a version of the energy model MESSAGE, where degmsions a
made with a limited knowledge of the future developments and for a planning horizon
that is shorter than the full terframe that is being modeled. This leads to a sequential
decision making setup, where new decisions can be made as time passes and new
information becomes available. However, some of the decisions made previously are
irreversible, since e.g. the physiaalestments have already been completed, but
others, made for later time periods, may still be revised. Such a “limited foresight”
approach provides a useful framework for studying issues such as the linkagerbet
specific short and long term goals (e.g. interim climate targets, [5, 6satidnges in
the operating environment (e.g. changing climate regimes, [7]) as well as path
dependencies and lodk effects resulting from the choices made (e.g. technological
change in the context of greenhouse gas emissions constraints, [8]).

Although most of the energy system models assume perfect foresight, limited foresight
in different forms has been applied to some models previously. In addition to models
that limit foresight mostly by adding stochasticity amwdi single known branching

points (e.g. [9-12]. See also [13].), some fairly recent examples of more fullyenyopi
but not stochastic models include IKARUS [14, 15], SAGE [16] and GET-LFL [17, 18].

The IKARUS model describes the development of the Geanargy system until the
year 2030 by dividing the time horizon into fiyear intervals and then optimizing each
of these intervals separately. The decisions of the previous periods havecaoreff

each optimization due to the capacity accumulation #metf @ariables that are not
independent across the time intervals. Decisions do not take into account any periods
that come after the period for which a decision is currently taken, therefosgengpl
either that there is no additional information avagdfolr the following periods, or
alternatively, the following periods are irrelevant for the decision making fdoniee
current period. SAGE also uses this approach for its short term (2025) limitadtiores
approach, but extends the geographical scope of the model to cover the whole globe,
divided into fifteen separate regions.

Of the three models mentioned above, the limited foresight version of the GET model is
the closest to our approach. In this long term (2100) global model the extent of the
foresight can be decided freely and the decision horizons for the optimization steps can
therefore be also overlapping. For example, a new decision can be made at each decade
of the modeled time frame, but instead of always considering only tiieakGtep

alore, each decision might also take into account the next decade. However, since a new
decision is made again at the next step, the decisions concerning the second decade can
still be revised. This approach offers a more flexible modeling frameworle, sidoes

not automatically assume that there is knowledge only for a single tinoe pdaut also

allows this approach, if it is considered to be the most relevant.

In this paper we present a limited foresight formulation of the MESSAGE model, built
upon the full MESSAGE model used in previous scenario studies (e.g. [19]), but
modified in several ways to accommodate the new modeling approach. The following



section presents the general methodology for and the most significant new
characteristics of the model. After this we present some example results for a chosen
scenario and illustrate the effect limited foresight has on the results. In the final chapter
we provide some conclusions and suggest possible directions for future research.

Methodology

In this sectiorwe present in brief the methodological changes implemented in the new
formulation of the model. The first part of this section will present how the
mathematical formulation has been changed to limit the foresight, how thdowasn
practice and how these limitations can be interpreted. The second elaborates on some
additional flexibility measures that have been added to the existing MES8%@& to
improve its possibility to respond to sudden changes. We concentrate on the
characteristics of the modelat have been changed to include the option to limit
foresight, but do not present the underlying, unchanged MESSAGE model in full. The
interested reader is encouraged to consult [2] for a full mathematicalpdiescaf the
standard, perfect foresight model. However, in the third part of this section W brie
discuss the issue of model verification, result interpretation and the uncestaintie
involved.

Formulation for the choice of foresight

The linear optimization model MESSAGE is, as most bottgnenergy system models,

a cost minimization model. The total discounted costs of the energy system over the
studied time frame are summed and minimized. All the imposed constraint concerning,
e.g. resource availability, energy transmission and distributfoesinuctures and

possible environmental restrictions need to be also fulfilled. In this formulaten, t
foresight, or the decision horizgriherefore corresponds to the whole time frame that is
being modeled. If the decision horizon is decoupled fragrfuh time frame under

study, the problem becomes a sequential decision making problem. Figure dtéustr
the different approaches.

