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Abstract

Understanding the impact of climate change on renewable energy re-
sources is increasingly vital as our energy systems transition towards higher
levels of renewable generation. This paper explores power system transition
under climate change impacts on hydro resources, as well as the impact of
climate change on the cost of decarbonisation. We use an integrated energy
systems assessment tool to investigate the impact of altered seasonal avail-
ability factors on the optimal energy investment pathways. We assess the
cost of decarbonisation under climate change impact on the hydro resources,
as well as the impact of discount rate assumptions on total cost of decarboni-
sation. We find that in the case of New Zealand, more hydro will be available
in winter due to climate change, but less in summer, which is compensated
for with increased solar capacity. We also find that decarbonisation in New
Zealand sees a major transformation in the transport sector, supported by a
relatively moderate increase in overall demand in the electricity sector. While
climate change impact on the hydro resource may reduce the total cost of
decarbonisation in New Zealand, the choice of discount rate has a significant
impact on the cost of climate change mitigation.
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1. Introduction

Hydro power has several technical benefits in an electricity system; it
can provide low-cost baseload power, it can ramp up quickly to respond to
variable renewables on the grid, such as solar and wind, and, in the case of
dammed hydro, it can be used to store energy for later use [1]. However,
hydrological flows are often seasonal, and climate change is likely to further
have an impact on the natural variability of hydro. In fact, the impact
of climate change on renewable energy sources and thereby on the energy
system has been studied extensively over the past decade, in particular for
hydro [2–13], wind [12, 14–22], solar [12, 23–26], biomass [27], and even
waves [28, 29]. This poses additional challenges for system planners and
government agencies, particularly when increased deployment of renewables
is part of their energy system decarbonisation plan [30–35].

Decarbonisation of energy has also been studied extensively both at coun-
try [36–41], regional [42–46], and global [47–49] levels. Studies find that
electrification of demand sectors, together with transitioning to a low car-
bon power sector, are key enablers to deep decarbonisation of the energy
sector [43, 46, 47, 50, 51]. However, few studies have gone further to investi-
gate the impact of climate change on the cost of mitigating climate change,
or, decarbonising the energy sector, through bottom-up modelling – the key
contribution of this paper.

New Zealand’s electricity system typically has a 55% to 60% annual con-
tribution from hydro, varying by annual rainfall and snowmelt patterns [52].
These patterns are susceptible to climate change, which in turn will impact
the annual and seasonal availability of hydro power, and thereby have an
impact on the operation of the electricity system. The key question here
is: How will these changes in hydrological patterns impact long-term energy
system planning, both from a cost and energy supply perspective?

To classify the stringency of different global warming mitigation scenar-
ios, the concept of Representative Concentration Pathways (RCPs) was in-
troduced to climate change research. These RCPs include a stringent miti-
gation scenario (RCP2.6), two intermediate scenarios (RCP4.5 and RCP6.0)
and one scenario with very high GHG emissions (RCP8.5). According to
the 5th Assessment Report of the IPPC (2014) [53], the increase in green-
house gases (GHG) emissions under current policies would lead to a future
somewhere between the RCP6.0 and the RCP8.5 scenarios. In this paper,
therefore, we investigate the RCP8.5 scenario’s impact on New Zealand’s hy-
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dro generation, including a sensitivity analysis on seasonal hydro availability,
using an integrated energy systems modelling tool.

The model is based on the TIMES (The Integrated Markal-EFOM Sys-
tem) platform, which provides a technology rich, bottom-up model using
linear-programming to produce a least-cost energy system, optimised under
a number of user constraints, over a long-term time horizon[54]. The TIMES
model developed for New Zealand, TIMES-NZ, includes a characterisation of
the main energy demand sectors of the economy: residential, services, indus-
try, agriculture and transport. The supply side is characterised in terms of
energy resources and transformation technologies, including techno-economic
data for all processes involved.

This tool goes beyond existing energy and climate change tools currently
used in New Zealand as it covers the entire energy system, rather than fo-
cusing on one particular subsector of the system, for example, the electricity
sector [55]. This is crucial for modelling decarbonisation of the energy sector,
as transitions are bound to occur across sectors, with indirect impacts within
the entire energy sector.

