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Chapter 8
Energy Scenario Results

Sven Teske, Thomas Pregger, Tobias Naegler, Spnja Simon,
Johannes Pagenkopf, Bent van den Adel, and Ozcan Deniz

Abstract Results for the 5.0 °C, 2.0 °C and 1.5 °C scenarios for ten world regions
in regard to energy-related carbon-dioxide emissions, final-, primary-, transport-
and heating demand and the deployment of various supply technologies to meet the
demand. Furthermore, the electricity demand and generation scenarios are pro-
vided. The key results of a power sector analysis which simulates further electricity
supply with high shares of solar- and wind power in one hour steps is provided. The
ten world regions are divided into eight sub-regions and the expected development
of loads, capacity-factors for various power plant types and storage demands are
provided. This chapter contains more than 100 figures and tables.

This chapter provides a condensed description of the energy scenario results on a
global scale, for each of the ten world regions. The descriptions include a presenta-
tion of the calculated energy demands for all sectors (power and heat/fuels for the
following sectors: industry, residential and other, and transport) and of supply strat-
egies for all the technologies considered, from 2015 to 2050. The results of the
model-based analyses of hourly supply curves and required storage capacities are
also discussed based on key indicators. Graphs, tables, and descriptions are pro-
vided in a standardized way to facilitate comparisons between scenarios and
between regions.
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The following global summary of the regional results is presented in the same
structure as that used for individual regions. Consistent with the regional results,
these tables do not include the demand and supply details for the bunker fuels used
in international aviation and navigation. Section 8.2 outlines a global demand and
supply scenario for renewable bunker fuels in the long term, including estimates of
additional CO, emissions from fossil bunker fuels between 2015 and 2050.

8.1 Global: Long-Term Energy Pathways

8.1.1 Global: Projection of Overall Energy Intensity

Combining the assumptions for the power, heat, and fuel demands for all sectors
produced the overall final energy intensity (per $ GDP) development shown in
Fig. 8.1. Compared with the 5.0 °C case based on the Current Policies Scenario of
the IEA, the alternative scenarios follow more stringent efficiency levels. The 1.5 °C
Scenario represents an even faster implementation of efficiency measures than the
2.0 °C Scenario. The 1.5 °C Scenario involves the decelerated growth of energy
services in all regions, to avoid any further strong increase in fossil fuel use after
2020. The global average intensity drops from 2.4 MIJ/$GDP in 2015 to
1.25 MJ/$GDP in 2050 in the 5.0 °C case compared with 0.65 MJ/$GDP in the
2.0 °C Scenario and 0.59 MJ/$GDP in the 1.5 °C Scenario. The average final energy
consumption decreases from 46.3 GJ/capita in 2015 to 28.4 GJ/capita in 2050 in the
2.0 °C Scenario and to below 26 GJ/capita in the 1.5 °C Scenario. In the 5.0 °C case,
it increases to 55 GJ/capita.
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Fig. 8.1 Global: projection of final energy (per $ GDP) intensity by scenario
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8.1.2 Global: Final Energy Demand by Sector
(Excluding Bunkers)

Combining the assumptions for population growth, GDP growth, and energy inten-
sity produced the future development pathways for the global final energy demand
shown in Fig. 8.2 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the 5.0 °C Scenario,
the total final energy demand will increase by 57% from 342 EJ/year in 2015 to 537
EJ/year in 2050. In the 2.0 °C Scenario, the final energy demand will decrease by
19% compared with the current consumption and reach 278 ElJ/year by 2050,
whereas the final energy demand in the 1.5 °C Scenario will reach 253 EJ, 26%
below the 2015 demand. In the 1.5 °C Scenario, the final energy demand in 2050 is
9% lower than in the 2.0 °C Scenario. The electricity demand for ‘classical’ electri-
cal devices (without power-to-heat or e-mobility) will increase from around
15,900 TWh/year in 2015 to 23,800 TWh/year (2.0 °C) or to 23,300 TWh/year
(1.5 °C) by 2050. Compared with the 5.0 °C case (37,000 TWh/year in 2050), the
efficiency measures in the 2.0 °C and 1.5 °C Scenarios will save 13,200 TWh/year
and 13,700 TWh/year, respectively, by 2050.

Electrification will lead to a significant increase in the electricity demand by
2050. In the 2.0 °C Scenario, the electricity demand for heating will be about
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Fig. 8.2 Global: projection of total final energy demand by sector in the scenarios (without non-
energy use or heat from combined heat and power [CHP] autoproducers)
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12,600 TWh/year due to electric heaters and heat pumps, and in the transport sector
there will be an increase of about 23,400 TWh/year due to increased electric mobil-
ity. The generation of hydrogen (for transport and high-temperature process heat)
and the manufacture of synthetic fuels (mainly for transport) will add an additional
power demand of 18,800 TWh/year The gross power demand will thus rise from
24,300 TWh/year in 2015 to 65,900 TWh/year in 2050 in the 2.0 °C Scenario, 34%
higher than in the 5.0 °C case. In the 1.5 °C Scenario, the gross electricity demand
will increase to a maximum of 65,300 TWh/year in 2050.

The efficiency gains in the heating sector could be even larger than in the
electricity sector. In the 2.0 °C and 1.5 °C Scenarios, a final energy consumption
equivalent to about 85.7 El/year and 95.4 El/year, respectively, is avoided
through efficiency gains by 2050 compared with the 5.0 °C Scenario (Figs. 8.3,
8.4, 8.5, and 8.6).

8.1.3 Global: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power coming from
renewable sources. In the 2.0 °C Scenario, 100% of the electricity produced glob-
ally will come from renewable energy sources by 2050. ‘New’ renewables—mainly
wind, solar, and geothermal energy—will contribute 83% of the total electricity
generation. Renewable electricity’s share of the total production will be 62% by
2030 and 88% by 2040. The installed capacity of renewables will reach about 9500
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Fig. 8.3 Global: development of gross electricity demand by sector in the scenarios



8 Energy Scenario Results 179

160,000
140,000 17 ]
120,000
100,000
5
5 80,000
o
60,000
40,000 e L |
0
[SIENS) [SIENS] 0 o
o iy S ip & ip
N - N - N -
2030 2040 2050
B Rail H Road (PC & LDV) m Road (HDV)
Domestic Navigation Domestic Aviation 0O Efficiency

Fig. 8.4 Global: development of final energy demand for transport by mode in the scenarios
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Fig. 8.5 Global: development of heat demand by sector in the scenarios

GW by 2030 and 25,600 GW by 2050. The share of renewable electricity generation
in 2030 in the 1.5 °C Scenario is assumed to be 73%. The 1.5 °C Scenario indicates
a generation capacity from renewable energy of about 25,700 GW in 2050.

Table 8.1 shows the development of different renewable technologies in the
world over time. Figure 8.7 provides an overview of the global power-generation
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Table 8.1 Global: development of renewable electricity-generation capacity in the scenarios

in GW [§®) 2015 2025 2030 2040 2050
Hydro 5.0 1202 1420 1558 1757 1951
2.0 1202 1386 1416 1473 1525
1.5 1202 1385 1415 1471 1523
Biomass 5.0 112 165 195 235 290
2.0 112 301 436 617 770
1.5 112 350 498 656 798
Wind 5.0 413 880 1069 1395 1790
2.0 413 1582 2901 5809 7851
1.5 413 1912 3673 6645 7753
Geothermal 5.0 14 20 26 41 62
2.0 14 49 125 348 557
1.5 14 53 147 356 525
PV 5.0 225 785 1031 1422 2017
2.0 225 2194 4158 8343 12,306
1.5 225 2829 5133 10,017 12,684
CSp 5.0 4 13 20 39 64
2.0 4 69 361 1346 2062
1.5 4 92 474 1540 1990
Ocean 5.0 0 1 3 9 22
2.0 0 22 82 307 512
1.5 0 22 80 295 450
Total 5.0 1971 3285 3902 4899 6195
2.0 1971 5604 9478 18,243 25,584
1.5 1971 6644 11,420 20,980 25,723
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Fig. 8.7 Global: development of electricity-generation structure in the scenarios

structure. From 2020 onwards, the continuing growth of wind and photovoltaic
(PV), up to 7850 GW and 12,300 GW, respectively, will be complemented by up to
2060 GW of solar thermal generation, and limited biomass, geothermal, and ocean
energy in the 2.0 °C Scenario. Both the 2.0 °C Scenario and 1.5 °C Scenario will
lead to a high proportion of variable power generation (PV, wind, and ocean) of
38% and 46%, respectively, by 2030 and 64% and 65%, respectively, by 2050.

8.1.4 Global: Future Costs of Electricity Generation

Figure 8.8 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated average
electricity generation costs in 2015 (referring to full costs) were around 6 ct/kWh.
In the 5.0 °C case, the generation costs will increase until 2050, when they reach
10.6 ct/kWh. The generation costs will also increase in the 2.0 °C and 1.5 °C
Scenarios until 2030, when they will reach 9 ct/kWh, and then drop to 7 ct/kWh by
2050. In both alternative scenarios, the generation costs will be around 3.5 ct/kWh
lower than in the 5.0 °C Scenario by 2050. Note that these estimates of generation
costs do not take into account integration costs such as power grid expansion, stor-
age, or other load-balancing measures.

In the 5.0 °C case, the growth in demand and increasing fossil fuel prices will
cause the total electricity supply costs to increase from today’s $1560 billion/year to
around $5500 billion/year in 2050. In both alternative scenarios, the total supply
costs will be $5050 billion/year in 2050. Therefore, the long-term costs for electric-
ity supply in both alternative scenarios are about 8% lower than in the 5.0 °C
Scenario as a result of the estimated generation costs and the electrification of
heating and mobility.
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Fig. 8.8 Global: development of total electricity supply costs and specific electricity generation
costs in the scenarios

Compared with these results, the generation costs (without including CO, emis-
sion costs) will increase in the 5.0 °C case to only 7.9 ct/kWh. The generation costs
will increase in the 2.0 °C Scenario until 2030 to 7.7 ct/kWh and to a maximum of
8.1 ct/kWh in the 1.5 °C Scenario. Between 2030 and 2050, the costs will decrease
to 7 ct/kWh. In the 2.0 °C Scenario, the generation costs will be, at maximum,
0.1 ct/kWh higher than in the 5.0 °C Scenario and this will occur in 2040. In the
1.5 °C Scenario, the generation costs will be, at maximum, 0.5 ct/kWh higher than
in the 5.0 °C Scenario, again by around 2040. In 2050, the generation costs in the
alternative scenarios will be 0.8-0.9 ct/kWh lower than in the 5.0 °C case. If the
CO, costs are not considered, the total electricity supply costs in the 5.0 °C case will
rise to about $4150 billion/year in 2050.

8.1.5 Global: Future Investments in the Power Sector

In the 2.0 °C Scenario, around $49,000 billion in investment will be required for
power generation between 2015 and 2050—including for additional power plants to
produce hydrogen and synthetic fuels and for the plant replacement costs at the end
of their economic lifetimes. This value will be equivalent to approximately $1360
billion per year on average, and is $28,600 billion more than in the 5.0 °C case
($20,400 billion). An investment of around $51,000 billion for power generation
will be required between 2015 and 2050 in the 1.5 °C Scenario. On average, this
will be an investment of $1420 billion per year. In the 5.0 °C Scenario, the
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Fig. 8.9 Global: investment shares for power generation in the scenarios

investment in conventional power plants will comprises around 40% of total cumu-
lative investments, whereas approximately 60% will be invested in renewable power
generation and co-generation (Fig. 8.9).

However, in the 2.0 °C (1.5 °C) Scenario, the world will shift almost 94% (95%)
of its total energy investment to renewables and co-generation. By 2030, the fossil
fuel share of the power sector investment will predominantly focus on gas power
plants that can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $26,300 billion in 2050,
equivalent to $730 billion per year. Therefore, the total fuel cost savings in the
2.0 °C Scenario will be equivalent to 90% of the additional energy investments
compared to the 5.0 °C Scenario. The fuel cost savings in the 1.5 °C Scenario will
add up to $28,800 billion, or $800 billion per year.

8.1.6 Global: Energy Supply for Heating

The final energy demand for heating will increase in the 5.0 °C Scenario by 59%, from
151 EJ/year in 2015 to around 240 El/year in 2050. In the 2.0 °C Scenario, energy
efficiency measures will help to reduce the energy demand for heating by 36% in
2050, relative to that in the 5.0 °C Scenario, and by 40% in the 1.5 °C Scenario. Today,
renewables supply around 20% of the global final energy demand for heating. The
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main contribution is from biomass. Renewable energy will provide 42% of the world’s
total heat demand in 2030 in the 2.0 °C Scenario and 56% in the 1.5 °C Scenario. In
both scenarios, renewables will provide 100% of the total heat demand in 2050.
Figure 8.10 shows the development of different technologies for heating world-
wide over time, and Table 8.2 provides the resulting renewable heat supply for all
scenarios. Until 2030, biomass will remain the main contributor. In the long-term,
the growing use of solar, geothermal, and environmental heat will lead to a biomass
share in total heating of 33% in the 2.0 °C Scenario and 30% in the 1.5 °C Scenario.
Heat from renewable hydrogen will further reduce the dependence on fossil fuels
in both scenarios. Hydrogen consumption in 2050 will be around 15,900 PJ/year in
t0 5.0°C)
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Fig. 8.10 Global: development of heat supply by energy carrier in the scenarios

Table 8.2 Global: development of renewable heat supply in the scenarios (excluding the direct
use of electricity)

in PJ/year (°C) 2015 2025 2030 2040 2050
Biomass 5.0 25,470 27,643 28,878 31,568 34,564
2.0 25,470 32,078 35,134 38,187 37,536
15 25,470 33,493 36,927 36,385 30,151
Solar heating 5.0 1246 2091 2754 4353 6220
2.0 1246 6485 12,720 23,329 27,312
15 1246 7656 14,153 21,665 24,725
Geothermal heat 5.0 563 804 925 1293 1823
and heat pumps 2.0 563 4212 8956 21,115 33,123
15 563 4615 10,288 20,031 29,123
Hydrogen 5.0 0 0 0 0 0
2.0 0 193 508 5670 15,877
15 0 180 1769 10,461 17,173
Total 5.0 27,278 30,538 32,557 37,214 42,608
2.0 27,278 42,967 57,318 88,301 113,848
1.5 27,278 45,944 63,137 88,542 101,172
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the 2.0 °C Scenario and 17,200 PJ/year in the 1.5 °C Scenario. The direct use of
electricity for heating will also increase by a factor of 4.2—4.5 between 2015 and
2050 and will have a final share of 26% in 2050 in the 2.0 °C Scenario and 30% in
the 1.5 °C Scenario (Table 8.2).

8.1.7 Global: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies up to 2050
will amount to around $13,230 billion in the 2.0 °C Scenario (including investments
for plant replacement after their economic lifetimes)—approximately $368 billion
per year. The largest share of this investment is assumed to be for heat pumps (around
$5700 billion), followed by solar collectors and geothermal heat use. The 1.5 °C
Scenario assumes an even faster expansion of renewable technologies. However, the
lower heat demand (compared with the 2.0 °C Scenario) will result in a lower aver-
age annual investment of around $344 billion per year (Table 8.3, Fig. 8.11).

8.1.8 Global: Transport

The energy demand in the transport sector will increase in the 5.0 °C Scenario by
50% by 2050, from around 97,200 PJ/year in 2015 to 145,700 PJ/year in 2050. In
the 2.0 °C Scenario, assumed technical, structural, and behavioural changes will
reduce the energy demand by 66% (96,000 PJ/year) by 2050 compared with the
5.0 °C Scenario. Additional modal shifts, technology switches, and a reduction in

Table 8.3 Global: installed capacities for renewable heat generation in the scenarios

in GW (°C) 2015 2025 2030 2040 2050
Biomass 5.0 10,215 10,180 9938 9423 8997
2.0 10,215 10,202 9456 7875 5949
1.5 10,215 10,418 9568 7073 4141
Geothermal 5.0 5 7 7 8 4
2.0 5 85 181 492 656
1.5 5 101 200 433 551
Solar heating 5.0 378 615 781 1175 1652
2.0 378 1685 3198 5722 6575
1.5 378 1993 3555 5286 5964
Heat pumps 5.0 89 126 144 199 270
2.0 89 497 906 1821 2857
1.5 89 514 967 1726 2430
Total® 5.0 10,688 10,928 10,871 10,805 10,923
2.0 10,688 12,469 13,741 15,910 16,036
1.5 10,688 13,026 14,290 14,517 13,086

*Excluding direct electric heating
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Fig. 8.11 Global: development of investment in renewable heat-generation technologies in the
scenarios

the transport demand will lead to even higher energy savings in the 1.5 °C Scenario
of 74% (or 108,000 PJ/year) in 2050 compared with the 5.0 °C case (Table 8.4,
Fig. 8.12).

By 2030, electricity will provide 12% (2700 TWh/year) of the transport sector’s
total energy demand in the 2.0 °C Scenario, whereas in 2050, the share will be 47%
(6500 TWh/year). In 2050, around 8430 PJ/year of hydrogen will be used in the
transport sector, as a complementary renewable option. In the 1.5 °C Scenario, the
annual electricity demand will be about 5200 TWh in 2050. The 1.5 °C Scenario
also assumes a hydrogen demand of 6850 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of around 12,000 PJ/
year Therefore, by around 2030, synthetic fuels based on power-to-liquid will be
introduced, with a maximum amount of 5820 PJ/year in 2050. Because of the lower
overall energy demand by transport, biofuel use will be reduced in the 1.5 °C
Scenario to a maximum of 10,000 PJ/year The maximum synthetic fuel demand
will amount to 6300 PJ/year.
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Table 8.4 Global: projection of transport energy demand by mode in the scenarios
in PJ/year (°C) 2015 2025 2030 2040 2050
Rail 5.0 2705 2708 2814 3024 3199
2.0 2705 2875 3149 3520 3960
1.5 2705 2932 3119 3559 4087
Road 5.0 85,169 94,755 102,556 116,449 127,758
2.0 85,169 79,975 68,660 48,650 40,089
1.5 85,169 67,579 48,949 34,055 28,859
Domestic aviation 5.0 4719 6544 7745 9080 9176
2.0 4719 4732 4239 3291 2640
1.5 4719 4461 3612 2361 1845
Domestic navigation 5.0 2130 2304 2392 2537 2663
2.0 2130 2303 2388 2512 2601
1.5 2130 2301 2383 2506 2601
Total 5.0 94,723 106,310 115,506 131,091 142,796
2.0 94,723 89,886 78,436 57,973 49,290
1.5 94,723 77,274 58,063 42,482 37,392
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Fig. 8.12 Global: final energy consumption by transport in the scenarios

8.1.9 Global: Development of CO, Emissions

0O Efficiency (compared to
5.0°C)

m Hydrogen
m Electricity
m Synfuels
W Biofuels
Natural Gas

m Oil products

In the 5.0 °C Scenario, the annual global energy-related CO, emissions will increase
by 40%, from 31,180 Mt. in 2015 to more than 43,500 Mt. in 2050. The stringent
mitigation measures in both alternative scenarios will cause annual emissions to fall
to 7070 Mt. in 2040 in the 2.0 °C Scenario and to 2650 Mt. in the 1.5 °C Scenario,
with further reductions to almost zero by 2050. In the 5.0 °C Scenario, the cumula-
tive CO, emissions from 2015 until 2050 will add up to 1388 Gt. In contrast, in the
2.0 °C and 1.5 °C Scenarios, the cumulative emissions for the period 2015-2050
will be 587 Gt and 450 Gt, respectively.
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Fig. 8.13 Global: development of CO, emissions by sector and cumulative CO, emissions (since
2015) in the scenarios (‘Savings’ = lower than in the 5.0 °C Scenario)

Thus, the cumulative CO, emissions will decrease by 58% in the 2.0 °C Scenario
and by 68% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid reduction
in annual emissions will occur in both alternative scenarios. In the 2.0 °C Scenario,
the reduction will be greatest in ‘Power generation’, followed by the ‘Residential
and other” and ‘Transport’ sectors (Fig. 8.13).