With case a) irFigure 1, the decision horizon and the full modeled time frame are
equal, from the year 2000 to the year 2100. In this case all the information iblavaila
for the full time frame, from the beginning to the end, and the information is taken into
account when the single decision for the complete time frame is being takemisTher
need to revise the dems at a later point, since no new information can, by definition,
become available.

Case b) is an example of decision making under limited foresight. In this dassian

is first taken only for the first 50 years, without considering any timegextending
beyond this in any form. A second decision will be taken for the time period from 2050
to 2100, but all the decisions made for the first half of the century are irreversible a
unchangeable, as if the latter decision is being taken in 2050.

Casec) simulates a decision making process that may be, of these three approaches, the
closest to what can be observed in reality. In this case decision is takga &na0

2 We use the terms “decision horizon” and “foresight” interchangeably; thayéfer to the time frame
the cost of which is being minimized.



years at a time and after eachyHar time step, another decision for the nexyers is
taken. This leads to decision making, where activities are always plannbd faxt 30
years, but only the decisions for the next 10 years are irreversible. In thiscipphea
new information that is being revealed as they8&r “decision wadow” moves
forward can be used for revising some, but not all, of the earlier decisions.

Decision horizon
Perfect foresight, single decision
a)
b)
Limited
foresight,
c) multiple,
sequential
decisions
1980 2000 2020 2040 2060 2080 2100 2120

Year
Figurel: Three different decision horizon alternatives for a 2000 to 2100 time frame.

From the methodological perspective, when limited foresight and sequentgabdeci
making is assumed, the original single optimization problem is transformed into a set of
optimization problems, where the solutions of the previous problems need to be taken
into account for the latter ones (in terms of e.g. existing capacitiesthgcowstraints

etc). This also means that the final results of this iterative process are not optimal for the
full time frame, but only for the individual optimization problems, which only

considered a shorter time frame each. Equation 1 shows the general formulation for a
linear optimization problem.

min 5 CX :
t=t (1+ I‘) (1)
Ax<h
st. %20

In the objective function being minimized in Eq. (%)is a vector of continuous
variables for time period C; the corresponding cost vector anithe discount rate is
a matrix of coefficients for time period t abds a vector of coefficients for the right
hand sides.

If we assume that the full timeaime under study {$o,T], in a perfect foresight
formulation the summation in Eq. (1) would be done for this full time period and the
constraints would have to be fulfilled for all the time periods ftota T. In a limited
foresight case the range bgioptimized|ty,t;], differs from this full time frame and the
parameter matrix and vecta, andb, respectively, are altered to take into account the
effect decisions made befarehave for the time frame under study. Such effects might



be related, for example, to the available energy infrastructure built before peyidd
the amount of remaining fossil resources at the beginning of the time fraotber
words, some of the decisions made before the tifiit the range of options available
for the latter periods. In the framework of an energy system model, thialstay
translate into a technology lock-in, where new, possibly superior, technologjiestar
adopted due to the earlier investments that have brought in and established older
technologies in the market. The lack of long term perspective further reduces the
incentive to switch to the new, alternative technology.

Based on the approach given above, our formulation requires as input parameters for
each step the valuestfandt,, i.e. the first and the last point in time to be considered
in the optimization. Furthermore, for each step the valughas to be higher than for

the previous step, therefore making some of the previous decisions irreversible.
However, the value df for stepn can be larger than the valuetofor stepn+1,

therefore leading into overlapping decision horizons (see case c) in Figuheel). T
length of the decision horizot3,—t; can be decided freely and it can differ from one
step to another. Figure 2 shows the basic principle of the algorithm used.

In Figure 2 the first box, for which=1, represents the first step of the limited foresight
optimization {(x) being the objective function to be minimized for st¢prhe results

of this step definehee initial state, the result vectog,.1, in Figure 2, for the next step
n=2. This algorithm is then followed until the last stegN is reached.

n=1 n= n=N

Xn+1 Xn+2 XN

minif(x) — mintsz(x) > .. —> mintZZ'N:f(X)

t1,n t1,n+1 tl,N

Figure2: Flow of the limited foresight simulation algorithm.