This paper presents a study on how the impact of climate change on
hydro resources may affect optimal long-term energy systems planning and
the cost of decarbonisation of the energy sector. This includes a sensitivity
analysis on the currently most likely climate change scenario and a discussion
on the shifts in optimal technology and fuel choices under increasing climate
change effects. The paper also presents results on the cost of decarbonisation
at increasingly stringent emissions reduction targets, and shows how the
marginal cost of decarbonisation increases as more expensive technological
shifts take place as the target is increased.

2. Model description

The model used in this study is an integrated energy systems assess-
ment model recently developed for New Zealand using the TIMES modelling
framework [54]. TIMES is part of a family of MARKAL-TIMES optimization
energy models developed by ETSAP (Energy Technology Systems Analysis
Program) from the International Energy Agency, which are widely used for
the analysis of climate and energy scenarios and policies. It can be used to
characterise the energy resources and transformation technologies in detail.
The energy system thus includes primary energy forms, secondary energy
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forms and energy services. Transformation technologies include power gener-
ation technologies, fuel refining and alternative fuel production technologies
(such as hydrogen or biofuels) and demand side technologies such as heat
pumps, boilers or different types of vehicles.

The model computes a partial equilibrium; i.e. it computes the flows and
prices of all energy carriers for each time period and in each part of the energy
system. More information about the TIMES model, including all equations,
can be found in the documentation [54, 56, 57]. Hence, it covers the economy-
wide energy demands, but, being an energy systems model, includes only
energy related GHG emissions. In summary, the model minimises the net
present value (NPV), i.e. total discounted cost of the energy system over the
entire modelling period. The NPV is given by Equation 1.

NPV =
R∑

r=1

∑
t∈Y EARS

(1 + dr,t)
REFyr · ANNCOSTr,t (1)

where NPV is the net present value of total costs; d is the discount rate;
r is the region (r1 = North Island, r2 = South Island), t is the year, while
Y EARS is the set of years included in the model; REFyr is the reference
year to which all costs are discounted to (REFyr = 2018); and ANNCOST
is the total net annual cost per region, which includes investment, decom-
missioning, fixed and variable operation and maintenance, and carbon costs
(where applicable), costs of fuel imports, revenues from fuel exports and
salvage value of investments at the end of the time horizon.

The time-horizon goes from 2018 to 2060, with 2018 and 2019 used as
reference years for calibration and results calculated for one average year in
five year time periods thereafter starting in 2020. Each year is modelled in
24 time-slices that represent three periods of an average day (day, night and
peak hours), weekdays and weekend days, and four seasons: Summer, Fall,
Winter, and Spring (e.g. winter weekday peak, or summer weekend night).

In New Zealand over 50% of primary energy comes from oil and gas (33%
and 21% respectively in 2019). Geothermal accounts for 22%, hydro for 10%,
other renewables for 8% and coal for 7% (2019) [52]. The electricity mix is
hydro-dominated, with a 15-year average (2005-2019) of 56% of annual supply
coming from hydro, 18% from natural gas, 14% from geothermal (capacity
growth has increased this to 17-18% over the last 5 years, while decreasing
natural gas to 12-15% over the same period), 6% from coal, 4% from wind
and less than 1% from wood, biogas, solar, and waste heat.
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In this model the existing energy resources and conversion technologies
are based on public data released annually by the Ministry of Business, Em-
ployment and Innovation (MBIE) [52]. This includes existing reserves of
fossil fuels, and installed capacities of hydro (5389 MW), geothermal (957
MW), thermal (2241 MW), wind (689 MW), and solar (117 MW). Also ref-
erence year energy demands per sector are included from this report. New
capacity by source is constrained by techno-economic and regulatory feasi-
bility, as presented in the future generation stack published by the MBIE
[58]. This allows a limited addition of hydro capacity (452 MW), roughly a
doubling of geothermal (1035 MW), essentially leaving the model to choose
from thermal, wind and/or solar capacity expansion.