8.1.10 Global: Primary Energy Consumption

The levels of primary energy consumption based on the assumptions discussed
above in the three scenarios are shown in Fig. 8.14. In the 2.0 °C Scenario, the pri-
mary energy demand will decrease by 21%, from around 556 EJ/year in 2015 to 439
EJ/year in 2050. Compared with the 5.0 °C Scenario, the overall primary energy
demand will decrease by 48% by 2050 in the 2.0 °C Scenario (5.0 °C: 837 EJ in
2050). In the 1.5 °C Scenario, the primary energy demand will be even lower (412
EJ in 2050) due to the lower final energy demand and lower conversion losses.
Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. This
will cause renewable energy to have a primary energy share of 35% in 2030 and
92% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will have a
primary energy share of more than 92% in 2050 (this will includes non-energy con-
sumption, which will still include fossil fuels). Nuclear energy will be phased-out in
both the 2.0 °C and 1.5 °C Scenarios. The cumulative primary energy consumption
of natural gas in the 5.0 °C Scenario will be 5580 EJ, the cumulative coal consump-
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Fig. 8.14 Global: projection of total primary energy demand (PED) by energy carrier in the
scenarios

tion will be about 6360 EJ, and the crude oil consumption will be 6380 EJ. In the
2.0 °C Scenario, the cumulative gas demand will amount to 3140 EJ, the cumulative
coal demand to 2340 EJ, and the cumulative oil demand to 2960 EJ. Even lower fos-
sil fuel use will be achieved in the 1.5 °C Scenario: 2710 EJ for natural gas, 1570 EJ
for coal, and 2230 EJ for oil.

8.2 Global: Bunker Fuels

Bunker fuels for international aviation and navigation are separate categories in the
energy statistics. Their use and related emissions are not usually directly allocated
to the regional energy balances. However, they contribute significantly to global
greenhouse gas (GHG) emissions and pose great challenges regarding their substi-
tution with low-carbon alternatives. In 2015, the annual bunker fuels consumption
was in the order of 16,000 PJ, of which 7400 PJ was for aviation and 8600 PJ for
navigation. Between 2009 and 2015, bunker fuel consumption increased by 13%.
The annual CO, emissions from bunker fuels accounted for 1.3 Gt in 2015, approxi-
mately 4% of global energy-related CO, emissions. In the 5.0 °C Scenario, the
development of the final energy demand for bunker fuels is assumed to be that of the
IEA World Energy Outlook 2017 Current Policies scenario. This will lead to a fur-
ther increase of 120% in the demand for bunker fuels until 2050 compared with that
in the base year, 2015. Because no substitution with ‘green’ fuels is assumed, CO,
emissions will rise by the same order of magnitude.



190 S. Teske et al.

Although the use of hydrogen and electricity in aviation is technically feasible (at
least for regional transport) and synthetic gas use in navigation is an additional option
under discussion, this analysis uses a conservative approach and assumes that bunker
fuels are only replaced by biofuels or synthetic liquid fuels. Figure 8.15 shows the
5.0 °C and two alternative bunker scenarios, which are defined in consistency to the
scenarios for each world region. For the 2.0 °C and 1.5 °C Scenarios, we assume the
limited use of sustainable biomass potentials and the complementary central produc-
tion of power-to-liquid synfuels. In the 2.0 °C Scenario, this production is assumed
to take place in three world regions: Africa, the Middle East, and OECD Pacific
(especially Australia), where synfuel generation for export is expected to be the most
economic. The 1.5 °C Scenario requires even faster decarbonisation, and therefore
follows a more ambitious low-energy pathway. This will lead to a faster build-up of
the power-to-liquid infrastructure in all regions, which in the long term, will also be
used for limited ‘regional’ bunker fuel production to maintain the utilization of the
existing infrastructure. Therefore, the production of bunker fuels is assumed to occur
in more regions, with lower exports from the supply regions mentioned above, in the
2.0 °C Scenario. Another assumption is that, consistent with the regional 1.5 °C
Scenarios, the biomass consumption for energy supply will decrease in the long term,
whereas power-to-liquid will continue to increase as the main option for international
aviation and navigation. Finally, the expansion of the power-to-liquid infrastructure
for the generation of bunker fuel will be closely associated with the assumed devel-
opment of regional synthetic fuel demand and generation for transportation in each
world region. Figure 8.15 also shows the resulting cumulative CO, emissions from
bunker fuel consumption between 2015 and 2050, which amount to around 70 Gt in
the 5.0 °C case, 30 Gt in the 2.0 °C Scenario, and 21 Gt in the 1.5 °C Scenario.
Table 8.5 provides more-detailed data for the three bunker fuel scenarios.
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Fig. 8.15 Global: scenario of bunker fuel demand for aviation and navigation and the resulting
cumulative CO, emissions
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The production of synthetic fuels will cause significant additional electricity
demand and a corresponding expansion of the renewable power generation
capacities. In the case of liquid bunker fuels, these additional renewable power
generation capacities will amount to 1100 GW in the 2.0 °C Scenario and more
than 1200 GW in the 1.5 °C Scenario if a flexible utilization rate of 4000 full-load
hours per year can be achieved. However, such a situation will require high amounts
of electrolyser capacity and hydrogen storage to allow not only flexibility in the
power system, but also high utilization rates of the downstream synthesis processes
(e.g., via Fischer-Tropsch plants). Other options for renewable synthetic fuel pro-
duction are solar thermal chemical processes, which directly use high-temperature
solar heat.

8.3 Global: Utilization of Solar and Wind Potential

The economic potential, under space constraints, of utility solar PV, concentrated
solar power (CSP), and onshore wind was analysed with the methodology described
in Sect. 3.3 of Chap. 3.

The 2.0 °C Scenario utilizes only a fraction of the available economic potential
of the assumed suitable land for utility-scale solar PV and concentrated solar power
plants. This estimate does not include solar PV roof-top systems, which have sig-
nificant additional potential. India (2.0 °C) will have the highest solar utilization
rate of 8.5%, followed by Europe (2.0 °C) and the Middle East (2.0 °C), with 5.9%
and 4.6%, respectively.

Onshore wind potential has been utilized to a larger extent than solar potential.
In the 2.0 °C Scenario, space-constrained India will utilize more than half of onshore
wind, followed by Europe with 20%. This wind potential excludes offshore wind,
which has significant potential but the mapping for the offshore wind potential was
beyond the scope of this analysis (Table 8.6).

The 1.5 °C Scenario is based on the accelerated deployment of all renewables
and the more ambitious implementation of efficiency measures. Therefore, the total
installed capacity of solar and wind generators by 2050 is not necessarily larger than
itis in the 2.0 °C Scenario, and the utilization rate is in the same order of magnitude.
The increased deployment of renewable capacity in OECD Pacific (Australia), the
Middle East, and OECD North America (USA) will be due to the production of
synthetic bunker fuels from hydrogen to supply global transport energy for interna-
tional shipping and aviation.
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8.4 Global: Power Sector Analysis

The long-term global and regional energy results were used to conduct a detailed
power sector analysis with the methodology described in Sect. 3.5 of Chap. 3. Both
the 2.0 °C and 1.5 °C Scenarios rely on high shares of variable solar and wind genera-
tion. The aim of the power sector analysis was to gain insight into the power system
stability for each region (subdivided into up to eight sub-regions) and to gauge the
extent to which power grid interconnections, dispatch generation services, and storage
technologies are required. The results presented in this chapter are projections calcu-
lated from publicly available data. Detailed load curves for some of the sub-regions
and countries discussed in this chapter were not available and, in some cases, the rel-
evant information is classified. Therefore, the outcomes of the [R]E 24/7 model are
estimates and require further research with more detailed localized data, especially
regarding the available power grid infrastructure. Furthermore, power sector projec-
tions for developing countries, especially in Africa and Asia, assume unilateral access
to energy services for the residential sector by 2050, and they require transmission and
distribution grids in regions where there are none at the time of writing. Further
research—in cooperation with local utilities and government representatives—is
required to develop a more detailed understanding of power infrastructure needs.

8.4.1 Global: Development of Power Plant Capacities

The size of the global market for renewable power plants will increase significantly
under the 2.0 °C Scenario. The annual market for solar PV power must increase
from close to 100 GW in 2017 (REN21-GSR 2018) by a factor of 4.5 to an average
of 454 GW by 2030. The onshore wind market must expand to 172 GW by 2025,
about three times higher than in 2017 (REN21-GSR 2018). The offshore wind mar-
ket will continue to increase in importance within the renewable power sector. By
2050, offshore wind installations will increase to 32 GW annually—11 times higher
than in 2017 (GWEC 2018). Concentrated solar power plants will play an important
role in dispatchable solar electricity generation for the supply of bulk power, espe-
cially for industry, and will provide secured capacity to power systems. By 2030,
the annual CSP market must increase to 78 GW, compared with 3 GW in 2020 and
only 0.1 GW in 2017 (REN21-GSR2018) (Table 8.7).

In the 1.5 °C Scenario, the phase-out of coal and lignite power plants is acceler-
ated and a total capacity of 618 GW—equivalent to approximately 515 power sta-
tions'—must end operation by 2025. The replacement power must come from a
variety of renewable power generators, both variable and dispatchable. The annual
market for solar PV must be around 30% higher in 2050 than it was in 2025, as in the
2.0 °C Scenario. While the onshore wind market also has an accelerated trajectory

! Assumption: average size of one coal power plant side contains multiple generation blocks, with
a total of 1200 MW on average for each location.
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Table 8.7 World: average annual change in the installed power plant capacity

Global power generation: average |2015-2025 2026-2035 2036-2050
annual change of installed

capacity [GW/a] 20°C |1.5°C |2.0°C |15°C |20°C |15°C
Hard coal 2 —107 -96 —119 —68 -12
Lignite =25 -34 —-16 -9 -3 -1
Gas 41 70 44 72 -199 -28
Hydrogen-gas 1 17 12 57 240 246
Oil/diesel —-18 -32 -29 -28 -6 -2
Nuclear —15 -27 -23 —24 =7 -10
Biomass 24 40 26 29 25 21
Hydro 19 10 7 7 7 8
Wind (onshore) 121 307 273 333 242 158
Wind (offshore) 16 64 75 91 64 45
PV (roof top) 170 413 368 437 399 324
PV (utility scale) 57 138 123 146 133 108
Geothermal 5 16 22 24 28 23
Solar thermal power plants 9 57 93 109 102 85
Ocean energy 4 10 20 20 28 23
Renewable fuel based 13 31 27 31 25 20
co-generation

under the 1.5 °C Scenario as well, the offshore wind market is assumed to be almost
identical to that in the 2.0 °C pathway because of the longer lead times for these
projects. The same is assumed for CSP plants, which are utility-scale projects and
significantly higher deployment seems unlikely in the time remaining until 2025.

8.4.2 Global: Utilization of Power-Generation Capacities

On a global scale, in the 2.0 °C and 1.5 °C Scenarios, the shares of variable renew-
able power generation will increase from 4% in 2015 to 39% and 47%, respectively,
by 2030, and to 64% and 60%, respectively, by 2050. The reason for the variations
in the two cases is their different assumptions regarding efficiency measures, which
may lead to lower overall demand in the 1.5 °C Scenario than in the 2.0 °C Scenario.
During the same period, dispatchable renewables—CSP plants, biofuel generation,
geothermal energy, and hydropower—will remain around 32% until 2030 on a
global average and decrease slightly to 29% in the 2.0 °C Scenario (and to 27% in
the 1.5 °C Scenario) by 2050. The shares of dispatchable conventional generation—
mainly coal, oil, gas, and nuclear—will decline from a global average of 60% in
2015 to only 14% in 2040. By 2050, the remaining dispatchable conventional gas
power plants will have been converted to operate with hydrogen and synthetic fuels,
to avoid stranded investments and to achieve higher quantities of dispatch power
capacity. Table 8.8 shows the increasing shares of variable renewable power
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Table 8.8 Global: power system shares by technology group

Power
generation
structure in 10
world regions 2.0°C 1.5°C
Variable Dispatch | Dispatch | Variable Dispatch | Dispatch
World renewables |renewables | fossil renewables | renewables | fossil
OECD North | 2015 | 7% 35% 58% 7% 41% 52%
America 2030 | 48% 30% 23% 59% 27% 15%
2050 | 68% 19% 13% 68% 21% 11%
Latin America | 2015 | 3% 63% 34% 3% 62% 35%
2030 | 24% 51% 25% 36% 61% 3%
2050 | 39% 45% 16% 40% 46% 13%
Europe 2015 | 15% 47% 38% 15% 47% 38%
2030 | 44% 44% 12% 51% 39% 10%
2050 | 67% 28% 4% 69% 27% 4%
Middle East | 2015 | 0% 12% 88% 0% 13% 87%
2030 | 51% 19% 31% 56% 18% 27%
2050 | 81% 19% 0% 70% 16% 13%
Africa 2015 2% 26% 73% 2% 17% 81%
2030 | 47% 21% 32% 52% 13% 35%
2050 | 73% 27% 0% 64% 15% 21%
Eurasia 2015 1% 35% 63% 1% 35% 63%
2030 | 36% 43% 21% 40% 46% 14%
2050 | 69% 23% 7% 65% 25% 10%
Non-OECD 2015 1% 35% 64% 1% 35% 64%
Asia 2030 | 26% 35% 39% 36% 34% 30%
2050 | 52% 28% 19% 55% 28% 17%
India 2015 | 4% 32% 64% 4% 32% 64%
2030 | 45% 26% 29% 60% 21% 19%
2050 | 72% 27% 1% 58% 26% 16%
China 2015 | 6% 35% 59% 6% 21% 73%
2030 | 30% 24% 46% 39% 30% 31%
2050 | 49% 47% 5% 49% 42% 9%
OECD Pacific |2015 4% 34% 61% 4% 34% 61%
2030 | 40% 31% 30% 45% 29% 27%
2050 | 71% 26% 2% 64% 22% 14%
Global 2015 | 4% 35% 60% 4% 34% 62%
average 2030 | 39% 32% 29% 47% 32% 21%
2050 | 64% 29% 7% 60% 27% 13%

Note: Variable renewable generation shares in long term energy pathways and power sector analy-
sis differ due to different calculation methods. The power sector analysis results are based on the
sum of up to eight sub-regional simulations, while the long term energy pathway is based on the
regional average generation excluding variations in solar and wind resources within that region
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generation—solar PV and wind power—under the 2.0 °C and 1.5 °C Scenarios over
the entire modelling period. The main difference between the two scenarios is the
time horizon until variable renewable power generation is implemented, with more
rapid implementation in the 1.5 °C Scenario. Again, increased variable shares—
mainly in the USA, the Middle East region, and Australia—will produce synthetic
fuels for the export market, as fuel for both renewable power plants and the trans-
port sector.

Table 8.9 provides an overview of the capacity factor developments by technol-
ogy group for the 2.0 °C and 1.5 °C Scenarios. The operational hours shown are
the result of [R]E 24/7 modelling under the ‘Dispatch case’, which assumes that
the highest priority is given to the dispatch of power from variable sources, fol-
lowed by dispatchable renewables. Conventional power generation will only pro-
vide power for electricity demand that cannot be met by renewables and storage
technologies. Only imports via interconnections will be assigned a lower priority
than conventional power. The reason that interconnections are placed last in the
supply cascade is the high level of uncertainty about whether these interconnec-
tions can actually be implemented in time. Experience with power grid projects—
especially transmission lines—indicates that planning and construction can take
many years or fail entirely, leaving large-scale utility-based renewable power
projects unbuilt.

Table 8.9 Global: capacity factors for variable and dispatchable power generation

Utilization of
variable and
dispatchable
power

generation: 2015 2020 |2020 |2030 |2030 |2040 |2040 |2050 | 2050
World 20°C|15°C|20°C|1.5°C|2.0°C|15°C|20°C|L1.5°C

Capacity [%/yr] | 49.5% |37% |37% 33% |31% |34% 30% |33% 31%
factor — average
Limited [%lyr]| 58.7% |34% |34% 24% |16% |25% |10% |17% |9%
dispatchable:
fossil and
nuclear

Limited [%/yr] 36.9% |45% |45% |42% 36% |58% |31% |39% |34%
dispatchable:
renewable
Dispatchable: [%lyr]| 42.9% | 28% |28% | 19% |15% |33% | 15% |19% | 19%
fossil
Dispatchable: [%lyr]| 43.1% | 56% | 56% |54% |47% |42% 39% |51% 43%
renewable
Variable: [Plyr]| 14.6% | 14% | 14% 28% |26% |28% 26% |29% 27%
renewable
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On the global level, the average capacity factor across all power-generation tech-
nologies is around 45%. For this analysis, we created five different power plant
categories based on their current usual operation times and areas of use:

* Limited dispatchable fossil and nuclear power plants: coal, lignite, and
nuclear power plants with limited ability to respond to changes in demand. These
power plants are historically categorized as ‘baseload power plants’. Power sys-
tems dominated by renewable energy usually contain high proportions of vari-
able generation, and therefore quick reaction times (to ramp up and down) are
required. Limited dispatchable power plants cannot deliver these services and are
therefore being phased-out.

* Limited dispatchable renewable systems are CSP plants with integrated stor-
age and co-generation systems with renewable fuels (including geothermal heat).
They cannot respond quickly enough to adapt to minute-by-minute changes in
demand, but can still be used as dispatch power plants for ‘day ahead’
planning.

» Dispatchable fossil fuel power plants are gas power plants that have very quick
reaction times and therefore provide valid power system services.

* Dispatchable renewable power plants are hydropower plants (although they
are dependent on the climatic conditions in the region where the plant is used),
biogas power plants, and former gas power plants converted to hydrogen and/or
synthetic fuel. This technology group is responsible for most of the required
load-balancing services and is vital for the stability of the power system, as stor-
age systems, interconnections, and, if possible, demand-side management.

e Variable renewables are solar PV plants, onshore and offshore wind farms, and
ocean energy generators. A sub-category of ocean energy plants—tidal energy
plants—is very predictable.

Table 8.9 shows the development of the utilization of limited and fully dispatch-
able power generators—both fossil and renewable fuels—and variable power gen-
eration. In the 2.0 °C Scenario, conventional power generation in the baseload
mode—currently with an annual operation time of around 6000 h per year or
more—will decline sharply after 2030 and the annual operation time will be halved,
whereas medium-load and dispatch power plants will predominate. The system
share of dispatchable renewables will remain around 45%-50% throughout the
entire modelling period.

8.4.3 Global: Development of Load, Generation,
and Residual Load

Table 8.10 shows the development of the maximum and average loads for the 10
world regions, the average and maximum power generation in each region in mega-
watts, and the residual loads under both alternative scenarios. The residual load in
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this analysis is the load remaining after variable renewable power generation.
Negative values indicate that the power generation from solar and wind exceeds the
actual load and must be exported to other regions, stored, or curtailed. In each
region, the average generation should be on the same level as the average load. The
maximum loads and maximum generations shown do not usually occur at the same
time, so surplus production of electricity can appear and this should be exported or
stored as much as possible. In rare individual cases, solar or wind generation plants
can also temporarily reduce their output to a lower load, or some plants can be shut
down. Any reduced generation from solar and wind in response to low demand is
defined as curtailment.

Figure 8.16 illustrates the development of the maximum loads across all 10
world regions under the 2.0 °C and 1.5 °C Scenarios. The most significant increase
appears in Africa, where the maximum load surges over the entire modelling period
by 534% in response to favourable economic development and increased access to
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Fig. 8.16 Development of maximum load in 10 world regions in 2020, 2030, and 2050 in the
2.0 °C and 1.5 °C scenarios
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energy services by households. In OECD Pacific, efficiency measures will lead to a
reduction in the maximum load to 87% of the base year value by 2030 and will
increase to 116% by 2050 with the expansion of electric mobility and the increased
electrification of the process heat supply in the industry sector. The 1.5 °C Scenario
has slightly higher loads in response to the accelerated electrification of the indus-
try, heating, and business sectors, except in three regions (the Middle East, India,
and Non OECD Asia), where early action on efficiency measures will lead to an
overall lower demand at the end of the modelling period, with the same GDP and
population growth rates.

8.4.4 Global System-Relevant Technologies—Storage
and Dispatch

The global results of introducing system-relevant technologies are shown in
Table 8.8. The first part of this section documents the required power plant markets,
the changes and configurations of power-generation systems, and the development
of loads in response to high electrification rates in the industry, heating, and trans-
port sectors. The next step in the analysis documents the storage and dispatch
demands and possible technology utilization. It is important to note that the results
presented here are not cost-optimized. The mixture of battery storage and pumped
hydropower plants with hydrogen- and synthetic-fuel-based dispatch power plants
presented here represents only one option of many.

Significant simplification is required for the computer simulations of large
regions, to reduce the data volumes (and calculation times) or simply because there
is not yet any data, because several regions still have no electricity infrastructure in
place. Detailed modelling requires access to detailed data. Although the modelling
tools used for this analysis could be used to develop significantly more-detailed
regional analyses, this is beyond the scope of this research.

The basic concept for the management of power system generation is based on
four principles:

1. Diversity;

2. Flexibility;

3. Inter-sectorial connectivity;
4. Resource efficiency.

Diversity in the locally deployed renewable power-generation structure. For exam-
ple, a combination of onshore and offshore wind with solar PV and CSP plants will
reduce storage and dispatch demands.