We implement this approach using a set of unix shell files and a subprogram written in
the programming language Python [20]. These subprograms require as inputs the
number of steps to be used=< N in Figure 2) and the corresponding values for the start
(t1) and endtg) point for each of th&l steps. We have also implemented a possibility to
give new information for the model at any step n. This information could, for example,
give new estimates for future investment costs of technologies or updatenemsmtal
restrictions. With this approadhis possible to simulate how the model adjusts to such

a changing environment and evaluate how severe, or difficult to break, some of the
lock-in effects might be. In addition to gradual adjustments in the information, the
updates can also be used to evaluate the effect of, and the reaction to, more drastic
surprises or shocks, e.g. sudden reductions in the gas imports from Russia to Western
Europe, sudden downscaling of estimated oil reserves etc.

Flexible dynamic constraints

MESSAGE includes a set of constraints, usually referred to as dynamiowdhg
constraints. These constraints are used for limiting the activity of a variable during time
periodt based on its activity during the previous time perigd,Depending on the



variable in question, the activity may refer to, for example, power production from a
certain kind of power plant, the length of gas pipeline that is built during a year or to the
oil extraction at an existing oil field. These constraints can either limit how quickly the
activity of a technology can increase or alternatively how steeply the activity can
decline between the two time periods. The formulations for these constraints amne show
in equations 2 and 3.

a[—ag-at_ls% )

& -y 8,20, (3)

Eq. [2] shows that the activity at time peripd;, can be no more than the activity in the
previous period times the allowed growth raig(range (1)) plus the increment

activity, dq, which is usually used to represent the initial activiBiq [3] shows a

similar formulation for the constraint that is limiting the speed with which the activity
can decline, witly being in the range (0,1).

For the limited foresight application of the MESSAGE model we have extended the
above formulation in @ter to allow a more detailed and flexible representation of the
growth limitations. This is especially relevant for the model with limited foresight
model, since it may need to be able to react fast to the new information that is being
revealed. Our new fonulation gives the growth constraint in two steps; the first step is
as before while the second step allows an increase for the maximum growtlveifowe
for each unit of activity that goes beyond the levels of what the initial grovethvicauld
allow, anextra cost related is pdidrhe decline constraints are similarly extended to
allow a faster decline. Equations 4 to7 show the formulation of the new dynamic
constraints.

8-y 8~ fy G159, (4)
Os =8 (5)
&~y 8, Py oy =-0 (6)
Ga= 8y (7)

A dummy activity,g:; is added to the growth constraint in Eq. [4]. Since the maximum
value for this dummy technology matches the activity of the underlying technolqgy (E
[5]), this new formulation increases the highest allowed growth ratedgaoug + 3.

Eqgs [6, 7] show the formulation for the dynamic constraints for decline.

These new constraints are added to the existing model setup using a set of Python
subprograms. The input file for the main subprogram requires the list of technologies
for which the constraints are to be altered, how much additional growth is allowed (i.e
the value for 3), how much higher are the costs for the activity that goes beyand w

® Without such an increment, the growth constraint would force the activigyrain at zero, if it ever
did havethis value for a time period. For the constraint in decline, the increment 34 correspondingly
allows the activity to drop to zero instead of allowing it only to asymptoticpjtyaach it.

* For most of the technologies in our model the reference cost is the levaigtsdf the underlying
technology and the additional cost is defined as a percentage of this referénce cos



the initial constraint would’'ve allowed and whether both, the decline and the growth
constraints are to be altered. In addition to this main subprogram, other smaller
programs have been written to create internal datasets for the rest of the model (e.g.
defining time and region dependent levelized costs for the chosen technologies,
reporting results for the dummy activities etc). The implementation allows also the use
of more than one additional growth step, therefore permitting to describe theumaxim
growth rates as a function of additional costs. This approach provides a much more
detailed description for the investment and production options available, since it does
not exclude even considerably quick and large structural changes within the energy
system, but does consider such changes costly.

Long term energy models and uncertainty of scenarios

In this paper we discuss how changing the decision environment, namely the decision
horizon, may affect model results. In order to be complete, we in this part briefly
discuss a full, perfect foresight energy model from the perspective ofainteend

the interpretation of the results retrieved using such a model.