To characterise the conversion technologies in the demand sectors, the
‘Energy End Use Database’ published by the Energy Efficiency and Con-
servation Authority (EECA) was used [59]. This provides techno-economic
data of the existing demand side technologies (such as different types of boil-
ers, heat-pumps or lighting technologies), giving the model options to choose
from, based on costs, efficiencies and possible constraints. The five demand
sectors (residential, commercial, transport, industrial and agricultural) com-
bined contain 36 end-use energy demand categories (e.g. residential space
heating, or light duty vehicle kilometers), and a total of 25, 27 and 34 end-
use technologies to choose from in the residential, commercial and transport
sectors respectively (e.g. electric heatpump or wood burner to supply space
heating; petrol car or electric vehicle to supply light duty vehicle kilometers).
The industrial sector consists of six subsectors: food processing; wood, pulp,
paper and printing; chemicals, basic metals, methanol production; and other
industrial sectors. These subsectors, as well as the agricultural sector, are
modelled at an aggregated level by fuel demands, with limited allowance for
fuel switching.

All scenarios modelled in this paper adopt the same socio-economic trends.
Future demands for energy services are modelled based on GDP projections
for each sector (commercial, industry, transport and agriculture) provided
by the New Zealand Institute for Economic Research [60]. The residential
sector’s energy service demand growth is assumed to be driven by population
growth projections per region from Statistics New Zealand were used [61].
No demand elasticities were used in this model, however, the total delivered
energy may decrease through more energy efficient technologies.
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3. Methodology

In this paper we investigate the impact of climate change on seasonal
availability of the hydro resources, and thereby on the optimal long-term
investments and dynamics of the electricity mix. We also investigate the
impact of climate change on the cost of emissions reductions in the energy
sector. Our research provides the following two key contributions:

1. Climate change impact on hydro resources: a sensitivity analysis of
RCP8.5 in 2035 for New Zealand.

2. Climate change impact on cost of decarbonisation: a study of CO2

emissions reduction targets in the energy sector.

3.1. Climate change impact on hydro resources

New Zealand consists of two main islands, the North Island and the South
Island, each with specific seasonal hydrological characteristics. An availabil-
ity factor (AF) gives the average generation level of a power generator. For
example, an AF of 0.5 indicates that a generator generated the equivalent of
running at full capacity for half the time.

For our first contribution, to calculate the impact of the RCP8.5 climate
change scenario on the seasonal availability factors for hydro generation for
the two main islands, we use the results from modelling work on hydro gen-
eration availability [62, 63] based on a climate change impact assessment on
New Zealand’s water resources conducted by the National Institute of Water
and Atmospheric Research (NIWA) [64].

Figure 1 gives the relative change in seasonal availability factors of hydro
generation on the North Island and South Island under the RCP8.5 scenario
in 2035, relative to the baseline scenario, where no impact of climate change
is considered. Thus, to apply this climate change scenario, the historical
seasonal availability factors are increased or decreased by the corresponding
factors. The results for the RCP8.5 scenario from Moniotte [62] show a 12 to
17 percent increase in hydro availability in winter, when electricity demand is
highest, and a 5 percent increase and an approximately 12 percent decrease
in the North Island and South Island, respectively, in summer.

We then run sensitivity scenarios on hydro availability under the RCP8.5
climate scenario for 2035. We incrementally apply the impact of climate
change to the historical seasonal hydro availability factors by multiplying
the climate change impact factor by a factor ranging from 0.1 (a slight cli-
mate change impact) to 1.5 (a 50% higher factor than the RCP8.5 scenario
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Figure 1: Relative change in seasonal availability factors of hydro generation on the North
Island (NI) and South Island (SI) of New Zealand for the RCP 8.5 scenario for 2035.

indicates), at increments of 0.1. The factor 1.0 corresponds to the scenario
shown in Figure 1, i.e. the expected result of the RCP8.5 climate change
scenario.