Flexibility involves a significant number of fast-reacting dispatch power plants
operated with fuels produced from renewable electricity (hydrogen and synthetic
fuels). The existing gas infrastructure can be further utilized to avoid stranded
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investments, and the actual fuel production can also be used—with some technical
limitations—for load management, which again will reduce the need for storage
technologies.

Inter-sectorial connectivity involves the connection of the heating (including pro-
cess heat) and transport sectors. Neither the transport sector nor the heating sector
will undergo complete electrification. To supply industrial process heat, the capacity
of co-generation plants—operated with bio-, geothermal, or hydrogen fuels—will
be increased by a factor of 2.5 in the 1.5 °C Scenario. Co-generation heating sys-
tems with heat storage capacities and heat pumps operated with renewable electric-
ity will lead to more flexibility in the management of both load and demand.
However, an analysis of the full potential for these heating systems was not within
the scope of this project, so they have not been included in the modelling. Further
research with localized data is required.

Resource efficiency In addition to energy and GHG modelling, a resource assess-
ment of selected metals has been undertaken (see Chap. 11). A variety of technolo-
gies—especially storage technologies—can be used to reduce the pressure on
resource requirements, namely for cobalt and lithium for batteries and electric
mobility and the silver required for solar technologies. Therefore, the choice of stor-
age technologies has taken the specific requirements for metals into account.

Table 8.11 shows the storage volumes (in GWh per year) required to avoid the
curtailment of variable renewable power generation and the utilization of storage
capacities for batteries and pumped hydro for charging with variable renewable
electricity in the calculated scenarios. The total storage throughput, including the
hydrogen production and the amount of hydrogen-based dispatch power plants, is
also shown.

Pumped hydropower will remain the backbone of the storage concept until 2030,
when batteries start to overtake pumped hydropower by volume. The model does
not distinguish between different battery or pumped hydro technologies. Hydrogen-
based dispatch will remain the largest contributor to systems services after 2030
until the end of the modelling period.

8.4.5 Global: Required Storage Capacities for the Stationary
Power Sector

The world market for storage and dispatch technologies and services will increase
significantly in the 2.0 °C Scenario. The annual market for new hydro pump storage
plants will grow on average by 6 GW per year to a total capacity of 244 GW in
2030. During the same period, the total installed capacity for batteries will grow to
12 GW, requiring an annual market of 1 GW. Between 2030 and 2050, the energy
service sector for storage and storage technologies must accelerate further. The
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battery market must grow by an annual installation rate of 22 GW, and as a result, it
will overtake the global capacity of pumped hydro between 2040 and 2050. The
conversion of the gas infrastructure from natural gas to hydrogen and synthetic fuels
will start slowly between 2020 and 2030, with the conversion of power plants with
an annual capacity of around 2 GW. However, after 2030, the transformation of the
global gas industry to hydrogen will accelerate significantly, with a total of 197 GW
of gas power plants and gas co-generation capacity converted each year. In parallel,
the average capacity factor for gas and hydrogen plants will decrease from 29%
(2578 h/year) in 2030 to 11% (975 h/year) by 2050, turning the gas sector from a
supply-driven to a service-driven industry.

At around 2030, the 1.5 °C Scenario requires more storage throughput than does
the 2.0 °C Scenario, but storage demands for the two scenarios will be equal at the
end of the modelling period. It is assumed that this higher throughput can be man-
aged with equally high installed capacities, leading to annual capacity factors for
battery and hydro pump storage of around 5—-6% by 2050 (Table 8.12).

Table 8.13 shows the average global investment costs for the battery and hydro
pump storage capacities in the 2.0 °C and 1.5 °C Scenarios. Both pathways have
equal storage capacities and cost projections, especially for batteries, but are highly
uncertain in the years beyond 2025. Therefore, the costs are only estimates and
require research.

8.5 OECD North America

8.5.1 OECD North America: Long-Term Energy Pathways
8.5.1.1 OECD North America: Final Energy Demand by Sector

Combining the assumptions for population growth, GDP growth, and energy inten-
sity will result in the development pathways for OECD North America’s final energy
demand shown in Fig. 8.17 under the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. Under
the 5.0 °C Scenario, the total final energy demand will increase by 10% from the
current 70,500 PJ/year to 77,800 PJ/year in 2050. In the 2.0 °C Scenario, the final
energy demand will decrease by 47% compared with current consumption and will
reach 37,300 PJ/year by 2050. The final energy demand in the 1.5 °C Scenario will
reach 33,700 PJ, 52% below the 2015 demand level. In the 1.5 °C Scenario, the final
energy demand in 2050 will be 10% lower than in the 2.0 °C Scenario. The electric-
ity demand for ‘classical’ electrical devices (without power-to-heat or e-mobility)
will decrease from 4230 TWh/year in 2015 to 3340 TWh/year (2.0 °C) or 2950
TWh/year (1.5 °C) by 2050. Compared with the 5.0 °C case (6050 TWh/year in
2050), the efficiency measures in the 2.0 °C and 1.5 °C Scenarios will save a maxi-
mum of 2710 TWh/year and 3100 TWh/year, respectively.

Electrification will lead to a significant increase in the electricity demand by
2050. The 2.0 °C Scenario will require approximately 1400 TWh/year of electricity
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Fig. 8.17 OECD North America: development of final energy demand by sector in the scenarios

for electric heaters and heat pumps, and in the transport sector, it will require
approximately 3300 TWh/year for electric mobility. The generation of hydrogen
(for transport and high-temperature process heat) and the manufacture of synthetic
fuels (mainly for transport) will add an additional power demand of 3000 TWh/year.
Therefore, the gross power demand will rise from 5300 TWh/year in 2015 to 9500
TWh/year in 2050 in the 2.0 °C Scenario, 30% higher than in the 5.0 °C case. In the
1.5 °C Scenario, the gross electricity demand will increase to a maximum of 9400
TWh/year in 2050 for similar reasons.

The efficiency gains in the heating sector will be similar in magnitude to those in
the electricity sector. Under the 2.0 °C and 1.5 °C Scenarios, a final energy con-
sumption equivalent to about 7000 PJ/year and 9400 PJ/year, respectively, will be
avoided by 2050 through efficiency gains compared with the 5.0 °C Scenario.

8.5.1.2 OECD North America: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power from renew-
able sources. In the 2.0 °C Scenario, 100% of the electricity produced in OECD
North America will come from renewable energy sources by 2050. ‘New’ renew-
ables—mainly wind, solar, and geothermal energy—will contribute 85% of the total
electricity generated. Renewable electricity’s share of the total production will be
68% by 2030 and 89% by 2040. The installed capacity of renewables will reach
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about 1880 GW by 2030 and 3810 GW by 2050. In the 1.5 °C Scenario, the share
of renewable electricity generation in 2030 is assumed to be 84%. The 1.5 °C
Scenario projects a generation capacity from renewable energy of about 3920 GW
in 2050.

Table 8.14 shows the development of the installed capacities of different renew-
able technologies in OECD North America over time. Figure 8.18 provides an over-
view of the overall power-generation structure in OECD North America. From 2020
onwards, the continuing growth of wind and PV—to 1090 GW and 2130 GW,
respectively—is complemented by up to 210 GW of solar thermal generation, as
well as limited biomass, geothermal, and ocean energy, in the 2.0 °C Scenario. Both
the 2.0 °C and 1.5 °C Scenarios will lead to a high proportion of variable power
generation (PV, wind, and ocean) of 49% and 59%, respectively, by 2030, and 73%
and 74%, respectively, by 2050.

Table 8.14 OECD North America: development of renewable electricity generation capacity in
the scenarios

in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 194 202 207 216 217
2.0°C 194 199 202 206 206
1.5°C 194 199 202 203 203
Biomass 5.0°C 22 25 27 30 35
2.0°C 22 27 32 42 52
1.5°C 22 35 39 43 45
Wind 5.0°C 87 157 172 197 253
2.0°C 87 323 540 812 1092
1.5°C 87 358 656 924 1059
Geothermal 5.0°C 5 5 6 9 12
2.0°C 5 6 9 23 37
1.5°C 5 5 8 25 37
PV 5.0°C 29 133 162 220 358
2.0°C 29 534 991 1419 2129
1.5°C 29 659 1097 1783 2269
CSP 5.0°C 2 2 3 4 12
2.0°C 2 22 87 168 209
1.5°C 2 39 148 257 236
Ocean 5.0°C 0 0 1 2 4
2.0°C 0 3 15 59 85
1.5°C 0 2 13 52 66
Total 5.0°C 338 523 577 678 891
2.0°C 338 1115 1878 2729 3810
1.5°C 338 1298 2163 3288 3916
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Fig. 8.18 OECD North America: development of electricity-generation structure in the scenarios

8.5.1.3 OECD North America: Future Costs of Electricity Generation

Figure 8.19 shows the development of the electricity-generation and supply costs
over time, including CO, emission costs, in all scenarios. The calculated electricity-
generation costs in 2015 (referring to full costs) were around 4.9 ct/kWh. In the
5.0 °C case, the generation costs will increase until 2050, when they reach 10.1 ct/
kWh. The generation costs in the 2.0 °C Scenario will increase in a similar way until
2030, when they reach 8.3 ct/kWh, and then drop to 6.8 ct/kWh by 2050. In the
1.5 °C Scenario, they will increase to 8.8 ct/kWh and then drop to 7.1 ct/kWh by
2050. In the 2.0 °C Scenario, the generation costs in 2050 are 3.3 ct/kWh lower than
in the 5.0 °C case. In the 1.5 °C Scenario, the generation costs in 2050 are 3.1 ct/
kWh lower than in the 5.0 °C case. Note that these estimates of generation costs do
not take into account integration costs such as power grid expansion, storage, or
other load-balancing measures.

Under the 5.0 °C case, the growth in demand and increasing fossil fuel prices
will result in an increase in total electricity supply costs from today’s $270 billion/
year to more than $760 billion/year in 2050. In both alternative scenarios, the total
supply costs in 2050 will be around $690 billion/year The long-term costs for elec-
tricity supply in 2050 will be 8%—9% lower than in the 5.0 °C Scenario as a result
of the estimated generation costs and the electrification of heating and mobility.

Compared with these results, the generation costs when the CO, emission costs
are not considered will increase in the 5.0 °C case to 7.5 ct/kWh. In the 2.0 °C
Scenario, they will increase until 2030, when they reach 7.3 ct/kWh, and then drop
to 6.8 ct/kWh by 2050. In the 1.5 °C Scenario, they will increase to 8.4 ct/kWh in
2030, and then drop to 7.1 ct/kWh by 2050. In the 2.0 °C Scenario, the generation
costs will be, at maximum, 1 ct/kWh higher than in the 5.0 °C case, and this will
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occur in 2030. In the 1.5 °C Scenario, compared with the 5.0 °C Scenario, the maxi-
mum difference in generation costs will be 2 ct/kWh in 2030. If the CO, costs are
not considered, the total electricity supply costs in the 5.0 °C case will increase to
$570 billion/year in 2050.

8.5.1.4 OECD North America: Future Investments in the Power Sector

An investment of around $7600 billion will be required for power generation
between 2015 and 2050 in the 2.0 °C Scenario—including additional power plants
for the production of hydrogen and synthetic fuels and investments in plant replace-
ment after the end of their economic lifetimes. This value is equivalent to approxi-
mately $211 billion per year on average, which is $4400 billion more than in the
5.0 °C case ($3200 billion). In the 1.5 °C Scenario, an investment of around $8180
billion for power generation will be required between 2015 and 2050. On average,
this is an investment of $227 billion per year. In the 5.0 °C Scenario, the investment
in conventional power plants will be around 48% of the total cumulative invest-
ments, whereas approximately 52% will be invested in renewable power generation
and co-generation (Fig. 8.20). However, under the 2.0 °C (1.5 °C) Scenario, OECD
North America will shift almost 93% (93%) of its entire investment to renewables
and co-generation. By 2030, the fossil fuel share of the power sector investment will
mainly focus on gas power plants that can also be operated with hydrogen.
Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $3240 billion in 2050,
equivalent to $90 billion per year. Therefore, the total fuel cost savings will be
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Fig. 8.20 OECD North America: investment shares for power generation in the scenarios

equivalent to 70% of the total additional investments compared to the 5.0 °C
Scenario. The fuel cost savings in the 1.5 °C Scenario will add up to $3910 billion,
or $109 billion per year.

8.5.1.5 OECD North America: Energy Supply for Heating

The final energy demand for heating will increases in the 5.0 °C Scenario by 32%,
from 19,700 PJ/year in 2015 to 26,000 PJ/year in 2050. Energy efficiency measures
will help to reduce the energy demand for heating by 27% by 2050 in the 2.0 °C
Scenario relative to the 5.0 °C case, and by 36% in the 1.5 °C Scenario. Today,
renewables supply around 11% of OECD North America’s final energy demand for
heating, with the main contribution from biomass. Renewable energy will provide
38% of OECD North America’s total heat demand in 2030 in the 2.0 °C Scenario
and 61% in the 1.5 °C Scenario. In both scenarios, renewables will provide 100% of
the total heat demand in 2050.

Figure 8.21 shows the development of different technologies for heating in
OECD North America over time, and Table 8.15 provides the resulting renewable
heat supply for all scenarios. Until 2030, biomass will remain the main contributor.
The growing use of solar, geothermal, and environmental heat will lead, in the long
term, to a biomass share of 25% under the 2.0 °C Scenario and 19% under the
1.5 °C Scenario. Heat from renewable hydrogen will further reduce the dependence
on fossil fuels under both scenarios. Hydrogen consumption in 2050 will be around
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Table 8.15 OECD North America: development of renewable heat supply in the scenarios
(excluding the direct use of electricity)

in PJ/year Case | 2015 2025 2030 2040 2050
Biomass 5.0°C | 1868 2142 2334|2787 3279
2.0°C | 1868 2758 3019 3493 3686
1.5°C | 1868 2707 3149 3191 2378
Solar heating 5.0°C | 107 210 277 451 695
2.0°C | 107 887 1772 2639 2962
1.5°C | 107 1290 | 2169 2839 3128
Geothermal heat and heat pumps 5.0°C |17 17 18 18 19
2.0°C |17 875 1378 3031 5257
1.5°C |17 1076 | 2185 3463 4152
Hydrogen 50°C |0 0 0 0 0
2.0°C |0 144 276 1014 3045
1.5°C |0 22 677 2100 2666
Total 5.0°C | 1991 2369 2629 3256 3994
2.0°C | 1991 4664 6445 10,176 14,949
1.5°C | 1991 5095 8180 11,592 12,324

3000 PJ/year in the 2.0 °C Scenario and 2700 PJ/year in the 1.5 °C Scenario. The
direct use of electricity for heating will also increase by a factor of 4.6-4.9 between
2015 and 2050 and will have a final energy share of 21% in 2050 in the 2.0 °C
Scenario and 26% in the 1.5 °C Scenario.

8.5.1.6 OECD North America: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies up to 2050
will amount to around $2580 billion in the 2.0 °C Scenario (including investments
for plant replacement after their economic lifetimes) or approximately $72 billion



Table 8.16 OECD North America: installed capacities for renewable heat generation in the
scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 5.0°C 292 315 330 366 411
2.0°C 292 381 387 355 272
1.5°C 292 360 384 334 179
Geothermal 5.0°C 0 0 0 0 0
2.0°C 0 17 30 44 52
1.5°C 0 34 57 82 109
Solar heating 5.0°C 29 58 76 124 191
2.0°C 29 232 466 697 780
1.5°C 29 331 557 728 793
Heat pumps 5.0°C 3 3 3 3 3
2.0°C 3 123 188 393 677
1.5°C 3 143 292 479 568
Total® 5.0°C 324 375 410 494 605
2.0°C 324 752 1071 1489 1781
1.5°C 324 868 1290 1622 1649

*Excluding direct electric heating

5.0°C: 2015-2050

solar
collectors
45%,

heat
pumps
2%

total 417 billion $

biomass

geothermal >
heat use technologies
2.0°C: 2015-2050 1.5°C: 2015-2050
biomass heat pumps biomass
technologies 48% technologies

7% 7%
geothermal
heat use

7%

heat pumps
529, geothermal

heat use

4%

total 2,580 billion $ total 2,800 billion $

solar
collectors
38%

solar
collectors
37%

Fig. 8.22 OECD North America: development of investments in renewable heat generation tech-
nologies in the scenarios
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per year. The largest share of investment in OECD North America is assumed to be
for heat pumps (around $1300 billion), followed by solar collectors and biomass
technologies. The 1.5 °C Scenario assumes an even faster expansion of renewable
technologies, resulting in a lower average annual investment of around $78 billion
per year (Table 8.16, Fig. 8.22).

8.5.1.7 OECD North America: Transport

Energy demand in the transport sector in OECD North America is expected to
decrease by 8% in the 5.0 °C Scenario, from around 31,000 PJ/year in 2015 to
28,600 PJ/year in 2050. In the 2.0 °C Scenario, assumed technical, structural, and
behavioural changes will save 73% (20,970 PJ/year) in 2050 compared with the
5.0 °C case. Additional modal shifts, technology switches, and a reduction in trans-
port demand will lead to even higher energy savings in the 1.5 °C Scenario, of 74%
(or 21,100 PJ/year) in 2050 compared with the 5.0 °C case (Table 8.17, Fig. 8.23).

By 2030, electricity will provide 11% (620 TWh/year) of the transport sector’s
total energy demand in the 2.0 °C Scenario, and in 2050, the share will be 44% (930
TWh/year). In 2050, up to 2090 PJ/year of hydrogen will be used in the transport
sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand will be 1030 TWh in 2050. The 1.5 °C Scenario also assumes a
hydrogen demand of 2020 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of 2540 PJ/year
Therefore, around 2030, synthetic fuels based on power-to-liquid will be intro-
duced, with a maximum amount of 270 PJ/year in 2050. Because the reduction in

Table 8.17 OECD North America: projection of the transport energy demand by mode in the
scenarios

in PJ/year Case 2015 2025 2030 2040 2050
Rail 50°C |674 628 609 570 529
20°C | 674 660 655 523 516
1.5°C |674 743 730 773 806
Road 5.0°C |26,686 25,691 24,838 24,222 23,414
2.0°C |26,686 21,257 15,933 7731 5124
1.5°C |26,686 18,612 11,973 6717 5251
Domestic aviation 5.0°C |2421 2978 3274 3398 3186
2.0°C | 2421 2309 2026 1530 1242
1.5°C |2421 2167 1689 1063 840
Domestic navigation 5.0°C |461 482 493 514 535
20°C |46l 481 489 489 473
1.5°C |461 479 484 483 473
Total 5.0°C 30,241 29,779 29,214 28,704 27,664
2.0°C 30,241 24,707 19,104 10,273 7354
1.5°C |30,241 22,000 14,875 9036 7370
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Fig. 8.23 OECD North America: final energy consumption by transport in the scenarios

fossil fuel for transport will be faster, biofuel use will increase in the 1.5 °C Scenario
to a maximum of 5900 PJ/year. The demand for synthetic fuels will decrease to zero
by 2050 in the 1.5 °C Scenario because of the lower overall energy demand by
transport.

8.5.1.8 OECD North America: Development of CO, Emissions

In the 5.0 °C Scenario, OECD North America’s annual CO, emissions will decrease
by 9% from 6170 Mt. in 2015 to 5612 Mt. in 2050. Stringent mitigation measures
in both the alternative scenarios will lead to reductions in annual emissions to 930
Mt. in 2040 in the 2.0 °C Scenario and to 120 Mt. in the 1.5 °C Scenario, with fur-
ther reductions to almost zero by 2050. In the 5.0 °C case, the cumulative CO, emis-
sions from 2015 until 2050 will add up to 216 Gt. In contrast, in the 2.0 °C and
1.5 °C Scenarios, the cumulative emissions for the period from 2015 until 2050 will
be 99 Gt and 72 Gt, respectively.

Therefore, the cumulative CO, emissions will decrease by 54% in the 2.0 °C
Scenario and by 67% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
decrease in the annual emissions will occur under both alternative scenarios. In the
2.0 °C Scenario, the reduction will be greatest in ‘Power generation’, followed by
the “Transport’ and ‘Residential and other’ sectors (Fig. 8.24).
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8.5.1.9 OECD North America: Primary Energy Consumption

Taking into account the assumptions discussed above, the levels of primary energy
consumption under the three scenarios are shown in Fig. 8.25. In the 2.0 °C Scenario,
the primary energy demand will decrease by 46%, from around 111,600 PJ/year in
2015 to 60,600 PJ/year in 2050. Compared with the 5.0 °C Scenario, the overall
primary energy demand will decrease by 50% by 2050 in the 2.0 °C Scenario
(5.0 °C: 121,000 PJ in 2050). In the 1.5 °C Scenario, the primary energy demand
will be even lower (56,600 PJ in 2050) because the final energy demand and conver-
sion losses will be lower.

Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. As a
result, renewable energy will have a primary energy share of 34% in 2030 and 91%
in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will have a pri-
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carrier in the scenarios (including electricity import balance)

mary share of more than 91% in 2050 (including non-energy consumption, which
will still include fossil fuels). Nuclear energy will be phased-out by 2040 under both
the 2.0 °C and the 1.5 °C Scenarios. The cumulative primary energy consumption
of natural gas in the 5.0 °C case will add up to 1290 EJ, the cumulative coal con-
sumption to about 470 EJ, and the crude oil consumption to 1300 EJ. In contrast, in
the 2.0 °C Scenario, the cumulative gas demand will amount to 730 EJ, the cumula-
tive coal demand to 120 EJ, and the cumulative oil demand to 640 EJ. Even lower
cumulative fossil fuel use will be achieved in the 1.5 °C Scenario: 480 EJ for natural
gas, 80 EJ for coal, and 440 EJ for oil.

8.5.2 Regional Results: Power Sector Analysis

The key results for all 10 world regions and their sub-regions are presented in this
section, with standardized tables to make them comparable for the reader. Regional
differences and particularities are summarized. It is important to note that the elec-
tricity loads for the sub-regions—which are in several cases also countries—are
calculated (see Chap. 3) and are not real measured values. When information was
available, the model results are compared with published peak loads and adapted as
far as possible. However, deviations of 10% or more for the base year are in the
range of the probability. The interconnection capacities between sub-regions are
simplified assumptions based on current practices in liberalized power markets, and
include cross-border trade (e.g., between Canada and the USA) (C2ES 2017) or
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within the European Union (EU). The EU set a target of 10% interconnection capac-
ity between their member states in 2002 (EU-EG 2017). The interconnection capac-
ities for sub-regions that are not geographically connected are set to zero for the
entire modelling period, even when there is current discussion about the implemen-
tation of new interconnections, such as for the ASEAN Power Grid (ASEAN-CE
2018).

8.5.3 OECD North America: Power Sector Analysis

The OECD North America region includes Canada, the USA, and Mexico, and
therefore contains more than one large electricity market. Although the power sec-
tor is liberalized in all three countries, the state of implementation and the market
rules in place vary significantly. Even within the USA, each state has different mar-
ket rules and grid regulations. Therefore, the calculated scenarios assume the prior-
ity dispatch of all renewables and priority grid connections for new renewable
power plants, and a streamlined process for required construction permits. The
power sector analysis for all regions is based on technical, not political,
considerations.

8.5.3.1 OECD North America: Development of Power Plant Capacities

The size of the renewable power market in OECD North America will increase
significantly in the 2.0 °C Scenario. The annual market for solar PV must increase
from 22.76 GW in 2020 by a factor of 5 to an average of 95 GW by 2030. The
onshore wind market must expand to 35 GW by 2025, an increase from around 13
GW 5 years earlier. By 2050, offshore wind generation will increase to 9.7 GW
annually, by a factor of 7 compared with the base year (2015). Concentrated solar
power plants will play an important role in dispatchable solar electricity generation
to supply bulk power, especially for industry and industrial process heat. The annual
market in 2030 will increase to 16 GW, compared with 1.7 GW in 2020. The 1.5 °C
Scenario accelerates both the phase-out of fossil-fuel-based power generation and
the deployment of renewables—mainly solar PV and wind in the first decade—
about 5-7 years faster than the 2.0 °C Scenario (Table 8.18).

8.5.3.2 OECD North America: Utilization of Power-Generation
Capacities

Table 8.19 shows the increasing shares of variable renewable power generation
across all North American regions. Whereas Alaska and Canada are dominated by
variable wind power generation, Mexico and the sunny mid-west of the USA have
significant contributions from CSP. Solar PV is distributed evenly across the entire
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Table 8.18 OECD North America: average annual change in installed power plant capacity

Power generation: average annual change 2015-2025 2026-2035 2036-2050
of installed capacity [GW/a] 2.0°C [15°C|2.0°C [15°C |2.0°C|15°C
Hard coal -7 -16 | -6 -8 —4 0
Lignite —14 -18 |7 0 0 0
Gas 6 9 12 1 -55 |4
Hydrogen-gas 1 10 4 24 55 39
Oil/diesel -5 -7 -3 -4 -1 0
Nuclear —4 -9 -10 -10 0 -1
Biomass 1 2 1 1 1 0
Hydro =5 -3 0 0 0 2
Wind (onshore) 24 48 36 36 24 19
Wind (offshore) 2 19 11 19 10 3
PV (roof top) 39 94 64 68 61 55
PV (utility scale) 13 31 21 23 20 18
Geothermal 0 0 1 1 2 2
Solar thermal power plants 3 18 15 18 6 4
Ocean energy 1 2 4 4 4 3
Renewable fuel based co-generation 1 2 2 2 2 0

region. Onshore and offshore wind penetration is highest in rural areas, whereas
solar roof-top power generation is highest in suburban regions where roof space and
electricity demand from residential buildings correlate best. The south-west of the
USA will have the highest share of variable renewables—mainly solar PV for resid-
ual homes and office buildings, connected to battery systems. There are no struc-
tural differences between the 2.0 °C and 1.5 °C Scenarios, except faster
implementation in the latter. It is assumed that all regions will have an interconnec-
tion capacity of 20% of the regional average load, with which to exchange renew-
able and dispatch electricity to neighbouring regions.

Capacity factors for the five generation types and the resulting average utiliza-
tion are shown in Table 8.20. Compared with the global average, North America
will start with a capacity factor for limited dispatchable generation of about 10%
over the global average. By 2050, the average capacity factor across all power-
generation types will be 29% for both scenarios. A low average capacity factor
requires flexible power plants and a power market framework that incentivizes
them.

8.5.3.3 OECD North America: Development of Load, Generation,
and Residual Load

Table 8.21 shows the development of the maximum load, generation, and resulting
residual load (the load remaining after variable renewable generation). With
increased shares of variable solar PV and wind power, the minimum residual load
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Table 8.20 OECD North America: capacity factors by generation type

Utilization of
variable and
dispatchable
power

generation: 2015 2020 2020 |2030 |[2030 |2040 |2040 |2050 |2050
OECD North
America 20°C|1.5°C|20°C|1.5°C|2.0°C|1.5°C|20°C|1.5°C

Capacity [%/yr]|53.1% |35% |33% (29% |28% |34% 28% |29% 29%
Factor — average
Limited [%lyr]| 68.6% |40% | 10% 28% |2% 20% | 6% 10% | 10%
dispatchable:
fossil and
nuclear

Limited [%lyr]| 459% |46% |57% 37% |39% |59% 36% |36% 35%
dispatchable:
renewable
Dispatchable: [%lyr]|39.7% | 23% |21% | 11% |5% 30% | 8% 12% | 11%
fossil
Dispatchable: [%lyr]| 44.0% | 52% | 68% 49% |52% |47% 44% |49% 45%
renewable
Variable: [%lyr]| 189% | 12% | 12% |25% |26% |34% 27% |28% |28%
renewable

can become negative. If this happens, the surplus generation can either be exported
to other regions, stored, or curtailed. The export of load to other regions requires
transmission lines. If the theoretical utilization rate of transmission cables (= inter-
connection) exceeds 100%, the transport capacity must be increased. We assume
that the entire load need not be exported, and that surplus generation capacities can
be curtailed because interconnections are costly and require a certain level of utili-
zation to make them economically viable. An analysis of the economic viability of
new interconnections and their optimal transmission capacities is beyond the scope
of this research project.

In Alaska in the 2.0 °C Scenario, for example, generation and demand are bal-
anced in 2020 and 2030, but peak generation is substantially higher than demand in
2050. In the 1.5 °C Scenario, a significant level of overproduction is achieved by
2030. In the two scenarios, the surplus peak generation is equally high. These results
have been calculated under the assumption that surplus generation will be stored in
a cascade of batteries and pumped-storage hydroelectricity (PSH) or used to pro-
duce hydrogen and/or synthetic fuels. Therefore, the maximal interconnection
requirements shown in this chapter represent the maximum surplus generation
capacity. To avoid curtailment, these overcapacities have mainly been used for
hydrogen production. Therefore, Alaska could remain an energy exporter but switch
from oil to wind-generated synthetic gas and/or hydrogen.

Table 8.22 provides an overview of the calculated storage and dispatch power
requirements by sub-region. To store or export the entire electricity output during
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each production peak would require significant additional investment. Therefore, it
is assumed that not all surplus solar and wind generation must be stored, and that up
to 5% (in 2030) and 10% (in 2050) of the annual production can be curtailed with-
out significant economic disadvantage. We assume that regions with favourable
wind and solar potentials, and advantages regarding available space, will use their
overcapacities to export electricity via transmission lines and/or to produce syn-
thetic and/or hydrogen fuels.

The southern part of the USA will achieve a significant solar PV share by 2050
and storage demand will be highest in this region. Storage and dispatch demand will
increase in all sub-regions between 2025 and 2035. Before 2025, storage demand
will be zero in all regions.

8.6 Latin America

8.6.1 Latin America: Long-Term Energy Pathways
8.6.1.1 Latin America: Final Energy Demand by Sector

Combining the assumptions on population growth, GDP growth, and energy inten-
sity will produce the future development pathways for Latin America’s final energy
demand shown in Fig. 8.26 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. Under the
5.0 °C Scenario, the total final energy demand will increase by 70% from the cur-
rent 19,200 PJ/year to 32,600 PJ/year in 2050. In the 2.0 °C Scenario, the final
energy demand will decrease by 11% compared with current consumption and will
reach 17,000 PJ/year by 2050. The final energy demand in the 1.5 °C Scenario will
fall to 15,800 PJ in 2050, 18% below the 2015 demand. In the 1.5 °C Scenario, the
final energy demand in 2050 will be 7% lower than in the 2.0 °C Scenario. The
electricity demand for ‘classical’ electrical devices (without power-to-heat or
e-mobility) will increase from 740 TWh/year in 2015 to around 1560 TWh/year in
2050 in both alternative scenarios, around 300 TWh/year lower than in the 5.0 °C
Scenario (1860 TWh/year in 2050).

Electrification will lead to a significant increase in the electricity demand by
2050. In the 2.0 °C Scenario, the electricity demand for heating will be about 600
TWh/year due to electric heaters and heat pumps, and in the transport sector an
increase of approximately 1700 TWh/year will be caused by electric mobility. The
generation of hydrogen (for transport and high-temperature process heat) and the
manufacture of synthetic fuels (mainly for transport) will add an additional power
demand of 600 TWh/year. The gross power demand will thus increase from 1300
TWh/year in 2015 to 3500 TWh/year in 2050 in the 2.0 °C Scenario, 25% higher
than in the 5.0 °C case. In the 1.5 °C Scenario, the gross electricity demand will
increase to a maximum of 3800 TWh/year in 2050.
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Fig. 8.26 Latin America: development of final energy demand by sector in the scenarios

Efficiency gains in the heating sector could be even larger than in the electricity
sector. Under the 2.0 °C and 1.5 °C Scenarios, a final energy consumption equiva-
lent to about 4300 PJ/year will be avoided through efficiency gains in both scenarios
by 2050 compared with the 5.0 °C Scenario.

8.6.1.2 Latin America: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power coming from
renewable sources. By 2050, 100% of the electricity produced in Latin America will
come from renewable energy sources in the 2.0 °C Scenario. ‘New’ renewables—
mainly wind, solar, and geothermal energy—will contribute 63% of the total elec-
tricity generation. Renewable electricity’s share of the total production will be 87%
by 2030 and 96% by 2040. The installed capacity of renewables will reach about
530 GW by 2030 and 1030 GW by 2050. The share of renewable electricity genera-
tion in 2030 in the 1.5 °C Scenario will be 91%. In the 1.5 °C Scenario, the genera-
tion capacity from renewable energy will be approximately 1210 GW in 2050.
Table 8.23 shows the development of different renewable technologies in Latin
America over time. Figure 8.27 provides an overview of the overall power-
generation structure in Latin America. From 2020 onwards, the continuing growth
of wind and PV, up to 230 GW and 410 GW, respectively, will be complemented by
up to 60 GW solar thermal generation, as well as limited biomass, geothermal, and
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Table 8.23 Latin America: development of renewable electricity-generation capacity in the

scenarios
in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 161 200 222 269 302
2.0°C 161 180 180 183 184
1.5°C 161 180 180 183 184
Biomass 5.0°C 18 23 25 29 34
2.0°C 18 43 57 75 89
1.5°C 18 43 61 75 81
Wind 5.0°C 11 31 38 50 66
2.0°C 11 56 95 199 234
1.5°C 11 67 134 272 285
Geothermal 5.0°C 1 1 2 3 4
2.0°C 1 3 5 12 18
1.5°C 1 3 5 12 15
PV 5.0°C 2 14 19 29 42
2.0°C 2 108 175 295 409
1.5°C 2 133 237 529 537
CSP 5.0°C 0 1 1 2 3
2.0°C 0 4 20 51 63
1.5°C 0 4 20 76 78
Ocean 5.0°C 0 0 0 0 4
2.0°C 0 1 2 20 37
1.5°C 0 1 2 20 30
Total 5.0°C 193 270 306 382 456
2.0°C 193 395 534 834 1034
1.5°C 193 432 640 1167 1209
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Fig. 8.27 Latin America: development of electricity-generation structure in the scenarios
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ocean energy, in the 2.0 °C Scenario. Both the 2.0 °C and 1.5 °C Scenarios will lead
to a high proportion of variable power generation (PV, wind, and ocean) of 31% and
39%, respectively, by 2030, and 52% and 57%, respectively, by 2050.

8.6.1.3 Latin America: Future Costs of Electricity Generation

Figure 8.28 shows the development of the electricity-generation and supply costs
over time, including CO, emission costs, under all scenarios. The calculated
electricity-generation costs in 2015 (referring to full costs) were around 4.5 ct/kWh.
In the 5.0 °C case, the generation costs will increase until 2050, when they reach 8.3
ct/kWh. The generation costs in the 2.0 °C Scenario will increase until 2030, when
they reach 7 ct/kWh, and will then drop to 5.9 ct/kWh by 2050. In the 1.5 °C
Scenario, they will increase to 6.7 ct/kWh, and then drop to 5.6 ct/kWh by 2050. In
the 2.0 °C Scenario, the generation costs in 2050 will be 2.4 ct/kWh lower than in
the 5.0 °C case. In the 1.5 °C Scenario, the maximum difference in generation costs
will be 2.6 ct/kWh in 2050. Note that these estimates of generation costs do not take
into account integration costs such as power grid expansion, storage, or other load-
balancing measures.

In the 5.0 °C case, the growth in demand and increasing fossil fuel prices will
result in an increase in total electricity supply costs from today’s $70 billion/year to
more than $240 billion/year in 2050. In the 2.0 °C Scenario, the total supply costs
will be $230 billion/year and in the 1.5 °C Scenario, they will be $240 billion/year
in 2050. The long-term costs for electricity supply will be more than 5% lower in
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Fig. 8.28 Latin America: development of total electricity supply costs and specific electricity-
generation costs in the scenarios
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the 2.0 °C Scenario than in the 5.0 °C Scenario as a result of the estimated genera-
tion costs and the electrification of heating and mobility. Further electrification and
synthetic fuel generation in the 1.5 °C Scenario will result in total power generation
costs that are similar to the 5.0 °C case.

Compared with these results, the generation costs when the CO, emission costs
are not considered will increase in the 5.0 °C case to 7.1 ct/kWh. In the 2.0 °C
Scenario, they will increase until 2030, when they will reach 6.6 ct/kWh, and then
drop to 5.9 ct/kWh by 2050. In the 1.5 °C Scenario, they will increase to 6.5 ct/kWh
and then drop to 5.6 ct/kWh by 2050. In the 2.0 °C Scenario, the generation costs
will be maximum, at 0.25 ct/kWh higher than in the 5.0 °C case, in 2030 (0.1 ct/
kWh in the 1.5 °C Scenario). The generation costs in 2050 will again be lower in the
alternative scenarios than in the 5.0 °C case: 1.2 ct/kWh in the 2.0 °C Scenario and
1.5 ct/kWh in the 1.5 °C Scenario. If CO, costs are not considered, the total electric-
ity supply costs in the 5.0 °C case will increase to about $210 billion/year in 2050.

8.6.1.4 Latin America: Future Investments in the Power Sector

An investment of about $1920 billion will be required for power generation between
2015 and 2050 in the 2.0 °C Scenario, including additional power plants for the
production of hydrogen and synthetic fuels and investments in plant replacement
after the ends of their economic lives. This value is equivalent to approximately $53
billion per year, on average, which is $880 billion more than in the 5.0 °C case
($1040 billion). An investment of around $2190 billion for power generation will be
required between 2015 and 2050 in the 1.5 °C Scenario. On average, this will be an
investment of $61 billion per year. Under the 5.0 °C Scenario, the investment in
conventional power plants will be around 25% of the total cumulative investments,
whereas approximately 75% will be invested in renewable power generation and
co-generation (Fig. 8.29).

However, under the 2.0 °C (1.5 °C) Scenario, Latin America will shift almost
94% (95%) of its entire investment to renewables and co-generation. By 2030, the
fossil fuel share of the power sector investment will predominantly focus on gas
power plants that can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $820 billion in 2050,
equivalent to $23 billion per year. Therefore, the total fuel cost savings will be
equivalent to 90% of the total additional investments compared to the 5.0 °C
Scenario. The fuel cost savings in the 1.5 °C Scenario will add up to $900 billion,
or $25 billion per year.
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Fig. 8.29 Latin America: investment shares for power generation in the scenarios
8.6.1.5 Latin America: Energy Supply for Heating

The final energy demand for heating will increase in the 5.0 °C Scenario by 72%,
from 7800 PJ/year in 2015 to 13,300 PJ/year in 2050. In the 2.0 °C and 1.5 °C
Scenarios, energy efficiency measures will help to reduce the energy demand for heat-
ing by 32% in 2050, relative to that in the 5.0 °C Scenario. Today, renewables supply
around 42% of Latin America’s final energy demand for heating, with the main con-
tribution from biomass. Renewable energy will provide 68% of Latin America’s total
heat demand in 2030 in the 2.0 °C Scenario and 75% in the 1.5 °C Scenario. In both
scenarios, renewables will provide 100% of the total heat demand in 2050.

Figure 8.30 shows the development of different technologies for heating in Latin
America over time, and Table 8.24 provides the resulting renewable heat supply for
all scenarios. Biomass will remain the main contributor. The growing use of solar,
geothermal, and environmental heat will supplement mainly fossil fuels. This will
lead in the long term to a biomass share of 65% under the 2.0 °C Scenario and 50%
under the 1.5 °C Scenario.
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2050

wBiomass

mFossil

DOEfficiency (compared
to 5.0°C)

EHydrogen
mElectric heating
" Geothermal heat and

heat pumps
Solar heating

in PJ/year Case 2015 2025 2030 2040 2050
Biomass 5.0°C | 2684 2760 2888 3335 3622
2.0°C |2684 3550 3895 4412 4654
1.5°C 2684 3632 4007 4023 2767
Solar heating 5.0°C |32 64 88 146 227
20°C |32 394 712 1217 1418
1.5°C |32 394 783 1265 1445
Geothermal heat and heat pumps 5.0°C |0 0 0 0 0
20°C |0 133 206 458 910
1.5°C |0 133 204 452 930
Hydrogen 50°C |0 0 0 0 0
20°C |0 0 4 169 220
1.5°C |0 0 88 473 404
Total 5.0°C |2715 2824 2976 3480 3849
2.0°C |2715 4077 4817 6255 7202
1.5°C 2715 4159 5082 6213 5546

Heat from renewable hydrogen will further reduce the dependence on fossil fuels
in both scenarios. Hydrogen consumption in 2050 will be around 200 PJ/year in the
2.0 °C Scenario and 400 PJ/year in the 1.5 °C Scenario. The direct use of electricity
for heating will also increase by a factor of 2—4 between 2015 and 2050 and will
attain a final energy share of 20% in 2050 in the 2.0 °C Scenario and 39% in the

1.5 °C Scenario.
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8.6.1.6 Latin America: Future Investments in the Heating Sector

237

The roughly estimated investments in renewable heating technologies up to 2050
will amount to around $580 billion in the 2.0 °C Scenario (including investments in
plant replacement after their economic lifetimes), or approximately $16 billion per
year. The largest share of investment in Latin America is assumed to be for solar
collectors (more than $200 billion), followed by biomass technologies and heat
pumps. The 1.5 °C Scenario assumes an even faster expansion of renewable tech-
nologies, but due to the lower heat demand, the average annual investment will

again be around $16 billion per year (Fig. 8.31, Table 8.25).