A large tetinologically rich model reaching over a time span of 100 years does, by
definition, include a vast number of assumptions, simplifications and aggregations of
data (see also [21] on modeling and system thinking). Estimates will have teehe giv

not only forvery specific technological details, such as the costs of specific types of
power plants for the future, but also to larger developments, like regional population
and GDP growth and how these may affect energy demand. Considering the vast
number of assumions one has to make, it is clear that a scenario created with such a
model should not be considered a forecast (see e.g. [22] for examples on failed long-
term energy forecast and prediction attempts). In the terminology @, (A€ emission
scenarios, fben quantified using also large scale energy models, “[They] represent
pertinent, plausible, alternative futures” [23]. The language is carefulseahsince

this clearly suggests that the scenarios are not meant to be used as foreasts, but
alternaive, plausible descriptions of future developments. This character of the
scenarios is further emphasized by the fact that often more than one scenario is
presented and each of the scenarios assumes a new set of parameters. This is illustrated
in Figure 3, which shows global population and GDP projections, the emission paths
for CO, and the initial, and final oil resources, for three alternative scenarios, with
widely differing assumptions concerning demographic, economic and technology
development (taken from [19, 24]). Furthermore, is it not suggested that even this would
cover the range of plausible developments.

As discussed above, the results of a scenario should not be considered a forecast, but
internally plausible and consistent development paths, which are always comhditiona

the input assumptions. And the set of input assumptions that have to be made, not to
mention the alternative combinations of them, indicate that this range can b@esorm
therefore underlining the huge uncertainty conceggmow the real energy system will,

in the end, develop. This also shows why an error analysis would not be possible to do —
it is not suggested that the model woptddicthow the global energy system will

develop, since on this level of detail this would be practically impossible, and ewen if i



were feasible, the results could only be judged once this unique event, development of
the energy system over predefined years, had taker?place
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Figure3: Global population (panel &DP at market exchange rate (panel b), CO
emissions (panel ¢) and remaining oil resources (panel d) for three alternative scenarios
(Source: [24, 19]).

The power of such models is therefore elsewhere. It lies in providing a systematic,
consistent and detad description of the energy system, with all its interdependencies
and dynamics. This offers a great platform for studying how the energy system might
react to changes in the modeled environment, e.g. changes in environmentabregjulat
fossil fuel resource estimates, technology costs or, as in this paper, the decision making
horizon of the modeled social planner. Furthermore, this is also where the model can be
best judged; do these changes in assumptions lead to changes in results thet we, aft
seeng the results, find plausible? Do the dynamics shown by the model results have a
counterpart in real life and if so, are the drivers of these dynamics, qualitatively, the
same in reality as in the model?

If a complete analysis of the full model itselfsv@ be done, this could be approached
from the perspective of a sensitivity analysis, where parameters are altered,cdyofami
the changes studied and a qualitative judgment is made on the plausibility of the
description coming out from the model. However, due to the enormous amount of

® Another possible way to evaluate the model would be to studyytiemics of the model, e.g. does the
technology diffusion and replacement in the model correspond to whatvve@bserved in the history,
does the heterogeneity in the use of the energy sources appear plausiblen lasehst? However,
these charactistics are also results of unique moments in the development of thyy eysetem in the
past and may therefore not repeat themselves in the same manner inrtheMditionally, the most

important characteristics in this vein are inbuilt in the mod&bration.



relevant parameters included in a model, one would most likely still have to key on only
some of them, on the ones that seem most important. Such a thorough sensitivity
analysis, extending even far beyond a full analysis across alternatizgisseis

clearly beyond the scope of this paper. However, the model we develop and document
in this paper changes one of the (usually unchanged) key assumptions, the decision
horizon, and then briefly studies the effect on the results, therefore contributugto s

an evaluation of the modeling tool.

The implications of limited foresight, an example

In this section we will briefly demonstrate how the change to a limited foresight
approach can influence the results and what theseatiffes might imply.