Table 1 gives a key to scenario names for the sensitivity analysis. The
factor x (ranging from 0.1 to 1.5) following the RCP scenario gives the scal-
ing factor used to multiply the RCP 8.5 2035 availability factors to give a
range of potential availability factors under climate change in 2035. All avail-
ability factors are interpolated between the historical values calculated for
2015 and the climate change impacted values in 2035. After inspecting all
scenario results in detail, due to the large number of scenarios, only a subset
is presented in figures for a more clear representation. This does not affect
the overall conclusions.

3.2. Cost of decarbonisation

For our second contribution, we explore the impact of climate change
on the cost of energy sector decarbonisation, in the case of a hydro-based
electricity system. In line with the government’s target to achieve net zero
carbon emissions by 2050, we impose an increasingly stringent energy sector
wide carbon cap, as a percentage reduction in annual emissions from 1990
levels. The scenarios investigated are given in Table 2.

While all the above scenarios were investigated, some results are presented
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Table 1: Sensitivity analysis scenario names and descriptions.
Scenario name Description

RCP8.5 0.1 RCP8.5 scenario, seasonal AFs scaled by factor 0.1
...
RCP8.5 x RCP8.5 scenario, seasonal AFs scaled by factor x
...
RCP8.5 1.5 RCP8.5 scenario, seasonal AFs scaled by factor 1.5

Table 2: Decarbonisation scenarios.

Scenario name Description

CO2Cap -0% No reduction target, but also not permitted to increase emissions
CO2Cap -50% 50% emissions reduction
CO2Cap -55% 55% emissions reduction
CO2Cap -60% 60% emissions reduction
CO2Cap -65% 65% emissions reduction
CO2Cap -70% 70% emissions reduction
CO2Cap -75% 75% emissions reduction
CO2Cap -80% 80% emissions reduction
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only for a subset of these scenarios, simply for the sake of visual clarity in
graphs.

4. Results and discussion

The results are presented first for the climate change sensitivity analysis,
followed by the cost of decarbonisation scenarios.

4.1. Climate change impact on hydro resource: Sensitivity analysis

This section presents the first key contribution. We first explore the
results in regard to the impact of climate change on optimal generation ca-
pacity investment and resulting generation mix. Figure 2 shows the installed
capacity trends for the climate sensitivity scenarios for the main sources of
electricity generation. Omitted sources are either invariable between scenar-
ios (e.g. geothermal), negligible in scale (e.g. oil), or are phased out equally
in all scenarios (e.g. biomass).

The main impact from the RCP sensitivity is in the installed capacities
of solar and wind power. The more severe the climate change impact, the
more the system relies on solar. This is due to the seasonal impact of climate
change on the hydro resource in New Zealand; hydro becomes more available
in winter, when the solar resource is at its minimum, and less available in
summer – particularly in the South Island region, which holds the majority of
installed hydro capacity – when the solar resource is at its maximum. Hence
solar is balancing the increased seasonal deviation of the hydro resource.

The opposite is true for wind. An increased climate change effect results
in a lower installed capacity of wind power. This indicates a trade-off between
resource availability and costs. In a scenario without climate change effects,
wind would be the preferred technology. However, due to the better seasonal
fit of solar with increased climate change effects, solar becomes the preferred
technology as the effects of climate change on the hydro resource become
more severe in magnitude.

A certain amount of natural gas is kept in the energy system to balance
the variability of renewables.

Figure 3 gives the seasonal generation mix by source for the RCP8.5 sen-
sitivity scenarios. The impact on the hydro resource (based on Figure 1),
particularly in the South Island region, is very clear, with increased genera-
tion in winter, and decreased generation in summer, as the climate scenar-
ios become more severe. Note, the installed capacity of hydro remains the
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Figure 2: Installed capacity by source and region (North Island (NI) and South Island
(SI)), given per climate change sensitivity scenario.

same in all scenarios. One can also observe the increased solar generation in
summer in the North Island, roughly corresponding to the decreased hydro
generation in the South Island.