5.0°C: 2015-2050 heat
pumps
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geothermal
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biomass
technologies
90%

2.0°C: 2015-2050 1.5°C: 2015-2050
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28% heat pumps

29%
biomass
technologies

28%
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biomass
technologies
25%
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Fig. 8.31 Latin America: development of investments for renewable heat generation technologies

in the scenarios
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Table 8.25 Latin America: installed capacities for renewable heat generation in the scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 5.0°C 549 531 536 552 542
2.0°C 549 730 742 657 603
1.5°C 549 770 752 513 179
Geothermal 5.0°C 0 0 0 0 0
2.0°C 0 2 4 12 16
1.5°C 0 2 4 12 17
Solar heating 5.0°C 7 15 20 34 52
2.0°C 7 91 164 281 327
1.5°C 7 91 181 292 333
Heat pumps 5.0°C 0 0 0 0 0
2.0°C 0 13 18 36 88
1.5°C 0 13 18 36 89
Total® 5.0°C 556 546 556 585 594
2.0°C 556 835 929 986 1034
1.5°C 556 876 955 853 619

*Excluding direct electric heating
8.6.1.7 Latin America: Transport

Energy demand in the transport sector in Latin America is expected to increase by
63% under the 5.0 °C Scenario, from around 7100 PJ/year in 2015 to 11,700 PJ/year
in 2050. In the 2.0 °C Scenario, assumed technical, structural, and behavioural
changes will save 69% (8090 PJ/year) by 2050 relative to the 5.0 °C Scenario.
Additional modal shifts, technology switches, and a reduction in transport demand
will lead to even greater energy savings in the 1.5 °C Scenario of 77% (or 9040 PJ/
year) in 2050 compared with the 5.0 °C case (Table 8.26, Fig. 8.32).

By 2030, electricity will provide 6% (110 TWh/year) of the transport sector’s
total energy demand under the 2.0 °C Scenario, whereas in 2050, the share will be
47% (470 TWh/year). In 2050, up to 480 PJ/year of hydrogen will be used in the
transport sector as a complementary renewable option. In the 1.5 °C Scenario, the
annual electricity demand will be 390 TWh in 2050. The 1.5 °C Scenario also
assumes a hydrogen demand of 430 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of 1340 PJ/year
Around 2030, synthetic fuels based on power-to-liquid will be introduced, with a
maximum of 190 PJ/year by 2050. Due to the lower overall energy demand in trans-
port, biofuel use will be reduced in the 1.5 °C Scenario to a maximum of 1030 PJ/
year The maximum synthetic fuel demand will amount to 350 PJ/year.

8.6.1.8 Latin America: Development of CO, Emissions
In the 5.0 °C Scenario, Latin America’s annual CO, emissions will increase by 48%,

from 1220 Mt. in 2015 to 1806 Mt. in 2050. The stringent mitigation measures in
both alternative scenarios will cause the annual emissions to fall to 240 Mt. in
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Table 8.26 Latin America: projection of transport energy demand by mode in the scenarios

in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C 90 110 122 145 163
2.0°C 90 113 133 157 192
1.5°C 90 130 145 163 224
Road 5.0°C 6662 7486 8102 9754 10,610
2.0°C 6662 6424 5799 4107 3112
1.5°C 6662 5196 3971 2744 2161
Domestic aviation 5.0°C 211 348 453 593 638
2.0°C 211 228 213 175 139
1.5°C 211 218 196 137 104
Domestic navigation 5.0°C 101 104 107 113 117
2.0°C 101 104 107 113 117
1.5°C 101 104 107 113 117
Total 5.0°C 7064 8047 8783 10,605 11,529
2.0°C 7064 6868 6251 4551 3559
1.5°C 7064 5648 4419 3157 2605
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Fig. 8.32 Latin America: final energy consumption by transport in the scenarios

2040 in the 2.0 °C Scenario and to 50 Mt. in the 1.5 °C Scenario, with further reduc-
tions to almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions from
2015 until 2050 will add up to 56 Gt. In contrast, in the 2.0 °C and 1.5 °C Scenarios,
the cumulative emissions for the period from 2015 until 2050 will be 21 Gt and 17
Gt, respectively.

Therefore, the cumulative CO, emissions will decrease by 63% in the 2.0 °C
Scenario and by 70% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in annual emissions will occur in both alternative scenarios. In the 2.0 °C
Scenario, the reduction will be greatest in ‘Power generation’, followed by the
‘Residential and other’ and ‘Industry’ sectors (Fig. 8.33).
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Fig. 8.33 Latin America: development of CO, emissions by sector and cumulative CO, emissions
(after 2015) in the scenarios (‘Savings’ = reduction compared with the 5.0 °C Scenario)

8.6.1.9 Latin America: Primary Energy Consumption

The levels of primary energy consumption under the three scenarios when the
assumptions discussed above are taken into account are shown in Fig. 8.34. In the
2.0 °C Scenario, the primary energy demand will decrease by 2%, from around
28,400 PJ/year in 2015 to 27,900 PJ/year in 2050. Compared with the 5.0 °C
Scenario, the overall primary energy demand will decrease by 38% in 2050 in the
2.0 °C Scenario (5.0 °C: 45000 PJ in 2050). In the 1.5 °C Scenario, the primary
energy demand will be even lower (25,700 PJ in 2050) because the final energy
demand and conversion losses will be lower.

Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. This
will cause renewable energy to have a primary energy share of 55% in 2030 and
94% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will also
have a primary energy share of more than 94% in 2050 (including non-energy con-
sumption, which will still include fossil fuels). Nuclear energy will be phased-out
by 2035 under both the 2.0 °C and the 1.5 °C Scenarios. The cumulative primary
energy consumption of natural gas in the 5.0 °C case will add up to 290 EJ, the
cumulative coal consumption to about 60 EJ, and the crude oil consumption to 460
EJ. In contrast, in the 2.0 °C Scenario, the cumulative gas demand will amount to
130 EJ, the cumulative coal demand to 20 EJ, and the cumulative oil demand to 200
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Fig. 8.34 Latin America: projection of total primary energy demand (PED) by energy carrier in
the scenarios (including electricity import balance)

EJ. Even lower fossil fuel use will be achieved in the 1.5 °C Scenario: 110 EJ for
natural gas, 10 EJ for coal, and 150 EJ for oil.

8.6.2 Latin America: Power Sector Analysis

The Latin American region is extremely diverse. It borders Mexico in the north and
its southern tip is in the South Pacific. It also includes all the Caribbean islands and
Central America. The power-generation situation is equally diverse, and the sub-
regional breakdown tries to reflect this diversity to some extent. In the Caribbean,
which contains 28 island nations and more than 7000 islands, the calculated storage
demand will almost certainly be higher than the region’s average, because a regional
power exchange grid between the islands seems impractical. To calculate the
detailed storage demand, island-specific analyses would be required, as has recently
been done for Barbados (Hohmeyer 2015). The mainland of South America has
been subdivided into the large economic centres of Chile, Argentina, and Brazil, and
Central America and the northern part of South America have been clustered into
two parts.



242 S. Teske et al.

8.6.2.1 Latin America: Development of Power Plant Capacities

The most important future renewable technologies for Latin America are solar PV
and onshore wind, followed by CSP (which will be especially suited to the Atacama
Desert in Chile) and offshore wind, mainly in the coastal areas of Brazil and
Argentina. The annual market for solar PV must increase from 6.5 GW in 2020 by
a factor of three to an average of 15.5 GW by 2030 under the 2.0 °C Scenario and
to around 23 GW under the 1.5 °C Scenario. The onshore wind market in the 1.5 °C
Scenario must increase to 15 GW by 2025, compared with the average annual
onshore wind market of around 3 GW between 2014 and 2017 (GWEC 2018). By
2050, offshore wind will have increased to a moderate annual new installation
capacity of around 2-3 GW from 2025 to 2050 in both scenarios. Concentrated
solar power plants will be limited to the desert regions of South America, especially
Chile. The market for biofuels for electricity generation will play an important role
in all agricultural areas, including the Caribbean and Central America, where most
geothermal resources are located (Table 8.27).

8.6.2.2 Latin America: Utilization of Power-Generation Capacities
Table 8.28 shows that our modelling assumes that for the entire modelling period,
there will be no interconnection capacity between the Caribbean, Central America,

and South America, whereas the interconnection capacity in the rest of South
America will increase to 15% by 2030 and to 20% by 2050. The shares of variable

Table 8.27 Latin America: average annual change in installed power plant capacity

Latin Power Generation: average annual change | 2015-2025 2026-2035 2036-2050
of installed capacity [GW/a] 20°C|1.5°C|20°C|1.5°C|20°C|1.5°C
Hard coal 0 -1 0 -1 -1 0
Lignite 0 0 0 0 0 0
Gas 4 2 1 6 -9 5
Hydrogen-gas 0 1 1 4 11 14
Oil/diesel -1 —4 —4 -3 0 0
Nuclear 0 0 0 0 0
Biomass 3 5 3 4 4 3
Hydro 2 0 0 0 0 0
Wind (onshore) 5 11 11 17 6 3
Wind (offshore) 0 1 2 2 3 2
PV (roof top) 9 18 14 25 9 8
PV (utility scale) 3 6 5 8 3 3
Geothermal 0 1 1 1 1 1
Solar thermal power plants 0 2 4 5 2 3
Ocean energy 0 0 1 1 2 2
Renewable fuel based co-generation 1 2 2 2 2 1
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Table 8.29 Latin America: capacity factors by generation type

Utilization of
variable and
dispatchable
power

generation: 2015 2020 |2020 |2030 |2030 |2040 |2040 |2050 | 2050
Latin America 20°C|15°C|20°C|1.5°C|2.0°C|15°C|20°C|1.5¢°C

Capacity [%/yr] 48.9% |31% |25% |36% (21% |41% |18% |34% |24%
factor — average
Limited [%olyr] | 73.4% | 14% | 3% 17% | 0% 45% | 0% 13% |4%
dispatchable:
fossil and
nuclear

Limited [%/yr] 26.0% | 53% |48% |46% | 19% |56% |23% |47% |33%
dispatchable:
renewable
Dispatchable: [%lyr]| 532% |24% |11% 31% |2% 37% | 6% 31% | 11%
fossil
Dispatchable: [%lyr]| 45.6% |37% |28% |46% |26% |43% 25% |46% 35%
renewable
Variable: [%lyr]| 122% | 12% | 12% (21% |14% |31% |15% |22% | 15%
renewable

renewables are almost identical in the 2.0 °C and 1.5 °C Scenarios. The lowest rates
of variable renewables are in central South America and Central America because
the onshore wind potential is limited by average wind speeds that are lower than
elsewhere. Compared with all the other world regions, Latin America has the high-
est share of dispatchable renewables, mainly attributable to existing hydropower
plants.

Compared with other regions of the world, Latin America currently has a small
fleet of coal and nuclear power plants, but they are operated with a high capacity
factor (Table 8.29). The dispatch order for all world regions in all cases is assumed
to be the same, to make the results comparable. Therefore, the capacity factors of
these dispatch power plants (mainly gas) will increase at the expense of those for
coal and nuclear power plants, which explains the rapid reduction in the capacity
factor in 2020. Therefore, this effect is the result of the assumed dispatch order,
rather than of an increase in variable power generation.

8.6.2.3 Latin America: Development of Load, Generation
and Residual Load

The sub-regions of Latin America are highly diverse in their geographic features
and population densities, so the maximum loads in the different sub-regions vary
widely. Table 8.30 shows that the sub-region with the smallest calculated maximum
load is Uruguay, with only 2.3 GW, which seems realistic because the maximum
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load was 1.7 GW in 2012 according to IDB (2013). Brazil, Uruguay’s direct neigh-
bour, has the largest load of close to 100 GW, which will increase by a factor of 2.5
to around 250 GW by 2050 under both scenarios. Brazil’s maximum generation will
increase accordingly, without significant overproduction peaks. The calculated
maximum increase in interconnection required is only 10 GW. In Argentina, peak
generation matches peak demand because Argentina has one of the best wind
resources in the world in Patagonia. Surplus wind power can either be exported after
a significant increase in transmission capacity or, as assumed in our scenario, it can
be used to produce synthetic and hydrogen fuels.

Table 8.31 provides an overview of the calculated storage and dispatch power
requirements by sub-region. As indicated in the introduction to the Latin America
results, the storage requirements for the Caribbean might be high because the region
cannot exchange solar or wind electricity with other sub-regions. However, all other
sub-regions contain either several countries or larger provinces, so they are more
suited to the integration of variable electricity. Compared with other world regions,
Latin America has one of the lowest storage capacities and one of the lowest needs
for additional dispatch. This is because the region’s installed capacity of hydro-
power is high. However, this research does not include a water resource assessment
for hydropower plants. Droughts may increase the demand for storage and/or hydro-
gen dispatch.

8.7 OECD Europe

8.7.1 OECD Europe: Long-Term Energy Pathways
8.7.1.1 OECD Europe: Final Energy Demand by Sector

Combining the assumptions on population growth, GDP growth, and energy inten-
sity produces the future development pathways for OECD Europe’s final energy
demand shown in Fig. 8.35 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the
5.0 °C Scenario, the total final energy demand will increase by 9%, from the current
46,000 PJ/year to 50,000 PJ/year in 2050. In the 2.0 °C Scenario, the final energy
demand will decrease by 39% compared with current consumption and will reach
28,000 PJ/year by 2050. The final energy demand in the 1.5 °C Scenario will reach
25,200 PJ, 45% below the 2015 demand. In the 1.5 °C Scenario, the final energy
demand in 2050 will be 10% lower than in the 2.0 °C Scenario. The electricity
demand for ‘classical’ electrical devices (without power-to-heat or e-mobility) will
decrease from 2300 TWh/year in 2015 to 2040 TWh/year by 2050 in both alterna-
tive scenarios. Compared with the 5.0 °C case (3200 TWh/year in 2050), the effi-
ciency measures implemented in the 2.0 °C and 1.5 °C Scenarios will save 1160
TWh/year in 2050.
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Fig. 8.35 OECD Europe: development in three scenarios

Electrification will cause a significant increase in the electricity demand by 2050.
In the 2.0 °C Scenario, the electricity demand for heating will increase to approxi-
mately 1300 TWh/year due to electric heaters and heat pumps, and in the transport
sector, the demand will increase to approximately 2600 TWh/year in response to
increased electric mobility. The generation of hydrogen (for transport and high-
temperature process heat) and the manufacture of synthetic fuels (mainly for trans-
port) will add an additional power demand of 1600 TWh/year The gross power
demand will thus rise from 3600 TWh/year in 2015 to 6000 TWh/year by 2050 in
the 2.0 °C Scenario, 28% higher than in the 5.0 °C case. In the 1.5 °C Scenario, the
gross electricity demand will increase to a maximum of 6400 TWh/year by 2050.

Efficiency gains could be even larger in the heating sector than in the electricity
sector. Under the 2.0 °C and 1.5 °C Scenarios, a final energy consumption equiva-
lent to about 6200 PJ/year and 8200 PJ/year, respectively, are avoided by efficiency
gains by 2050 compared with the 5.0 °C Scenario.

8.7.1.2 OECD Europe: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power from renew-
able sources. By 2050, 100% of the electricity produced in OECD Europe will come
from renewable energy sources in the 2.0 °C Scenario. ‘New’ renewables—mainly
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wind, solar, and geothermal energy—will contribute 75% of the total electricity
generation. Renewable electricity’s share of the total production will be 68% by
2030 and 89% by 2040. The installed capacity of renewables will reach about 1200
GW by 2030 and 2270 GW by 2050. The share of renewable electricity generation
in 2030 in the 1.5 °C Scenario is assumed to be 74%. The 1.5 °C Scenario will have
a generation capacity from renewable energy of approximately 2480 GW in 2050.

Table 8.32 shows the development of different renewable technologies in OECD
Europe over time. Figure 8.36 provides an overview of the overall power-generation
structure in OECD Europe. From 2020 onwards, the continuing growth of wind and
PV, up to 790 GW and 1000 GW, respectively, will be complemented by generation
from biomass (ca. 110 GW) CSP and ocean energy (more than 50 GW each), in the
2.0 °C Scenario. Both the 2.0 °C and 1.5 °C Scenarios will lead to high proportions
of variable power generation (PV, wind, and ocean) of 38% and 45%, respectively,
by 2030 and 67% and 68%, respectively, by 2050.

Table 8.32 OECD Europe: development of renewable electricity-generation capacity in the
scenarios

in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 207 224 231 238 248
2.0°C 207 218 219 221 225
1.5°C 207 218 219 221 225
Biomass 5.0°C 40 51 56 60 65
2.0°C 40 78 105 115 113
1.5°C 40 84 111 113 113
Wind 5.0°C 138 216 254 296 347
2.0°C 138 279 409 655 787
1.5°C 138 299 468 778 847
Geothermal 5.0°C 2 3 3 3 4
2.0°C 2 6 11 27 39
1.5°C 2 6 11 27 39
PV 5.0°C 95 137 157 172 191
2.0°C 95 264 422 745 996
1.5°C 95 364 598 1028 1151
CSpP 5.0°C 2 3 4 7 11
2.0°C 2 7 17 38 54
1.5°C 2 7 22 48 57
Ocean 5.0°C 0 1 1 4 8
2.0°C 0 7 16 42 53
1.5°C 0 7 16 42 53
Total 5.0°C 484 635 706 780 873
2.0°C 484 859 1198 1842 2267
1.5°C 484 985 1444 2256 2485
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8.7.1.3 OECD Europe: Future Costs of Electricity Generation

Figure 8.37 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated elec-
tricity generation costs in 2015 (referring to full costs) were around 7 ct/kWh. In the
5.0 °C case, generation costs will increase until 2050, when they will reach 10.4 ct/
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Fig. 8.36 OECD Europe: development of electricity-generation structure in the scenarios
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254 S. Teske et al.

kWh. The generation costs in both alternative scenarios will increase until 2030,
when they will reach 10.3 ct/kWh, and they will drop by 2050 to 8.9 ct/kWh and 8.8
ct/kWh, respectively, 1.5—1.6 ct/kWh lower than in the 5.0 °C case. Note that these
estimates of generation costs do not take into account integration costs such as
power grid expansion, storage, or other load-balancing measures.

In the 5.0 °C case, the growth in demand and increasing fossil fuel prices will
result in an increase in total electricity supply costs from today’s $270 billion/year
to more than $550 billion/year in 2050. In the 2.0 °C Scenario, the total supply costs
will be $560 billion/year and in the 1.5 °C Scenario, they will be $590 billion/year
The long-term costs for electricity supply will be more than 2% higher in the 2.0 °C
Scenario than in the 5.0 °C Scenario as a result of the estimated generation costs and
the electrification of heating and mobility. Further electrification and synthetic fuel
generation in the 1.5 °C Scenario will result in total power generation costs that are
8% higher than in the 5.0 °C case.

Compared with these results, the generation costs when the CO, emission costs
are not considered will increase in the 5.0 °C Scenario to 8.8 ct/kWh by 2050. In the
2.0 °C Scenario, they will increase until 2030 when they reach 9.5 ct/kWh, and then
drop to 8.9 ct/kWh by 2050. In the 1.5 °C Scenario, they will increase to 9.7 ct/kWh,
and then drop to 8.8 ct/kWh by 2050. In the 2.0 °C Scenario, the generation costs
will reach a maximum of 1 ct/kWh higher than in the 5.0 °C case in 2030. In the
1.5 °C Scenario, the maximum difference in generation costs compared with the
5.0 °C Scenario will be 1.2 ct/kWh, which will occur in 2040. If the CO, costs are
not considered, the total electricity supply costs in the 5.0 °C case will rise to about
$470 billion/year in 2050.

8.7.1.4 OECD Europe: Future Investments in the Power Sector

An investment of around $4900 billion will be required for power generation
between 2015 and 2050 in the 2.0 °C Scenario—including additional power plants
for the production of hydrogen and synthetic fuels and investments to replace plants
at the ends of their economic lives. This value is equivalent to approximately $136
billion per year on average, which is $2150 billion more than in the 5.0 °C case
($2750 billion). An investment of around $5340 billion for power generation will be
required between 2015 and 2050 under the 1.5 °C Scenario. On average, this will be
an investment of $148 billion per year. In the 5.0 °C Scenario, investment in conven-
tional power plants will be around 26% of the total cumulative investments, whereas
approximately 74% will be invested in renewable power generation and co-
generation (Fig. 8.38).