In order to do illustrate some possible implications of the limited foresight, we run
MESSAGE for the same B2 scenario assumptions, based on the scenario presented in
[19], but using two different assumptions concerning the decision horizon; a run where
perfect foresight is assumed for the full time frame under study (caseéguiel) and a

run where decisions are made at each ten year time step and always for a decision
horizon of 30 yearscése c in Figure 1). The flexible dynamimstraints described

earlier in this paper are implemented for both, the perfect and limited foressgist, c

but no other restrictions or constraints are assumed (e.g. there is no climatEnpns

Our intention for this paper is not to conduct a full scenario analysis, but to point out
some differences, which illustrate some of the effects of alteredatebisrizon. It is

also important to note that a different definition for the limited foresight (e.g. case b in
Figure 1) might provide, at least quigatively, different results and therefore the

findings presented in this section should mainly be considered to be related to the exac
setup used. However, the more general differences across the perfect add limite
foresight scenarios are unlikely to be changed.

Energy sources and carriers

In the perfect foresight setup all information concerning the future isahlaifior each

point in time until the end of the time frame studied. This means that within this
decision framework, for example, the possible depletion of resources is fullgewmtsi
already decades before the issue becomes urgent. Also the development of energy
demands is known far into the future and will influence also the decisions that are mad
for the first time periods. All this information is lacking from the limited foresight

model. It operates within a time frame of 30 years and although the initial decisions can
still be reconsidered due to the overlapping decision horizons, the long term peespecti
Is lacking in the decision making.

Due to the limitations of oil regirces, the pattern of crude oil consumption is bound to
peak no matter what definition of foresight is assumed. The lack of foresightrmogcer

the availability of cheap conventional oil resources leads to a situation, wheik the
consumption grows more rapidly until a peak is reached and after that new energy
options have to be, correspondingly, more rapidly introduciggif&4). In the case of

perfect foresight, the patterns are qualitatively similar, but the peak is not as sharp; since
it is possibé to foresee the depletion of low cost resources, alternatives for oil are being
developed earlier and the experienced oil peak is smoother. A stronger reliance on



existing, mature energy solutions, as long as this is possible, is typical for the limited
foresight solution’s Gas consumption shows similar patterns as the oil consumption,
although the peak is not as sharp and experienced much later (2080 for the limited
foresight case, 2090 for the case with perfect foresight).

300

250 -
200 1 /

150 A

100 +

Oil consumption, EJ

50 A

—&— Perfect foresight Limited foresight
O T T T T T

1990 2010 2030 2050 2070 2090 2110

Year

Figure4: The global consumption of crude oll.

The more rapid consumption of oil and gas resources in the limited foresight case
implies that some other primary energy sources are developed less. Figust &idis
how the nuclear power production, whilearly increasing also in the limited foresight
case, never manages to reach the development path deemed optimal in the perfect
foresight case.

As Hgure 5 shows, the limited foresight approach leads to a slower implementation of
nuclear and the gap to the planning with perfect foresight widens so thatdndtbé

the century the perfect foresight case has alm@st#@re nuclear production. Similar
patterns emerge also for other energy sources, such as centralized solaigoser

that are assumed to have relatively slow capacity build up.

® 1t should also noted that in this “moving window” approach we apply, and wihéghbe correspond
better to the decision environment of and actual decision maker , thee80long time steps overlap

each other. This allows the model to nesider its decisions for a given time period, as more information
becomes available, and this makes the differences to the perfect foresight ckese Bonaxample, the
first time the model planned for the time period starting 2070 was whil@iptafa the 30year window
starting in 2050. At this time the optimal oil consumption for 2070 was sudigestbe 244 EJ. However,

in 2070, when the final, irreversible decision had to be made and romaation was available for the
time periods after 207@nly 162 EJ, close to the 174 EJ of the perfect foresight case, was exffdised
example also illustrates how strongly the exact definition of hevithited foresight is applied effects

the results.
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Figure5: Global electricity production with nuclear power.

The limited foresight solution leads to a more rapid consumption of oil and gas
resources, while at the same time solutions requiring slower build-up of capac#in
less developed. Due to this, by the end of the century, when no cheap oil or gas
resources are available and production of nuclear power lags behind the perfect
foresight case, a stronger reliance on coal emerges.