4.2. Decarbonisation through emission reduction targets

This section presents the second contribution. This covers the emissions
reduction scenarios, going from ‘CO2Cap -0%’ (no reduction required, but
no increase permitted either) to ‘CO2Cap -80%’ (80% reduction in annual
emissions from the reference year 1990). Scenarios between 0 and 50% emis-
sions reduction targets are redundant, while targets above 80% are infeasible
with the costs and technology options currently available in the model.

4.2.1. Emissions

Figure 4 shows the emissions reductions to the target year 2050. Note
that even scenario ‘CO2Cap: -0%’, which requires no reduction of emissions
beyond the 1990 reference year emissions level, sees significant emissions
reductions. This is largely due to the transport sector transformation, as
electric vehicles quickly become the most cost-effective solution in terms of
cost per vehicle-kilometer. This is largely due to the transport sector trans-
formation by 2050, as electric vehicles quickly become the most cost-effective
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Figure 3: Generation output by season and source for select RCP 8.5 sensitivity scenarios
in 2035.

solution in terms of cost per vehicle-kilometer, given a fully equipped, large-
scale charging infrastructure network and a clean electricity mix are ready
in place.

Figure 5 shows the per sector emissions reductions for the ‘CO2Cap: 80%’
scenario. The transport sector sees the steepest emissions reductions, where
shifting from petroleum products to electric drive trains occur. Other sectors
experience more moderate emissions reductions, as switching to electricity
occurs.

4.2.2. Fuel switching

Figure 6 shows how the economy-wide total demand for different fuels
over the modelled time horizon shifts as more stringent carbon reduction
targets are set. Results are similar both for the scenarios with no climate
change impact included and scenarios with climate change, hence for visual
clarity only the scenario results with no climate change impact are presented
in these results. The main shifts can be seen in increased electrification and
reduced oil demand. Note that coal is phased out in all scenarios, and hence
there are no significant changes between the scenarios. To investigate these
shifts further, we look at the fuel demands in the demand sectors, and find
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Figure 4: Carbon dioxide emissions from the energy sector under emissions reduction
targets for 2050.

Figure 5: Energy-related carbon dioxide emissions by sector under the 80% emissions
reduction targets for 2050, without climate change impact.
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that the significant shifts occur in the transport and industrial sectors.
Figure 7 shows the demands for the transport sector fuels mostly affected

by the carbon cap targets, for 2018, 2030 and 2050. Petrol is phased out
before 2050 even without a carbon reduction target. The shift as the carbon
target becomes more stringent occurs in the use of diesel and electricity, with
parts of the heavy duty vehicle fleet, namely buses and medium size trucks,
transitioning to electric drive trains.

Figure 8 shows the demands for the industrial fuels mostly affected by
the carbon cap targets, for 2018, 2030 and 2050. There are two drivers for
the shifts here: (1) overall reduction in energy demand as a downward trend
is expected in this sector over the next decades, and (2) a shift from the
use of coal and natural gas to electricity as the carbon target becomes more
stringent, particularly at a target above 70% carbon emissions reduction.
However, we note that industrial sectors are modelled through aggregated
fuel demands, rather than technologies; hence, the opportunity to decar-
bonise comes simply from limited fuel switching, rather than technological
transformation. More detailed modelling of industrial subsectors remains for
future research.

4.2.3. Cost of decarbonisation

The cost of decarbonisation is calculated from the difference in total sys-
tem costs and total emissions reductions between scenarios. Figure 9 gives
the average cost of decarbonisation to reach different emissions reduction
targets (x-axis) at different discount rates. This shows how the cost varies
significantly depending on the choice of discount rate. The dispersed average
cost of decarbonisation subject to different discount rates is evident when
emissions reduction targets are higher, specifically exceeding 140 MtCO2.