However, in the 2.0 °C (1.5 °C) Scenario, OECD Europe will shift almost 96%
(97%) of its entire investments to renewables and co-generation. By 2030, the fossil
fuel share of the power sector investments will predominantly focus on gas power
plants that can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $2340 billion in 2050,
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Fig. 8.38 OECD Europe: investment shares for power generation in the scenarios

equivalent to $65 billion per year. Therefore, the total fuel cost savings will be
equivalent to 110% of the total additional investments compared to the 5.0 °C
Scenario. The fuel cost savings in the 1.5 °C Scenario will add up to $2600 billion,
or $72 billion per year.

8.7.1.5 OECD Europe: Energy Supply for Heating

The final energy demand for heating will increase in the 5.0 °C Scenario by 16%,
from 20,600 PJ/year in 2015 to 24,000 PJ/year in 2050. Energy efficiency measures
will help to reduce the energy demand for heating by 26% in 2050 in the 2.0 °C
Scenario relative to that in the 5.0 °C case, and by 34% in the 1.5 °C Scenario.
Today, renewables supply around 19% of OECD Europe’s final energy demand for
heating, with the main contribution from biomass. Renewable energy will provide
44% of OECD Europe’s total heat demand in 2030 under the 2.0 °C Scenario and
53% under the 1.5 °C Scenario. In both scenarios, renewables will provide 100% of
the total heat demand in 2050.
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Figure 8.39 shows the development of different technologies for heating in
OECD Europe over time, and Table 8.33 provides the resulting renewable heat sup-
ply for all scenarios. Up to 2030, biomass will remain the main contributor. The
growing use of solar, geothermal, and environmental heat will lead in the long term
to a biomass share of 27% in the 2.0 °C Scenario and 28% in the 1.5 °C Scenario.

Heat from renewable hydrogen will further reduce the dependence on fossil fuels
in both scenarios. Hydrogen consumption in 2050 will be around 1900 PJ/year in
the 2.0 °C Scenario and 2200 PJ/year in the 1.5 °C Scenario. The direct use of elec-
tricity for heating will also increase by a factor of 1.5-1.6 between 2015 and 2050,
and will have a final energy share of 22% in 2050 in the 2.0 °C Scenario and 23%
in the 1.5 °C Scenario.
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Fig. 8.39 OECD Europe: development of heat supply by energy carrier in the scenarios

Table 8.33 OECD Europe: development of renewable heat supply in the scenarios (excluding the
direct use of electricity)

in PJ/year Case | 2015 2025 2030 2040 2050
Biomass 5.0°C |2681 3115 3343 3713 4153
2.0°C | 2681 3109 3295 3483 3772
1.5°C 2681 3046 3096 3220 3433
Solar heating 5.0°C | 119 216 251 345 454
2.0°C | 119 1043 1788 2904 3243
1.5°C | 119 1013 1464 2182 2327
Geothermal heat and heat pumps 5.0°C |203 291 336 479 717
2.0°C |203 968 1731 3572 5080
1.5°C | 203 878 1430 2933 4147

Hydrogen 50°C |0 0 0 0 0
2.0°C |0 0 1 788 1895
1.5°C |0 0 162 1595 2227

Total 5.0°C |3003 3623 3931 4537 5325

2.0°C |3003 5121 6815 10,748 13,989
1.5°C | 3003 4937 6152 9930 12,134
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8.7.1.6 OECD Europe: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies up to 2050
will amount to around $2410 billion in the 2.0 °C Scenario (including investments
for plant replacement at the ends of their economic lifetimes), or approximately $67
billion per year. The largest share of investments in OECD Europe is assumed to be
for heat pumps (around $1200 billion), followed by solar collectors ($1080 billion).
The 1.5 °C Scenario assumes an even faster expansion of renewable technologies.
However, the lower heat demand (compared with the 2.0 °C Scenario) will results
in a lower average annual investment of around $51 billion per year (Fig. 8.40,
Table 8.34).

5.0°C: 2015-2050

heat pumps
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22%
total 644 billion $
geothermal
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2% biomass
technologies
52%
2.0°C: 2015-2050 1.5°C: 2015-2050
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2% 2%

geothermal
heat use
1%

heat pumps

geothermal heat
50%

heat use pumps
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total 2,400 billion $ total 1,830 billion $

solar
collectors

solar

. collectors
45% 46%

Fig. 8.40 OECD Europe: development of investments for renewable heat-generation technologies
in the scenarios
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Table 8.34 OECD Europe: installed capacities for renewable heat generation in the scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 5.0°C 434 467 486 507 519
2.0°C 434 407 339 293 289
1.5°C 434 381 276 256 242
Geothermal 5.0°C 5 7 7 7 3
2.0°C 5 15 24 49 48
1.5°C 5 14 16 21 11
Solar heating 5.0°C 36 65 76 104 137
2.0°C 36 298 510 790 885
1.5°C 36 291 423 624 685
Heat pumps 5.0°C 29 40 46 62 84
2.0°C 29 134 228 417 566
1.5°C 29 121 183 336 444
Total® 5.0°C 504 579 615 681 744
2.0°C 504 855 1101 1548 1789
1.5°C 504 807 897 1237 1383

*Excluding direct electric heating

8.7.1.7 OECD Europe: Transport

Energy demand in the transport sector in OECD Europe is expected to decrease by
3% in the 5.0 °C Scenario, from around 14,000 PJ/year in 2015 to 13,600 PJ/year in
2050. In the 2.0 °C Scenario, assumed technical, structural, and behavioural changes
will save 69% (9460 PJ/year) by 2050 compared with the 5.0 °C Scenario. Additional
modal shifts, technology switches, and a reduction in the transport demand will lead
to even higher energy savings in the 1.5 °C Scenario of 76% (or 10,300 PJ/year) in
2050 compared with the 5.0 °C case (Table 8.35, Fig. 8.41).

By 2030, electricity will provide 18% (430 TWh/year) of the transport sector’s
total energy demand in the 2.0 °C Scenario, whereas in 2050, the share will be 64%
(740 TWh/year). In 2050, up to 840 PJ/year of hydrogen will be used in the trans-
port sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand will be 580 TWh in 2050. The 1.5 °C Scenario also assumes a
hydrogen demand of 730 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of 600 PJ/year
Therefore, around 2030, synthetic fuels based on power-to-liquid will be intro-
duced, with a maximum amount of 130 PJ/year in 2050. Biofuel use will be reduced
in the 1.5 °C Scenario to a maximum of 590 PJ/year. The maximum synthetic fuel
demand will reach 170 PJ/year.

8.7.1.8 OECD Europe: Development of CO, Emissions

In the 5.0 °C Scenario, OECD Europe’s annual CO, emissions will decrease by 15%
from 3400 Mt. in 2015 to 2876 Mt. in 2050. The stringent mitigation measures in
both alternative scenarios will cause the annual emissions to fall to 570 Mt. in
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Table 8.35 OECD Europe: projection of the transport energy demand by mode in the scenarios

in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C |323 334 335 337 344
2.0°C |323 362 409 509 643
1.5°C |323 383 458 453 400
Road 5.0°C |13,087 12,699 12,633 12,529 12,464
2.0°C |13,087 10,163 7540 4196 3097
1.5°C |13,087 8197 4404 3215 2556
Domestic aviation 5.0°C |300 397 448 485 474
2.0°C |300 294 254 182 142
1.5°C |300 273 198 105 82
Domestic navigation 5.0°C |227 236 240 248 259
2.0°C |227 236 240 247 258
1.5°C |227 236 240 247 258
Total 5.0°C |13,938 13,665 13,656 13,598 13,541
2.0°C |13,938 11,055 8443 5134 4140
1.5°C 13,938 9090 5300 4020 3296
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14,000 N | . u l ] I 1 ] [] O Efficiency
I (compared to
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Fig. 8.41 OECD Europe: final energy consumption by transport in the scenarios

2040 in the 2.0 °C Scenario and to 270 Mt. in the 1.5 °C Scenario, with further
reductions to almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions
from 2015 until 2050 will add up to 116 Gt. In contrast, in the 2.0 °C and 1.5 °C
Scenarios, the cumulative emissions for the period from 2015 until 2050 will be 55
Gt and 44 Gt, respectively.

Therefore, the cumulative CO, emissions will decrease by 53% in the 2.0 °C
Scenario and by 62% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in the annual emissions will occur in both alternative scenarios. In the
2.0 °C Scenario, this reduction will be greatest in ‘Power generation’, followed by
the “Transport’ and the ‘Residential and other’ sectors (Fig. 8.42).
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Fig. 8.42 OECD Europe: development of CO, emissions by sector and cumulative CO, emissions
(after 2015) in the scenarios (‘Savings’ = reduction compared with the 5.0 °C Scenario)

8.7.1.9 OECD Europe: Primary Energy Consumption

The levels of primary energy consumption in the three scenarios when the assump-
tions discussed above are taken into account are shown in Fig. 8.43. In the 2.0 °C
Scenario, the primary energy demand will decrease by 44%, from around 71,200
PJ/year in 2015 to 40,100 PJ/year in 2050. Compared with the 5.0 °C Scenario, the
overall primary energy demand will decrease by 43% by 2050 in the 2.0 °C Scenario
(5.0 °C: 70,700 PJ in 2050). In the 1.5 °C Scenario, the primary energy demand will
be even lower (39,000 PJ in 2050) because the final energy demand and conversion
losses will be lower.

Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. This
will cause renewable energy to have primary energy shares of 39% in 2030 and 92%
in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will have a pri-
mary energy share of more than 92% in 2050 (including non-energy consumption,
which will still include fossil fuels). Nuclear energy will be phased-out by 2040
under both the 2.0 °C and the 1.5 °C Scenarios. The cumulative primary energy
consumption of natural gas in the 5.0 °C case will add up to 670 EJ, the cumulative
coal consumption to about 300 EJm, and the crude oil consumption to 660 EJ. In
contrast, in the 2.0 °C case, the cumulative gas demand will amount to 420 EJ, the
cumulative coal demand to 100 EJ, and the cumulative oil demand to 320 EJ. Even
lower fossil fuel use will be achieved in the 1.5 °C Scenario: 340 EJ for natural gas,
70 EJ for coal, and 240 EJ for oil.
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Fig. 8.43 OECD Europe: projection of total primary energy demand (PED) by energy carrier in
the scenarios (including electricity import balance)

8.7.2 OECD Europe: Power Sector Analysis

The European power sector is liberalized across the EU and cross-border trade in
electricity has a long tradition and is very well documented. The European Network
of Transmission System Operators for Electricity (ENTSO-E) publishes detailed
data about the annual cross-border trade (ENTSO-E 2018) and produces the Ten-
Year-Network Development Plan (TYNDP), which aims to integrate 60% renewable
electricity by 2040 (TYNDP 2016). While the extent to which the power sector is
liberalised and open for competition for generation and supply varies significantly
across the EU, at the time of the writing of this book all 28-member states had
renewable electricity and energy efficiency targets and policies to implement them.
However, the OECD Europe region covers not only the EU but also neighbouring
countries such as Norway, Switzerland and Turkey, which are not members of the
EU, but are connected to the EU grid and are also involved in the cross-border elec-
tricity trade. The region also includes Iceland, Malta, and a significant number of
islands in the coastal waters of the European continent and the Mediterranean Sea.
The storage demand for all the islands and island nations cannot be calculated with
a regional approach, and doing so was beyond the scope of this research. Israel is
also part of OECD Europe in the IEA world regions used for this analysis. However,
because of its geographic position, and to reflect current and possible future inter-
connections with its neighbours, Israel has been taken out of the energy balance of
OECD Europe and integrated into the Middle East region.
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8.7.2.1 OECD Europe: Development of Power Plant Capacities

The annual market for solar PV must increase from 11 GW in 2020 by a factor of 2
to an average of 40 GW by 2030. The onshore wind market must expand to 18 GW
by 2025 under the 2.0 °C Scenario. This is only a minor increase on the average
European wind market of 10-14 GW between 2009 and 2016 and 16.8 GW in 2017.
However, the 1.5 °C Scenario requires that the size of the onshore wind market
double between 2020 and 2025. The offshore wind market for both scenarios is
similar and must increase from 3 GW (GWEC 2018) in 2017 to around 10 GW per
year throughout the entire modelling period until 2050. All European lignite power
plants will have stopped operations by 2035, and the last hard coal power plant will
have gone offline by 2040 under the 2.0 °C Scenario. The 1.5 °C pathway requires
the phase-out 5 years earlier (Table 8.36).

8.7.2.2 OECD Europe: Utilization of Power-Generation Capacities

The UK, Ireland, and the Iberian Peninsula are the least interconnected sub-regions
of OECD Europe, and they already have relatively high shares of variable renew-
ables, as shown in Table 8.37.

Table 8.37 shows that the Nordic countries, especially Norway and Sweden, have
very high shares of hydropower, including pumped hydropower. Therefore, an
increased interconnection capacity with other sub-regions by 2030 will contribute
to the integration of larger shares of wind and solar in other European regions.

Table 8.36  OECD Europe: average annual change in installed power plant capacity

OECD Europe power generation: average 2015-2025 2026-2035 2036-2050
annual change of installed capacity [GW/a] 20°C|15°C|20°C|15°C|20°C|1.5°C
Hard coal -5 -9 -8 —4 0 0
Lignite -5 -6 -3 -2 0 0
Gas 2 1 0 -5 =22 |-19
Hydrogen-gas 0 1 2 6 14 14
Oil/diesel -7 -5 -1 -2 0 0
Nuclear —6 -9 -6 -6 -2 -2
Biomass 5 7 4 3 1 1
Hydro 1 0 0 0 0 0
Wind (onshore) 13 28 22 32 13 10
Wind (offshore) 4 9 10 11 8 8
PV (roof top) 16 43 30 42 25 21
PV (utility scale) 5 14 10 14 8 7
Geothermal 0 1 2 2 2 2
Solar thermal power plants 1 2 2 4 2 2
Ocean energy 1 2 3 3 2 2
Renewable fuel based co-generation 3 6 4 4 1 1
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Table 8.38 OECD Europe: capacity factors by generation type

Utilization of
variable and
dispatchable
power

generation: 2015 2020 2020 |2030 |[2030 |2040 |2040 |2050 |2050
World 20°C|1.5°C|20°C|1.5°C|2.0°C 1.5°C|2.0°C|1.5°C

Capacity [%/yr] 452% |37% |37% |48% 44% |35% |36% |39% |38%
factor — average
Limited [%lyr]| 57.5% | 14% | 14% | 3% 2% 19% | 1% 20% | 9%
dispatchable:
fossil and
nuclear

Limited [%/yr] 54.0% | 60% | 60% |52% 48% |60% |39% |41% |40%
dispatchable:
renewable
Dispatchable: [%lyr]| 32.0% | 20% | 20% | 7% 7% 30% | 10% |15% |16%
fossil
Dispatchable: [%lyr]| 43.7% | 67% |67% 67% |61% |39% 49% |52% |50%
renewable
Variable: [Plyr]| 22.5% | 22% |22% 40% |38% |29% 35% |36% | 35%
renewable

Across the EU, it is assumed that the average interconnection capacities will increase
to 20% of the regional peak load.

Both alternative scenarios assume that limited dispatchable power generation—
namely coal, lignite, and nuclear—will not have priority dispatch and will be last in
the dispatch queue. Therefore, the average calculated capacity factor will decrease
from 57.5% in 2015 to only 14% in 2020, as shown in Table 8.38.

Table 8.38 shows that by 2020, most of the installed coal and nuclear capacity
will not be required to secure power supply. Instead, dispatchable renewable power
plants will fill the gap and their capacity factors will increase.

8.7.2.3 OECD Europe: Development of Load, Generation,
and Residual Load

The loads of the European sub-regions will not increase until 2030 in the two alter-
native scenarios, as shown in Table 8.39. The only exception is Turkey, which will
have a constantly increasing load. This is attributed to Turkey’s assumed economic
development and increasing per capita electricity demand, which is currently lower
than in most EU countries (WB-DB 2018). The calculated load will increase in all
sub-regions between 2030 and 2050 due to the increased deployment of electric
mobility. Central Europe has a very high requirement for increased transmission
interconnection—or storage, see Table 8.40—because of increases in variable gen-
eration, including offshore wind in the North Sea and Baltic Sea. Central Europe,
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the Iberian Peninsula, and the UK have the highest storage demands, as shown in
Table 8.40. This corresponds to the calculated results for increased interconnec-
tions. To avoid curtailment, renewably produced hydrogen will be used to store
surplus generation for dispatch when required. Finding the optimal mix of battery
capacity, pumped hydro capacity, hydrogen production, and expansion of transmis-
sion capacity was beyond the scope of this analysis, and further research is required
on this issue.

8.8 Africa

8.8.1 Africa: Long-Term Energy Pathways
8.8.1.1 Africa: Final Energy Demand by Sector

The development pathways for Africa’s final energy demand when the assumptions
on population growth, GDP growth, and energy intensity are combined are shown in
Fig. 8.44 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the 5.0 °C Scenario, the total
final energy demand will increase by 103% from the current 23,200 PJ/year to 47,100
Pl/year in 2050. In the 2.0 °C Scenario, the final energy demand will increase at a
much slower rate, by 39% compared with current consumption, and will reach
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Fig. 8.44 Africa: development of final energy demand by sector in the scenarios
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32,300 PJ/year by 2050. The final energy demand under the 1.5 °C Scenario will
reach 30,100 PJ, 30% above the 2015 demand level. In the 1.5 °C Scenario, the final
energy demand in 2050 will be 7% lower than in the 2.0 °C Scenario. The electricity
demand for ‘classical’ electrical devices (without power-to-heat or e-mobility) will
increase from 540 TWh/year in 2015 to around 2590 TWh/year in 2050 in both alter-
native scenarios, which will be 590 TWh/year higher than in the 5.0 °C case. Although
efficiency measures will reduce the specific energy consumption by appliances, the
scenarios consider higher consumption to achieve higher living standards.

Electrification will lead to a significant increase in the electricity demand by
2050. In the 2.0 °C Scenario, the electricity demand for heating will increase to
approximately 1200 TWh/year due to electric heaters and heat pumps, and in the
transport sector, the demand will increase to approximately 1300 TWh/year in
response to increased electric mobility. The generation of hydrogen (for transport
and high-temperature process heat) and the manufacture of synthetic fuels (mainly
for transport) will add an additional power demand of 1100 TWh/year The gross
power demand will thus increase from 800 TWh/year in 2015 to 5700 TWh/year in
2050 in the 2.0 °C Scenario, 119% higher than in the 5.0 °C case. In the 1.5 °C
Scenario, the gross electricity demand will increase to a maximum of 6300 TWh/
year in 2050.

The efficiency gains in the heating sector could be even larger than in the elec-
tricity sector. In the 2.0 °C and 1.5 °C Scenarios, a final energy consumption equiva-
lent to about 3600 PJ/year is avoided through efficiency gains by 2050 compared
with the 5.0 °C Scenario.

8.8.1.2 Africa: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power from renew-
able sources. By 2050, 100% of the electricity produced in Africa will come from
renewable energy sources in the 2.0 °C Scenario. ‘New’ renewables—mainly wind,
solar, and geothermal energy—will contribute 92% of the total electricity genera-
tion. Renewable electricity’s share of total production will be 61% by 2030 and 96%
by 2040. The installed capacity of renewables will reach about 360 GW by 2030 and
2040 GW by 2050. In the 1.5 °C Scenario, the share of renewable electricity genera-
tion in 2030 is assumed to be 73%. The 1.5 °C Scenario will have a generation
capacity from renewable energy of approximately 2280 GW in 2050.