Both of the scenarios have coal consumption remaining approximately constant until
2050 after which it starts to quickly increase, partially due to the limitatmmseening

other available, low cost, fossil options. However, due to the lack of other developed
options, the limited foresight case has to rely on coal much more than the perfect
foresight case; by the end of the century the annual coal consumption is more than 50%
above the perfect foresight case. This, in turn, leads to increased emissions, shown in
carbon equivalent units for all greenhouse gases in paneliQuefs. Limited

foresight leads to some 20% higher carbon equivalent emissions in 2100 and the
difference for CQemissions is even larger, over 25%.
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Figure6: Global coal consumption (a) and the total carbon equivalent greenhouse gas
emissions (b).
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On the side of the energy carriers used at theusedevel, the differences may

sometimes be fairly subtle, but on the other hand also more descriptive otttis, eff

once results are studied in more detail. For example, the final use of #gledtés not

differ much between the scenarios. However, there are clear differences in how the
electricity has been produced and some of these differences do spill over to other sectors
as well. Figure 7 presents snapshots of the electricity production in 2050 and 2100.
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Figure7: Global electricity production in 2050 (a) and 2100 (b).

In the midterm the biggest difference is that the limitedeBdght scenario uses more

gas for electricity production, whereas the perfect foresight scenario has more nuclear.
In the long term the availability of low cost natural gas limits its use for electricity
production and therefore also coal and biomass besetficity production is larger in

the case with limited foresight. This, in turn, has an effect for the transptut, selcere

the depletion of cheap oil resources forces to introduce alternative solutions.

@ Limited foresight, 2050 (b) Limited foresight, 2100

Other
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Methanol
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Figure8: Fuels n the transport sector in 2050 and 2100 (for reference, the share of oil in
2000 is above 95 %).
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In both perfect and limited foresight cases, the replacement for oil in thpdrassctor

Is alcohol. However, there are also clear differences betwedwahszenarios. For
example, although both scenarios introduce fossil fuel based methanol and biomass
based ethanol, by the end of the century methanol, which by then is produced mainly
from coal, is the dominating one in the limited foresight case aath@tim the perfect
foresight one. This is, among other things, due to the higher consumption of biomass in
the power sector in the limited foresight case, which leaves less affordable bioenergy
resources for the transport sector. Furthermore, in thecpéofesight case ethanol
replaces more of the oil already in mid term; it has in 2050 a market shaté ah 2%
perfect foresight case and &4Share in the limited foresight case. To cover the
difference, the limited foresight case does not develppneethanol production more
aggressively, but uses oil instead.

The dynamics described above show how short term planning may lead to a lock in, or a
lock out, of certain technologies, or at least considerably change the balance of such
technologies. In the example presented above, ethanol is the most important fuel for the
long term, if perfect foresight is applied. In the limited foresight case, while still
important, the possibility of an even larger share of ethanol is locked out, due to the
decisiongnade until the mid term in this sector (i.e. stronger reliance on oil) as well as
other sectors (e.g. lower penetration of nuclear in part leads to extended use of
bioenergy for electricity, leaving less for transport). In this casdattkeof foresight
concerning the need to develop alternative options more aggressively |eadduiiioa

that is, by the end of the century, although fairly similar on a macro level, also clearly
different from the perfect foresight solution for some important sectors ardiois.

Costs and prices

In a linear optimization decision framework, the perfect foresight casieflmyjtion,

leads to the lowest total costs, while simultaneously taking into account all the other
constraints. When limited foresight is included, the model will not take into account the
future far beyond its decision horizon and will therefore concentrate on minimizing the
costs for the few “visible” decades alone. The more limitations there are for the future
states and the more these limitatioeguire early actions, the more costly this lack of
foresight becomes. Discounting, however, has a mitigating effect on teeedifes,
especially if no additional constraints effecting also long term are set (e.g. climate
targets). Figure 9 shows how irsgment patterns change across the two cases.