For further examination, we select scenarios for a discount rate of 5%, the
discount rate recommended for renewable energy projects by New Zealand
Treasury. Figure 10 gives the average and marginal costs of decarbonisation
per tonne carbon dioxide (tCO2) for different levels of decarbonisation from
1990 emissions levels, and with (RCP8.5) and without (no RCP) the impact
of climate change on the hydro resources. The costs of decarbonisation are
also presented numerically in Table 3. While the average cost increases to
just under 30 NZD/tCO2, over the increasing emissions reduction targets,
the marginal cost increases more steeply to over 85 NZD/tCO2 as the target
increases. The first visible leap in marginal costs, going from 65% to 70%
emissions’ reduction, comes from a shift from diesel to battery-electric drive-
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Figure 6: Shift in total fuel demand as carbon emissions reduction target is increased.
The results are very similar with and without the climate change impact (RCP8.5). ELC
stands for electricity and NGA for natural gas.

Figure 7: Transport sector annual fuel demands for different carbon emission reduction
targets over time.
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Figure 8: Industry sector annual fuel demands for different carbon emission reduction
targets over time.

trains in buses and medium sized trucks. The second visible leap, going from
75% to 80%, comes from a shift from biomass to electricity in the industrial
sector. Due to the fuel-based modelling of the industrial sector, we recognise
that the step from 75% to 80% may be under-estimated, as the capital costs
permitting those fuel switches are not included. However, we note that decar-
bonisation at this level is becoming increasingly costly as we have exhausted
the most cost-effective options, and the need for more detailed modelling of
technological solutions to take us beyond the 80% target becomes evident.

5. Discussion and conclusions

Climate change will not only have a direct impact on renewable energy
resources, but these changes will in turn also have an impact on the optimal
decarbonisation strategies. This paper explored the impact of climate change
on the hydro resource in a hydro based energy system. In this case seasonal
variability is amplified, leading to an increase in hydro availability in winter,
when demand is high, and a decrease in hydro availability in summer, when
demand is relatively low. The increase in winter leads to a decrease on fossil
fuel reliance in winter, while the decreased availability in summer leads to
an increase in solar capacity. We also observed a shift from wind generation
capacity to solar capacity as the impact of climate change increased.
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Figure 9: Cost of decarbonisation at different levels of emission targets and discount rates
(d): d=0.05%, d=2.5%, d=5% and d=7.5%. No climate change impact has been included
in these scenarios.

Figure 10: Average and marginal cost of decarbonisation with and without a RCP8.5
climate change impact on the hydro resource, at different levels of decarbonisation from
1990 emissions level.
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Table 3: Average and marginal cost of decarbonisation (NZD/tCO2).

Average Average Marginal Marginal
no RCP RCP8.5 no RCP RCP8.5

50% 1.46 0.31 1.46 0.31
55% 3.36 1.10 6.51 2.40
60% 5.14 3.42 8.79 8.16
65% 8.64 7.11 15.46 14.28
70% 15.01 13.15 49.05 45.42
75% 21.14 19.49 57.24 56.80
80% 29.45 27.74 87.87 85.75

There is no obvious contradiction between the shift in optimal generation
capacity due to the seasonal climate change impact in the regions of New
Zealand, as we could e.g. expect a decrease in precipitation to imply an
increase in sunny days. However, the impact of climate change on other
renewable resources, would need to be taken into account for further accuracy
in future studies, particularly for resources that are set to play a major role
in the energy system.

In addition, this paper investgated the impact of climate change on the
cost of decarbonisation. This was explored through a range of decarbonisa-
tion scenarios, applied through an increasingly stringent carbon cap on an-
nual emissions in 2050, with a reference year of 1990. The carbon price in the
New Zealand Emissions Trading Scheme climbed to just under 40 NZD/tCO2

in 2020. While the cost of decarbonisation is comparatively low on average,
to reach an 80% emissions reduction target for the energy sector, the price
would need to more than double to approximately 85-90 NZD/tCO2.

The New Zealand government has set a net-zero energy emissions target
by 2050. While our scenarios show feasible reductions all the way to an 80%
reduction from 1990 emissions levels, we acknowledge that both technological
improvements as well as carbon off-setting projects will be needed to reach
the net-zero target. Decarbonising the last 20% of the energy emissions
will require a more detailed study on future technologies; their performance
characteristics as well as cost curves, which will remain a topic for future
research.