Table 8.41 shows the development of different renewable technologies in Africa
over time. Figure 8.45 provides an overview of the overall power-generation struc-
ture in Africa. From 2020 onwards, the continuing growth of wind and PV, up to 610
GW and 980 GW, respectively, will be complemented by up to 230 GW of solar
thermal generation, as well as limited biomass, geothermal, and ocean energy, in the
2.0 °C Scenario. Both the 2.0 °C and 1.5 °C Scenarios will lead to high proportions
of variable power generation (PV, wind, and ocean) of 40% and 49%, respectively,
by 2030, and 71% by 2050.
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Table 8.41 Africa: development of renewable electricity-generation capacity in the scenarios

in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 28 47 58 84 117
2.0°C 28 46 49 51 54
1.5°C 28 46 48 51 54
Biomass 5.0°C 1 2 4 8 13
2.0°C 1 8 17 33 48
1.5°C 1 8 25 42 72
Wind 5.0°C 3 11 14 20 29
2.0°C 3 42 132 415 609
1.5°C 3 87 197 453 633
Geothermal 5.0°C 1 2 3 7 14
2.0°C 1 7 16 33 64
1.5°C 1 7 16 33 64
PV 5.0°C 2 17 27 52 89
2.0°C 2 38 134 611 983
1.5°C 2 70 166 757 1162
CSP 50°C |0 2 3 10 17
20°C |0 0 1 80 235
15°C |0 2 19 108 257
Ocean 5.0°C 0 0 0 0 0
20°C |0 2 10 20 43
15°C |0 2 10 20 43
Total 50°C 35 81 110 180 279
20°C |35 144 359 1243 2036
15°C |35 223 481 1464 2284
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Fig. 8.45 Africa: development of electricity-generation structure in the scenarios
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8.8.1.3 Africa: Future Costs of Electricity Generation

Figure 8.46 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated
electricity-generation costs in 2015 (referring to full costs) were around 5.4 ct/kWh.
In the 5.0 °C case, generation costs will increase until 2030, when they reach 11 ct/
kWh, and will then stabilize at 10.8 ct/kWh by 2050. In the 2.0 °C and 1.5 °C
Scenarios, the generation costs will increase until 2030, when they reach 8.4 ct/kWh
and 8.2 ct/kWh, respectively. They will then drop to 5.6 ct/kWh by 2050 in both
scenarios, 5.2 ct/kWh lower than in the 5.0 °C case. Note that these estimates of
generation costs do not take into account integration costs such as power grid expan-
sion, storage, or other load-balancing measures.

In the 5.0 °C case, the growth in demand and increasing fossil fuel prices will
cause the total electricity supply costs to increase from today’s $40 billion/year to
more than $290 billion/year in 2050. In the 2.0 °C Scenario, the total supply costs
will be $350 billion/year, and in the 1.5 °C Scenario, they will be $380 billion/year
The long-term costs of electricity supply will be more than 23% higher under the
2.0 °C Scenario than under the 5.0 °C Scenario as a result of the estimated genera-
tion costs and the electrification of heating and mobility. Further electrification and
synthetic fuel generation in the 1.5 °C Scenario will result in total power generation
costs that are 34% higher than in the 5.0 °C case.
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Fig. 8.46 Africa: development of total electricity supply costs and specific electricity-generation
costs in the scenarios
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Compared with these results, the generation costs when the CO, emission costs
are not considered will increase in the 5.0 °C case to 8.1 ct/kWh. In the 2.0 °C
Scenario, they will increase until 2030, when they reach 6.8 ct/kWh, and then drop
to 5.6 ct/kWh by 2050. In the 1.5 °C Scenario, they will increase to 7.2 ct/kWh and
then drop to 5.6 ct/kWh by 2050. Therefore, the generation costs in both alternative
scenarios are, at maximum, 2.5 ct/kWh lower than in the 5.0 °C case. If the CO,
costs are not considered, the total electricity supply costs in the 5.0 °C case will
increase to about $220 billion/year in 2050.

8.8.1.4 Africa: Future Investments in the Power Sector

An investment of around $3500 billion will be required for power generation
between 2015 and 2050 in the 2.0 °C Scenario—including additional power plants
for the production of hydrogen and synthetic fuels and investments in plant replace-
ment at the ends of their economic lives. This value is equivalent to approximately
$97 billion per year, on average, and is $2590 billion more than in the 5.0 ° C case
($910 billion). An investment of around $3910 billion for power generation will be
required between 2015 and 2050 in the 1.5 °C Scenario. On average, this is an
investment of $109 billion per year. In the 5.0 °C Scenario, the investment in con-
ventional power plants will be around 45% of the total cumulative investments, and
approximately 55% will be invested in renewable power generation and co-genera-
tion (Fig. 8.47).

However, in the 2.0 °C (1.5 °C) Scenario, Africa will shift almost 93% (94%) of
its entire investments to renewables and co-generation. By 2030, the fossil fuel
share of power sector investments will focus predominantly on gas power plants
that can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $1510 billion in 2050,
equivalent to $42 billion per year. Therefore, the total fuel cost savings will be
equivalent to 60% of the total additional investments compared to the 5.0 °C
Scenario. The fuel cost savings in the 1.5 °C Scenario will add up to $1610 billion,
or $45 billion per year.

8.8.1.5 Africa: Energy Supply for Heating

The final energy demand for heating will increase in the 5.0 °C Scenario by 166%,
from 7600 PJ/year in 2015 to 20,200 PJ/year in 2050. Energy efficiency measures
will help to reduce the energy demand for heating by 18% in 2050 in both alterna-
tive scenarios, relative to the 5.0 °C case. Today, renewables supply around 61% of
Africa’s final energy demand for heating, with the main contribution from biomass.
Renewable energy will provide 71% of Africa’s total heat demand in 2030 under the
2.0 °C Scenario and 79% under the 1.5 °C Scenario. In both scenarios, renewables
will provide 100% of the total heat demand from renewable energy in 2050.
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Figure 8.48 shows the development of different technologies for heating in
Africa over time, and Table 8.42 provides the resulting renewable heat supply for all
scenarios. Biomass will remain the main contributor. The growing use of solar, geo-
thermal, and environmental heat will lead, in the long term, to a reduced biomass
share of 51% in the 2.0 °C Scenario and 40% in the 1.5 °C Scenario.
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Fig. 8.47 Africa: investment shares for power generation in the scenarios
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Table 8.42 Africa: development of renewable heat supply in the scenarios (excluding the direct
use of electricity)
in PJ/year Case |2015 2025 2030 2040 2050
Biomass 5.0°C 4586 5761 6317 7211 8203
2.0°C | 4586 5308 6047 7039 6551
1.5°C | 4586 5748 6448 6938 4222

Solar heating 5.0°C |7 37 86 228 481
20°C |7 204 786 2066 3416
1.5°C |7 203 783 2109 3416
Geothermal heat and heat pumps 50°C |0 0 0 0 0
20°C |0 86 215 559 2106
1.5°C |0 86 213 591 2106
Hydrogen 5.0°C |0 0 0 0 0
20°C |0 0 0 397 720
1.5°C |0 0 0 429 720
Total 5.0°C | 4593 5797 6404 7440 8684

2.0°C |4593 5598 7047 10,061 12,793
1.5°C | 4593 6037 7444 10,067 10,464

Heat from renewable hydrogen will further reduce the dependence on fossil fuels
in both scenarios. Hydrogen consumption in 2050 will be around 720 PJ/year in
both the 2.0 °C Scenario and 1.5 °C Scenario. The direct use of electricity for heat-
ing will also increase by a factor of 21-34 between 2015 and 2050, and will attain a
final energy share of 23% in 2050 in the 2.0 °C Scenario and 37% in the 1.5 °C
Scenario.

8.8.1.6 Africa: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies up to 2050
will amount to around $790 billion in the 2.0 °C Scenario (including investments in
plant replacement after their economic lifetimes), or approximately $22 billion per
year. The largest share of investment in Africa is assumed to be for heat pumps
(around $370 billion), followed by solar collectors and biomass technologies. The
1.5 °C Scenario assumes an even faster expansion of renewable technologies.
However, the lower heat demand (compared with the 2.0 °C Scenario) will result in
a lower average annual investment of around $21 billion per year (Table 8.43,
Fig. 8.49).
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Table 8.43 Africa: installed capacities for renewable heat generation in the scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 50°C 3655 4036 4100 3973 3870
20°C 3655 3276 3063 2792 2251
15°C 3655 3562 3069 2440 1307
Geothermal 50°C 0 0 0 0 0
20°C 0 5 9 15 37
15°C 0 5 8 15 37
Solar heating 50°C 1 7 16 44 92
20°C 1 39 150 396 654
15°C 1 39 150 404 654
Heat pumps 50°C 0 0 0 0 0
20°C 0 3 16 51 227
15°C 0 3 16 54 227
Total* 50°C 3656 4043 4116 4017 3962
20°C 3656 3324 3239 3253 3169
15°C 3656 3610 3244 2912 2225

*Excluding direct electric heating
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Fig. 8.49 Africa: development of investments for renewable heat-generation technologies in the
scenarios
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8.8.1.7 Africa: Transport

The energy demand in the transport sector in Africa is expected to increase by 131%
in the 5.0 °C Scenario, from around 4400 PJ/year in 2015 to 10,100 PJ/year in 2050.
In the 2.0 °C Scenario, assumed technical, structural, and behavioural changes will
save 53% (5410 Pl/year) by 2050 compared with the 5.0 °C Scenario. Additional
modal shifts, technology switches, and a reduction in the transport demand will lead
to even higher energy savings in the 1.5 °C Scenario of 63% (or 6360 PJ/year) in
2050 compared with the 5.0 °C case (Table 8.44, Fig. 8.50).

By 2030, electricity will provide 4% (50 TWh/year) of the transport sector’s total
energy demand in the 2.0 °C Scenario, whereas by 2050, the share will be 28% (370
TWh/year). In 2050, up to 410 PJ/year of hydrogen will be used in the transport
sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand will be 360 TWh in 2050. The 1.5 °C Scenario also assumes a
hydrogen demand of 340 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of 2300 PJ/year.
Therefore, around 2030, synthetic fuels based on power-to-liquid will be introduced,
with a maximum amount of 700 PJ/year in 2050. With the lower overall energy
demand by transport, biofuel use will be reduced in the 1.5 °C Scenario to a maxi-
mum of 1700 PJ/year The maximum synthetic fuel demand will amount to 470 PJ/
year.

8.8.1.8 Africa: Development of CO, Emissions
In the 5.0 °C Scenario, Africa’s annual CO, emissions will increase by 126%, from

1140 Mt. in 2015 to 2585 Mt. in 2050. The stringent mitigation measures in both
alternative scenarios will cause annual emissions to fall to 400 Mt. in 2040 in the

Table 8.44 Africa: projection of transport energy demand by mode in the scenarios

in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C |46 52 58 67 74
2.0°C 46 58 71 96 110
1.5°C 46 69 88 125 186
Road 5.0°C 4182 5000 5812 7522 9635
2.0°C 4182 4688 4828 4651 4488
1.5°C 4182 4493 4422 3925 3482
Domestic aviation 5.0°C 105 159 198 256 272
2.0°C 105 114 110 90 71
1.5°C 105 110 102 74 54
Domestic navigation 5.0°C 32 35 37 40 44
2.0°C 32 35 37 40 44
1.5°C 32 35 37 40 44
Total 5.0°C 4366 5246 6105 7885 10,027
2.0°C 4366 4895 5045 4877 4714
1.5°C | 4366 4707 4648 4164 3765
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2.0 °C Scenario and to 200 Mt. in the 1.5 °C Scenario, with further reductions to
almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions from 2015
until 2050 will add up to 66 Gt. In contrast, in the 2.0 °C and 1.5 °C Scenarios, the
cumulative emissions for the period from 2015 until 2050 will be 27 Gt and 22 Gt,
respectively.

Therefore, the cumulative CO, emissions will decrease by 59% in the 2.0 °C
Scenario and by 67% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in annual emissions will occur in both alternative scenarios. In the 2.0 °C
Scenario, this reduction will be greatest in ‘Power generation’, followed by the
‘Industry’ and ‘Residential and other’ sectors (Fig. 8.51).

8.8.1.9 Africa: Primary Energy Consumption

The levels of primary energy consumption in the three scenarios when the assump-
tions discussed above are taken into account are shown in Fig. 8.52. In the 2.0 °C
Scenario, the primary energy demand will increase by 50% from around 33,200 PJ/
year in 2015 to around 50,000 PJ/year in 2050. Compared with the 5.0 °C Scenario,
the overall primary energy demand will decrease by 26% by 2050 in the 2.0 °C
Scenario (5.0 °C: 67700 PJ in 2050). In the 1.5 °C Scenario, the primary energy
demand will be even lower (48,000 PJ in 2050) because the final energy demand
and conversion losses will be lower.

Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. This
will cause renewable energy to have a primary energy share of 56% in 2030 and
98% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will have a
primary energy share of more than 98% in 2050 (including non-energy consump-
tion, which will still include fossil fuels). Nuclear energy will be phased-out by
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2035 under both the 2.0 °C Scenario and 1.5 °C Scenario. The cumulative primary
energy consumption of natural gas in the 5.0 °C case will add up to 290 EJ, the
cumulative coal consumption to about 210 EJ, and the crude oil consumption to 390
EJ. In contrast, in the 2.0 °C Scenario, the cumulative gas demand will amount to
130 EJ, the cumulative coal demand to 70 EJ, and the cumulative oil demand to 180
EJ. Even lower fossil fuel use will achieved in the 1.5 °C Scenario: 110 EJ for natu-
ral gas, 50 EJ for coal, and 150 EJ for oil.

8.8.2 Africa: Power Sector Analysis

The African continent has 54 countries and its geographic, economic, and climatic
diversity are significant. Its regional breakdown into sub-regions tries to reflect this
diversity, but still requires a level of simplification. There is no pan-African power
grid yet, although it is currently under discussion. The African Clean Energy
Corridor (ACEC) is the most prominent regional initiative and aims to connect the
Eastern Africa Power Pool (EAPP) with the Southern Africa Power Pool (SAPP). It
was politically endorsed in January 2014 at the Assembly of the International
Renewable Energy Agency (IRENA 2014).

8.8.2.1 Africa: Development of Power Plant Capacities

In 2050, Africa’s most important renewable power-generation technology in both
scenarios will be solar PV. In the 1.5 °C Scenario, solar PV will provide just over
40% of the total generation capacity, followed by onshore wind (with 24%), hydro-
gen power (15%), and CSP plants (located in the desert regions), with 10% of the
total capacity. All other renewable power plant technologies will have only 2%—-3%
shares. The 2.0 °C Scenario will arrive at similar capacities by 2050, although the
transition times in the two scenarios differ. Africa must build up solar PV and
onshore wind markets equal to the market sizes in China in 2017: 50 GW of solar
PV installation (REN21-GSR2018) and 23 GW of onshore wind (GWEC 2018).
The market for CSP plants must reach about 1 GW per year by 2025, increasing
rapidly to 3 GW per year in 2029 and 15 GW per year in 2035 (Table 8.45).

8.8.2.2 Africa: Utilization of Power-Generation Capacities

Africa’s sub-regions are assumed to have an interconnection capacity of 5% at the
beginning of the calculation period (2015). This capacity is not required for any
exchange of variable electricity production, because currently, shares are only at or
below 2% of the total generation capacity (Table 8.46). However, the variable gen-
eration capacity will increase rapidly towards 2030. We assume that the intercon-
nection capacity between sub-regions will increase and that initiatives such as the
African Clean Energy Corridor (ACEC) will be implemented successfully.
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Table 8.45 Africa: average annual change in installed power plant capacity

Africa power generation: average annual 2015-2025 20262035 2036-2050
change of installed capacity [GW/a] 20°C|15°C|20°C|15°C|2.0°C|1.5°C
Hard coal 2 0 -2 -7 -4 0
Lignite 0 0 0 0 0 0
Gas 6 3 10 16 13 14
Hydrogen-gas 0 0 1 3 15 32
Oil/diesel -1 =2 -2 -2 -1 -1
Nuclear 0 0 0 0 0 0
Biomass 1 3 2 3 2 3
Hydro 2 1 1 1 0 0
Wind (onshore) 5 20 21 21 23 21
Wind (offshore) 0 2 5 10 7 4
PV (roof top) 3 12 29 31 41 48
PV (utility scale) 1 4 10 10 14 16
Geothermal 1 2 2 2 3 3
Solar thermal power plants 0 2 4 9 18 16
Ocean energy 0 1 1 1 3 3
Renewable fuel based co-generation 1 2 2 2

The development of average capacity factors for each generation type will follow
the same trend as in most world regions. Table 8.47 shows the significant drop in the
capacity factors of limited dispatchable power plants under the 1.5 °C Scenario.

8.8.2.3 Africa: Development of Load, Generation, and Residual Load

Table 8.48 shows that under the 2.0 °C Scenario, the transmission capacities need
not exceed the assumed 25% interconnection capacity. If the exchange capacity
between Africa’s sub-regions is 20%—as calculated under the 1.5 °C Scenario—
additional capacity will be required. Therefore, a 25% interconnection capacity
seems a good target for high renewable penetration scenarios in Africa. The load in
all sub-regions—from North Africa to South Africa—will increase significantly.
The greatest increase is calculated for Southern Africa, with the load increasing by
a factor of 7, followed by Central Africa (a factor of 6.5), East Africa (6), West
Africa (5.5), and North Africa (4). The load increase in the Republic of South Africa
will follow the patterns of other industrialized countries, more than doubling, due
mainly to increases in electric mobility. The load increases in other parts of Africa
will be first and foremost due to universal access to energy services for all house-
holds and favourable economic development.

Table 8.49 provides an overview of the calculated storage and dispatch power
requirements by African sub-region. East and West Africa will require the highest
battery capacity, due to the very high share of solar PV battery systems in rural and
residential areas with low power grid availability. Like the Middle East, Africa is
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one of the global renewable fuel production regions and it is assumed that all sub-
regions of Africa have equal amounts of energy export potential. However, a more
detailed examination of export energy is required, which is beyond the scope of this
project.

8.9 The Middle East

8.9.1 The Middle East: Long-Term Energy Pathways
8.9.1.1 The Middle East: Final Energy Demand by Sector

The future development pathways for the Middle East’s final energy demand when
the assumptions on population growth, GDP growth, and energy intensity are com-
bined are shown in Fig. 8.53 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the
5.0 °C Scenario, the total final energy demand will increase by 133% from the cur-
rent 17,100 PJ/year to around 40,000 PJ/year in 2050. In the 2.0 °C Scenario, the
final energy demand will decrease by 8% compared with current consumption and
will reach 15,800 PJ/year by 2050. The final energy demand in the 1.5 °C Scenario
will reach 13,600 PJ, 20% below the 2015 demand level. In the 1.5 °C Scenario, the
final energy demand in 2050 will be 14% lower than in the 2.0 °C Scenario. The
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Fig. 8.53 Middle East: development of the final energy demand by sector in the scenarios
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electricity demand for ‘classical’ electrical devices (without power-to-heat or
e-mobility) will increase from 650 TWh/year in 2015 to 1230 TWh/year (2.0 °C)
and 1160 TWh/year (1.5 °C) by 2050. Compared with the 5.0 °C case (2330 TWh/
year in 2050), the efficiency measures in the 2.0 °C and 1.5 °C Scenarios will save
a maximum of 1100 TWh/year and 1170 TWh/year, respectively.

Electrification will lead to a significant increase in the electricity demand. In the
2.0 °C Scenario, the electricity demand for heating will rise to approximately 800
TWh/year due to electric heaters and heat pumps, and in the transport sector, the
demand will rise to approximately 1700 TWh/year due to the increase in electric
mobility. The generation of hydrogen (for transport and high-temperature process
heat) and the manufacture of synthetic fuels (mainly for transport) will add an addi-
tional power demand of 1900 TWh/year. The gross power demand will thus rise
from 1100 TWh/year in 2015 to 4700 TWh/year in 2050 in the 2.0 °C Scenario,
57% higher than in the 5.0 °C case. In the 1.5 °C Scenario, the gross electricity
demand will increase to a maximum of 4100 TWh/year by 2045.

The efficiency gains could be even larger in the heating sector than in the elec-
tricity sector. In the 2.0 °C and 1.5 °C Scenarios, a final energy consumption equiva-
lent to about 10,100 PJ/year and 10,500 Pl/year, respectively, will be avoided
through efficiency gains by 2050 compared with the 5.0 °C Scenario.

8.9.1.2 The Middle East: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power from renew-
able sources. By 2050, 100% of the electricity produced in the Middle East will
come from renewable energy sources under the 2.0 °C Scenario. ‘New’ renew-
ables—mainly wind, solar, and geothermal energy—will contribute 96% of the total
electricity generation. Renewable electricity’s share of the total production will be
49% by 2030 and 91% by 2040. The installed capacity of renewables will reach
about 430 GW by 2030 and 1910 GW by 2050. The share of renewable electricity
generation in 2030 in the 1.5 °C Scenario is assumed to be 58%. In the 1.5 °C
Scenario, the generation capacity from renewable energy will be approximately
1700 GW in 2050.