In addition to confirming the previously demonstrated results concerning the long term
fossil heavy structure of the limited foresight solution, figure 9 also points out the
difference concerning the timing tife investments made. With perfect foresight,
decisions are not based only on the current needs, and therefore a need ftivalterna
solutions for later decades can be identified and early investments can bel daecte
such upcoming technologies. Thisdis to slightly higher short and mid term total
energy investments (3 — 4%), but the long term investments are respectively lowe
Fossil fuel related investments are higher in the limited foresight case; the cumulative
difference throughout the centuryabnost 1%6. This again emphasizes, how in the
limited foresight case the decisions based on a short term view alone, can l&akio a
in, or a lock-out, which may increase the costs in the long term.
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In addition to total cost numbers, another indicator be used to reflect the economic
consequences of the limited foresight. Marginal costs, represented by the ghiadew
of the energy carriers, give an indication of how the market prices of fudts ngig
affected by the changed decision horizon.

70

2050 to 2100

60 1 @ Other energy investments

M Fossil related investments
50 A

40 A

30 A

Trillion $US(90)

2020 to 2050
20 A

2000 to 2020

Limted  Perfect Limted  Perfect Limted  Perfect
foresight foresight foresight foresight foresight foresight

Figure 9: Cumulative global fossil and other energy investments in the short, mid and
long term.

By 2050 the higher demand of oil in the limited foresight case leads to crude @d pric
that are around 40 $US(90)/bafrahd some 5 £0% above the perfect foresight case,
depending on the regitinFor other energy carriers, however, the results are much more
mixed for 2050; for the three regions, chosen here to represent the results of the
industrialized world (Western Europe) and the developing world &iaran Africa

and Centrally planned Asia), the prices of other fuels in 2050 might be higher or lower
than in the perfect foresight case and there is no clear trend across the regions
concerning which fuels might have their prices increased or decreased. This is all,
however, changed by 2100. In 2100 and in the limited foresight case, the oil pgices a
around 120 $US(90)/barrel for most regions, while in the perfect foresight case a
representative price is around 25% lower, some 90 $US(90)/barrel. Furthermore, for th
three regions studied in detail, prices of all energy carriers are in 2100 tiighghose

of the perfect foresight scenario, the fuel and region deperaieye of increase being

from 10% to over 50%.

The brief lookinto the results presented in this section has illustrated some of the
characteristics that can be expected from such a setup and which can also be identified
in real life decision making; postponement of investments in new technologies, stronger
relianceon conventional energy sources and the slowly increasing difficulties in

" This price reflects only the extraction and dsition costs of the fuel that are represented in the model
and does not therefore take into account many of the drivers that affeittul Iprices of today.

8 The differences are mainly due to trade inefficiencies and restrictions assuthedormuation of the
model.
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providing the required energy demand economically. The decision time frameused i
this example for the limited foresight approach way@éxs with a possibility to
reconsider the a#sions made for two further time periods. Although it can be expected
that the general trends of the results presented here would be visible also if other
definition for the foresight was used, the exact quantitative impacts would mbgt like
differ.

Conclusion and outlook

In this paper, we develop and demonstrate a limited foresight version of the MESSAG
model. This new model allows the study of how decision making time frames and
incomplete information may effect energy transitions. We furthermooemafate parts

of the model in order to allow a more flexible description for the introduction and
decline of technologies. This new formulation, based on sequential decision making,
permits us to describe the situation of a decision maker more realistizidtigut

complete information and with the emphasis on the less uncertain near future.

In order to describe some of the effects a shorter decision horizon may have, we
develop, based on previous work, two scenarios; one using the standard perfect
foresigh setup and another that assumes a moving, 30-year decision window and
sequential decision making. We discover that the altered model does demoretiate m
of the possible pitfalls that may face the decision maker, who bases the demiyons

on the needs of today; investments in new technologies are postponed and misdirected
and the early savings in investments lead to higher investment needs in the future. Due
to the heavy reliance of the limited foresight case on fossil fuels, it can be speculated
thatthese cost effects would be even stronger in a climate constrained world, unles
appropriate policies are implemented to offset the lack of foresight. An imigrespic

for future work might therefore be, for example, to study how climate mitigation
dedsions done for the next few decades might effect the options available for further
mitigation later and what kind of final climate targets are being excluded, if actions are
not taken early enough. On the methodological front, a potentially fruitful direction
might be to combine the limited foresight version developed here with a stochastic
setup. Such a model would allow not only to describe limitations on the extent of
foresight, but also on the quality of it.
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