It is also important to note that the energy sector typically consists of
long-term, capital intensive investments, particularly on the supply side. This

17

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



means that a transition will in reality take much longer than a model might
imply. To avoid locking in the major part of investments over the short-to-
medium term into an infrastructure choice that is not optimal for the long
run welfare, governments could, for example, consider deploying large-scale
infrastructure through public-private partnerships [65]. Hence, in addition
to a strong carbon price, clear long-term policy is recommended to promote
an effective transition towards a net zero energy future.
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[25] J. C. Pérez, A. González, J. P. Dı́az, F. J. Expósito, J. Felipe, Climate
change impact on future photovoltaic resource potential in an orograph-
ically complex archipelago, the Canary Islands, Renewable Energy 133
(2019) 749–759. doi:10.1016/j.renene.2018.10.077.

21

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://dx.doi.org/10.1016/j.renene.2019.03.086
http://dx.doi.org/10.1016/j.renene.2019.03.086
http://dx.doi.org/10.1016/j.renene.2015.06.005
http://dx.doi.org/10.1016/j.renene.2016.09.003
http://dx.doi.org/10.1007/s00382-005-0072-x
http://dx.doi.org/10.1007/s00382-005-0072-x
http://dx.doi.org/10.1016/j.solener.2015.12.016
http://dx.doi.org/10.1016/j.solener.2015.03.027
http://dx.doi.org/10.1016/j.solener.2015.03.027
http://dx.doi.org/10.1016/j.renene.2018.10.077


[26] M. Wild, D. Folini, F. Henschel, N. Fischer, B. Müller, Projections of
long-term changes in solar radiation based on CMIP5 climate models
and their influence on energy yields of photovoltaic systems, Solar En-
ergy 116 (2015) 12–24. doi:10.1016/j.solener.2015.03.039.

[27] V. Daioglou, J. C. Doelman, B. Wicke, A. Faaij, D. P. van Vuuren,
Integrated assessment of biomass supply and demand in climate change
mitigation scenarios, Global Environmental Change 54 (2019) 88–101.
doi:10.1016/j.gloenvcha.2018.11.012.

[28] J. Sierra, M. Casas-Prat, E. Campins, Impact of climate change on wave
energy resource: The case of Menorca (Spain), Renewable Energy 101
(2017) 275–285. doi:10.1016/j.renene.2016.08.060.

[29] L. Rusu, Evaluation of the near future wave energy resources in the
Black Sea under two climate scenarios, Renewable Energy 142 (2019)
137–146. doi:10.1016/j.renene.2019.04.092.

[30] New Zealand Productivity Commission, Low-emissions economy, Final
report, August 2018.

[31] S. N. Chandramowli, F. A. Felder, Impact of climate change on elec-
tricity systems and markets a review of models and forecasts, Sus-
tainable Energy Technologies and Assessments 5 (2014) 62–74. doi:

10.1016/j.seta.2013.11.003.

[32] D. R. Klein, M. Olonscheck, C. Walther, J. P. Kropp, Susceptibility
of the European electricity sector to climate change, Energy 59 (2013)
183–193. doi:10.1016/j.energy.2013.06.048.

[33] K. J. Chalvatzis, E. Hooper, Energy security vs. climate change: Theo-
retical framework development and experience in selected EU electricity
markets, Renewable and Sustainable Energy Reviews 13 (2009) 2703–
2709. doi:10.1016/j.rser.2009.07.013.

[34] G. Totschnig, R. Hirner, A. Müller, L. Kranzl, M. Hummel, H.-P. Nacht-
nebel, P. Stanzel, I. Schicker, H. Formayer, Climate change impact and
resilience in the electricity sector: The example of Austria and Germany,
Energy Policy 103 (2017) 238–248. doi:10.1016/j.enpol.2017.01.

019.

22

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://dx.doi.org/10.1016/j.solener.2015.03.039
http://dx.doi.org/10.1016/j.gloenvcha.2018.11.012
http://dx.doi.org/10.1016/j.renene.2016.08.060
http://dx.doi.org/10.1016/j.renene.2019.04.092
http://dx.doi.org/10.1016/j.seta.2013.11.003
http://dx.doi.org/10.1016/j.seta.2013.11.003
http://dx.doi.org/10.1016/j.energy.2013.06.048
http://dx.doi.org/10.1016/j.rser.2009.07.013
http://dx.doi.org/10.1016/j.enpol.2017.01.019
http://dx.doi.org/10.1016/j.enpol.2017.01.019


[35] P. E. Carvajala, F. G. Li, R. Soria, J. Cronin, G. Anandarajah, Y. Mu-
lugetta, Large hydropower, decarbonisation and climate change uncer-
tainty: Modelling power sector pathways for Ecuador, Energy Strategy
Reviews 23 (2019) 86–99. doi:10.1016/j.esr.2018.12.008.

[36] F. Amorim, A. Pina, H. Gerbelov, P. P. da Silva, J. Vasconcelos,
V. Martins, Electricity decarbonisation pathways for 2050 in Portugal:
A TIMES (The Integrated MARKAL-EFOM System) based approach
in closed versus open systems modelling, Energy 69 (2014) 104–112.
doi:10.1016/j.energy.2014.01.052.

[37] A. Gambhir, T. A. Napp, C. J. Emmott, G. Anandarajah, India’s CO2
emissions pathways to 2050: Energy system, economic and fossil fuel
impacts with and without carbon permit trading, Energy 77 (2014) 791–
801. doi:10.1016/j.energy.2014.09.055.

[38] P. Fortes, S. G. Simoes, J. P. Gouveia, J. Seixas, Electricity, the sil-
ver bullet for the deep decarbonisation of the energy system? Cost-
effectiveness analysis for Portugal, Applied Energy 237 (2019) 292–303.
doi:10.1016/j.apenergy.2018.12.067.

[39] O. Kiuila, Decarbonisation perspectives for the Polish economy, Energy
Policy 118 (2018) 69–76. doi:10.1016/j.enpol.2018.03.048.

[40] I. Staffell, Measuring the progress and impacts of decarbonising British
electricity, Energy Policy 102 (2017) 463–475. doi:10.1016/j.enpol.

2016.12.037.

[41] M. Vellini, S. Bellocchi, M. Gambini, M. Manno, T. Stilo, Impact and
costs of proposed scenarios for power sector decarbonisation: An Italian
case study, Journal of Cleaner Production 274 (2020) 1–16. doi:10.

1016/j.jclepro.2020.123667.

[42] D. Viesi, L. Crema, M. S. Mahbub, S. Verones, R. Brunelli, P. Bag-
gio, M. Fauri, A. Prada, A. Bello, B. Nodari, S. Silvestri, L. Tomasi,
Integrated and dynamic energy modelling of a regional system: A cost-
optimized approach in the deep decarbonisation of the Province of
Trento (Italy), Energy 209. doi:10.1016/j.energy.2020.118378.

[43] P. Capros, L. Paroussos, P. Fragkos, S. Tsani, B. Boitier, F. Wagne,
S. Busch, G. Resch, M. Blesl, J. Bollen, European decarbonisation

23

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://dx.doi.org/10.1016/j.esr.2018.12.008
http://dx.doi.org/10.1016/j.energy.2014.01.052
http://dx.doi.org/10.1016/j.energy.2014.09.055
http://dx.doi.org/10.1016/j.apenergy.2018.12.067
http://dx.doi.org/10.1016/j.enpol.2018.03.048
http://dx.doi.org/10.1016/j.enpol.2016.12.037
http://dx.doi.org/10.1016/j.enpol.2016.12.037
http://dx.doi.org/10.1016/j.jclepro.2020.123667
http://dx.doi.org/10.1016/j.jclepro.2020.123667
http://dx.doi.org/10.1016/j.energy.2020.118378


pathways under alternative technological and policy choices: A multi-
model analysis, Energy Strategy Reviews 2 (2014) 231–245. doi:

10.1016/j.esr.2013.12.007.
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