Table 8.50 shows the development of different renewable technologies in the
Middle East over time. Figure 8.54 provides an overview of the overall power-
generation structure in the Middle East. From 2020 onwards, the continuing growth
of wind and PV, up to 480 GW and 1070 GW, respectively, will be complemented
by up to 250 GW of solar thermal generation, as well as limited biomass, geother-
mal, and ocean energy, in the 2.0 °C Scenario. Both the 2.0 °C Scenario and 1.5 °C
Scenario will lead to high proportions of variable power generation (PV, wind, and
ocean) of 39% and 46%, respectively, by 2030, and 64% and 66%, respectively, by
2050.
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Table 8.50 Middle East: development of renewable electricity-generation capacity in the
scenarios

in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 16 20 22 25 29
2.0°C 16 22 22 25 29
1.5°C 16 22 22 25 29
Biomass 5.0°C 0 0 1 3 7
2.0°C 0 3 4 4
1.5°C 0 3 3 4 4
Wind 5.0°C 0 9 23 49
2.0°C 0 54 156 371 481
1.5°C 0 60 175 432 456
Geothermal 5.0°C 0 0 0 0
2.0°C 0 5 7 20 25
1.5°C 0 5 7 20 21
PV 5.0°C 0 7 10 21 40
2.0°C 0 76 187 560 1069
1.5°C 0 92 236 587 928
CSP 5.0°C 0 2 3 6 7
2.0°C 0 10 43 270 252
1.5°C 0 10 47 342 216
Ocean 5.0°C 0 0 0 0
2.0°C 0 5 10 40 50
1.5°C 0 5 10 40 45
Total 5.0°C 16 32 45 79 132
2.0°C 16 174 427 1290 1911
1.5°C 16 197 500 1449 1699
6,000 mOcean Energy
uCsSP
5,000 u Geothermal
= Biomass
4,000 PV
= uWind
E>' mHydro
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Fig. 8.54 Middle East: development of electricity-generation structure in the scenarios
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8.9.1.3 The Middle East: Future Costs of Electricity Generation

Figure 8.55 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated
electricity-generation costs in 2015 (referring to full costs) were around 7.1 ct/kWh.
In the 5.0 °C case, the generation costs will increase until 2030, when they reach
14.8 ct/kWh, and then drop to 13.7 ct/kWh by 2050. The generation costs in the
2.0 °C Scenario will increase until 2030, when they reach 11.1 ct/kWh, and then
drop to 6.1 ct/kWh by 2050. In the 1.5 °C Scenario, they will increase to 10.7 ct/
kWh, and then drop to 7.3 ct/kWh by 2050. In the 2.0 °C Scenario, the generation
costs in 2050 will be 7.6 ct/kWh lower than in the 5.0 °C case. In the 1.5 °C Scenario,
the generation costs in 2050 will be 6.4 ct/kWh lower than in the 5.0 °C case. Note
that these estimates of generation costs do not take into account integration costs
such as power grid expansion, storage, or other load-balancing measures.

In the 5.0 °C case, growth in demand and increasing fossil fuel prices will cause
the total electricity supply costs to rise from today’s $70 billion/year to more than
$410 billion/year in 2050. In the 2.0 °C Scenario, the total supply costs will be $300
billion/year and in the 1.5 °C Scenario, they will be $310 billion/year. The long-
term cost of electricity supply will be more than 27% lower in the 2.0 °C Scenario
than in the 5.0 °C Scenario as a result of the estimated generation costs and the
electrification of heating and mobility. Further demand reductions in the 1.5 °C
Scenario will result in total power-generation costs that are 24% lower than in the
5.0 °C case.

450 16
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Fig. 8.55 Middle East: development of total electricity supply costs and specific electricity-
generation costs in the scenarios
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The generation costs without the CO, emission costs will increase in the 5.0 °C
case to 11.1 ct/kWh by 2030, and then stabilize at 10.8 ct/kWh by 2050. In the
2.0 °C Scenario and the 1.5 °C Scenario, they will increase to a maximum of 9 ct/
kWh in 2030, before they drop to 6.1 ct/kWh and 7.3 ct/kWh by 2050, respectively.
In the 2.0 °C Scenario, the generation costs will be 4.7 ct/kWh lower than in the
5.0 °C case and this maximum difference will occur in 2050. In the 1.5 °C Scenario,
the maximum difference in generation costs compared with the 5.0 °C case will be
3.5 ct/kWh in 2050. If the CO, costs are not considered, the total electricity supply
costs in the 5.0 °C case will rise to about $320 billion/year by 2050.

8.9.1.4 The Middle East: Future Investments in the Power Sector

An investment of around $3450 billion will be required for power generation
between 2015 and 2050 in the 2.0 °C Scenario—including additional power plants
for the production of hydrogen and synthetic fuels and investments in plant replace-
ment at the ends of their economic lives. This value will be equivalent to approxi-
mately $96 billion per year on average, and this is $2720 billion more than in the
5.0 °C case ($730 billion). An investment of around $3470 billion for power genera-
tion will be required between 2015 and 2050 in the 1.5 °C Scenario, or on average,
$96 billion per year. In the 5.0 °C Scenario, the investment in conventional power
plants will be around 68% of the total cumulative investments, whereas approxi-
mately 32% will be invested in renewable power generation and co-generation
(Fig. 8.56). However, in both alternative scenarios, the Middle East will shift almost
94% of its entire investments to renewables and co-generation. By 2030, the fossil
fuel share of power sector investment will predominantly focus on gas power plants
that can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $2900 billion in 2050,
equivalent to $81 billion per year. Therefore, the total fuel cost savings will be
equivalent to 110% of the total additional investments compared to the 5.0 °C
Scenario. The fuel cost savings in the 1.5 °C Scenario will add up to $3100 billion,
or $86 billion per year.

8.9.1.5 The Middle East: Energy Supply for Heating

The final energy demand for heating will increase by 139% in the 5.0 °C Scenario,
from 7100 PJ/year in 2015 to 17,100 PJ/year in 2050. Energy efficiency measures
will help to reduce the energy demand for heating by 59% in 2050 in the 2.0 °C
Scenario, relative to the 5.0 °C case, and by 62% in the 1.5 °C Scenario. Today,
renewables supply almost none of the Middle East’s final energy demand for heat-
ing. Renewable energy will provide 23% of the Middle East’s total heat demand in
2030 in the 2.0 °C Scenario and 25% in the 1.5 °C Scenario. In both scenarios,
renewables will provide 100% of the total heat demand in 2050.
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5.0°C: 2015-2050
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Fig. 8.56 Middle East: investment shares for power generation in the scenarios
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Fig. 8.57 Middle East: development of heat supply by energy carrier in the scenarios

Figure 8.57 shows the development of different technologies for heating in the
Middle East over time, and Table 8.51 provides the resulting renewable heat supply
for all scenarios. The growing use of solar, geothermal, and environmental heat will
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Table 8.51 Middle East: development of renewable heat supply in the scenarios (excluding the
direct use of electricity)

in PJ/year Case 2015 2025 2030 2040 2050
Biomass 5.0°C |20 56 86 169 291
20°C |20 101 132 200 196
1.5°C |20 92 124 183 155
Solar heating 50°C |8 92 284 778 1113
20°C |8 404 932 1535 1961
1.5°C |8 393 909 1475 1619
Geothermal heat and heat pumps 50°C |0 0 0 0 0
20°C |0 118 232 565 1387
1.5°C |0 115 226 540 1057
Hydrogen 5.0°C |0 0 0 0 0
20°C |0 0 51 488 946
1.5°C |0 0 48 828 915
Total 5.0°C |28 149 370 947 1404
2.0°C |28 624 1346 2788 4489
1.5°C |28 601 1307 3025 3746

supplement electrification, with solar heat becoming the main direct renewable heat
source in the 2.0 °C Scenario and 1.5 °C Scenario.

Heat from renewable hydrogen will further reduce the dependence on fossil fuels
in both scenarios. Hydrogen consumption in 2050 will be around 950 PJ/year in the
2.0 °C Scenario and 920 PJ/year in the 1.5 °C Scenario. The direct use of electricity
for heating will also increase by a factor of 9-10 between 2015 and 2050, and its
final energy share will be 36% in 2050 in the 2.0 °C Scenario and 43% in the 1.5 °C
Scenario (Fig. 8.57).

8.9.1.6 The Middle East: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies to 2050 will
amount to less than $440 billion in the 2.0 °C Scenario (including investments for
plant replacement after their economic lifetimes), or approximately $12 billion per
year. The largest share of investments in the Middle East is assumed to be for heat
pumps (more than $200 billion), followed by solar collectors and geothermal heat
use. The 1.5 °C Scenario assumes an even faster expansion of renewable technolo-
gies. However, the lower heat demand (compared with the 2.0 °C Scenario) will
result in a lower average annual investment of around $10 billion per year
(Table 8.52, Fig. 8.58).



Table 8.52 Middle East: installed capacities for renewable heat generation in the scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 5.0°C 4 10 14 25 38
2.0°C 4 13 15 18 14
1.5°C 4 12 15 17 13
Geothermal 5.0°C 0 0 0 0 0
2.0°C 0 2 8 19 30
1.5°C 0 2 8 18 35
Solar heating 5.0°C 1 17 51 139 198
2.0°C 1 72 142 217 252
1.5°C 1 71 139 209 206
Heat pumps 5.0°C 0 0 0 0 0
2.0°C 0 12 17 43 122
1.5°C 0 12 17 42 76
Total? 5.0°C 6 26 65 164 237
2.0°C 6 99 183 297 418
1.5°C 6 96 178 286 330

*Excluding direct electric heating

5.0°C: 2015-2050

solar
collectors
53%

heat
pumps
0%

total 62 billion $

geothermal
heat use biomass
0% technologies
47%
2.0°C: 2015-2050 1.5°C: 2015-2050
biomass biomass
technologies heat technologies

heat
pumps
48%

3% pumps 4%

39%
geothermal
heat use
16%

geothermal
heat use
22%

total 445 billion $ total 360 billion $

solar
collectors solar
33% collectors

35%

Fig. 8.58 Middle East: development of investments for renewable heat-generation technologies in
the scenarios
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8.9.1.7 The Middle East: transport

Energy demand in the transport sector in the Middle East is expected to increase in
the 5.0 °C Scenario by 133%, from around 5700 PJ/year in 2015 to 13,300 PJ/year
in 2050. In the 2.0 °C Scenario, assumed technical, structural, and behavioural
changes will save 67% (8860 PJ/year) by 2050 compared with the 5.0 °C Scenario.
Additional modal shifts, technology switches, and a reduction in the transport
demand will lead to even higher energy savings in the 1.5 °C Scenario of 79% (or
10,400 PJ/year) in 2050 compared with the 5.0 °C case (Table 8.53, Fig. 8.59).

By 2030, electricity will provide 4% (70 TWh/year) of the transport sector’s total
energy demand in the 2.0 °C Scenario, whereas in 2050, the share will be 39% (480
TWh/year). In 2050, up to 620 PJ/year of hydrogen will be used in the transport
sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand will be 350 TWh in 2050. The 1.5 °C Scenario also assumes a
hydrogen demand of 450 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of 370 PJ/year.
Therefore, around 2030, synthetic fuels based on power-to-liquid will be intro-
duced, with a maximum consumption of 1670 PJ/year in 2050. Biofuel use in the
1.5 °C Scenario with have a maximum of 430 PJ/year. The maximum synthetic fuel
demand will amount to 920 PJ/year.

Table 8.53 Middle East: projection of transport energy demand by mode in the scenarios

in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C 184 38 48 65 75
2.0°C 184 64 103 169 157
1.5°C 184 89 117 161 194
Road 5.0°C |5425 6613 7802 10,999 12,992
2.0°C 5425 5928 5732 4510 4194
1.5°C |5425 5246 4528 2899 2618
Domestic aviation 5.0°C |57 83 103 136 146
20°C |57 60 57 47 37
1.5°C |57 57 52 36 28
Domestic navigation 5.0°C |0 0 0 0 0
20°C |0 0 0 0 0
1.5°C |0 0 0 0 0
Total 5.0°C |5666 6734 7954 11,200 13,213
2.0°C |5666 6051 5893 4726 4388
1.5°C |5666 5392 4697 3096 2840
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Fig. 8.59 Middle East: final energy consumption by transport in the scenarios
8.9.1.8 The Middle East: Development of CO, Emissions

In the 5.0 °C Scenario, the Middle East’s annual CO, emissions will increase by
76% from 1760 Mt. in 2015 to 3094 Mt. in 2050. The stringent mitigation measures
in both alternative scenarios will cause the annual emissions to fall to 510 Mt. in
2040 in the 2.0 °C Scenario and to 220 Mt. in the 1.5 °C Scenario, with further
reductions to almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions
from 2015 until 2050 will add up to 90 Gt. In contrast, in the 2.0 °C and 1.5 °C
Scenarios, the cumulative emissions for the period from 2015 until 2050 will be 38
Gt and 31 Gt, respectively.

Therefore, the cumulative CO, emissions will decrease by 58% in the 2.0 °C
Scenario and by 66% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in annual emissions will occur in both alternative scenarios. In the 2.0 °C
Scenario, this reduction will be greatest in ‘Industry’ followed by the ‘Power gen-
eration” and ‘Transport’ sectors (Fig. 8.60).

8.9.1.9 The Middle East: Primary Energy Consumption

The levels of primary energy consumption in the three scenarios when the assump-
tions discussed above are taken into account are shown in Fig. 8.61. In the 2.0 °C
Scenario, the primary energy demand will decrease by 16%, from around 30,300
Pl/year in 2015 to 25,400 PJ/year in 2050. Compared with the 5.0 °C Scenario, the
overall primary energy demand will decrease by 59% by 2050 in the 2.0 °C Scenario
(5.0 °C: 61,700 PJ in 2050). In the 1.5 °C Scenario, the primary energy demand will
be even lower (22,300 PJ in 2050) because the final energy demand and conversion
losses will be lower.
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Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. This
will cause renewable energy to have a primary energy share of 18% in 2030 and
88% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will have a
primary energy share of more than 86% in 2050 (including non-energy consump-
tion, which will still include fossil fuels). Nuclear energy will be phased-out in
2035 in both the 2.0 °C and the 1.5 °C Scenarios. The cumulative primary energy
consumption of natural gas in the 5.0 °C case will add up to 830 EJ, the cumulative
coal consumption to about 10 EJ, and the crude oil consumption to 630 EJ. In the
2.0 °C Scenario, the cumulative gas demand will amount to 330 EJ, the cumulative
coal demand to 1 EJ, and the cumulative oil demand to 310 EJ. Even lower fossil
fuel use will be achieved in the 1.5 °C Scenario: 280 EJ for natural gas, 0.9 EJ for
coal, and 270 EJ for oil.

8.9.2 The Middle East: Power Sector Analysis

The Middle East has significant renewable energy potential. The region’s solar radi-
ation is among the highest in the world and it has good wind conditions in coastal
areas and in its mountain ranges. The electricity market is fragmented, and policies
differ significantly. However, most countries are connected to their neighbours by
transmission lines. Saudi Arabia, the geographic centre of the region, has connec-
tions to most neighbouring countries. Both the 2.0 °C Scenario and the 1.5 °C
Scenario assume that the Middle East will remain a significant player in the energy
market, moving from oil and gas to solar, and that it will play an important role in
producing synthetic fuels and hydrogen for export.

8.9.2.1 The Middle East: Development of Power Plant Capacities

The overwhelming majority of fossil-fuel-based power generation in the Middle
East is from gas-fired power plants. Both scenarios assume that this gas capacity (in
GW) will remain on the same level until 2050, but will be converted to hydrogen.
The annual market for solar PV must increase to 2.5 GW in 2020 and to 28.5 GW
by 2030 in the 2.0 °C Scenario, and to 35 GW in the 1.5 °C Scenario. The onshore
wind market must expand to 10 GW by 2025 in both scenarios. This represents a
very ambitious target because the market for wind power plants in the Middle East
has never been higher than 117 MW (GWEC 2018) (in 2015). Parts of the offshore
oil and gas industry can be transitioned into an offshore wind industry. The total
capacity assumed for the Middle East by 2050 is 20-25 GW under both scenarios.
For comparison, the UK had an installed capacity for offshore wind of 6.8 GW and
Germany of 5.4 GW in 2017 (GWEC 2018). The vast solar resources in the Middle
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Table 8.54 Middle East: average annual change in installed power plant capacity

Middle East — power generation: average 2015-2025 2026-2035 2036-2050
annual change of installed capacity [GW/a] 20°C|15°C|20°C|1.5°C|2.0°C|1.5°C
Hard coal 0.0 0.0 0.0 0.0 0.0 0.0
Lignite 0.0 0.0 0.0 0.0 0.0 0.0
Gas 1.5 7.0 1.9 6.2 —19.1 | 3.0
Hydrogen-gas 0.0 0.3 1.5 1.7 203 242
Oil/Diesel -0.1 |-4.0 | -89 |-81 |-0.8 |-05
Nuclear -0.1 0.0 -0.1 |-0.1 |0.0 0.0
Biomass 0.2 0.3 0.2 0.1 0.2 0.0
Hydro 1.0 0.5 0.2 0.2 0.5 0.5
Wind (onshore) 6.5 19.3 283 |355 147 |7.6
Wind (offshore) 0.2 0.5 0.8 0.8 14 1.2
PV (roof top) 7.3 190 262 299 |464 323
PV (utility scale) 2.4 6.3 8.7 100 | 155 |10.8
Geothermal 0.6 0.8 1.1 1.1 1.0 0.6
Solar thermal power plants 1.3 54 13.1 203 |114 [3.7
Ocean energy 0.3 1.3 1.3 2.5 1.0 1.7
Renewable fuel based co-generation 0.0 0.0 0.1 0.1 0.0 0.0

East make it suitable for CSP plants—the total capacity by 2050 is calculated to be
252 GW (2.0 °C Scenario), equal to the gas power plant capacity in the Middle East
in 2017 (Table 8.54).

8.9.2.2 Middle East: Utilization of Power-Generation Capacities

In 2015, the base year of the scenario calculations, the Middle East had less than
0.5% variable power generation. Table 8.55 shows the rapidly increasing shares of
variable renewable power generation across the Middle East. Israel is included in
the Middle East region (as opposed to the IEA region used for the long-term sce-
nario) to reflect its current and possible future interconnection with the regional
power system. The current interconnection capacity between all sub-regions is
assumed to be 5%, increasing to 20% in 2030 and 25% in 2050. Dispatchable
renewables will have a stable market share of around 15%-20% over the entire
modelling period in the 2.0 °C Scenario and 15%-20% in the 1.5 °C Scenario.

Average capacity factors correspond to the results for the other world regions.
Table 8.56 shows that the limited dispatchable fossil and nuclear generation will
drop quickly, whereas the significant gas power plant capacity within the region can
increase capacity factors to take over their load and reduce carbon emissions at an
early stage. The calculation results are attributed to the assumed dispatch order,
which prioritizes gas over coal and nuclear.
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Table 8.56 Middle East: capacity factors by generation type

Utilization of
variable and
dispatchable
power

generation: 2015 2020 2020 |2030 |[2030 |2040 |2040 |2050 |2050
Middle East 20°C|15°C|20°C|1.5°C|2.0°C|15°C|20°C|1.5¢°C

Capacity [%olyr] | 52.6% |45% |43% |27% 24% |34% 21% |29% |25%
factor — average
Limited [%/yr] | 31.1% | 13% | 13% | 5% 2% 19% | 3% 10% |5%
dispatchable:
fossil and
nuclear

Limited [%/yr] | 26.3% |34% |34% |47% (42% |50% |21% |28% |30%
dispatchable:
renewable
Dispatchable: [%lyr]) | 52.9% |41% |40% | 15% |10% |45% |8% 17% | 16%
fossil
Dispatchable: [%lyr])| 389% |83% |83% 66% |57% |43% 20% |36% @38%
renewable
Variable: [%lyr]| 6.6% |12% |12% 24% |23% |27% 23% |29% 25%
renewable

8.9.2.3 The Middle East: Development of Load, Generation,
and Residual Load

The Middle East is assumed to be one of the exporters of solar electricity into the
EU, so the calculated solar installation capacities throughout the region will be sig-
nificantly higher than required for self-supply.

Table 8.57 shows a negative residual load in almost all sub-regions for every year
and in both scenarios. This is attributable to substantial oversupply, so the produc-
tion of renewables is almost constantly higher than the demand. This electricity has
been calculated as exports from the Middle East and imports to Europe.

The Middle East will be one of three dedicated renewable energy export regions.
These exports are in the form of renewable fuels and electricity. The [R]E 24/7
model does not calculate electricity exchange in 1 h steps between the world regions,
and therefore the amount of electricity exported accumulates from year to year. The
load curves for the Middle East and European regions are not calculated
separately.

Table 8.58 provides an overview of the calculated storage and dispatch power
requirements by sub-region in the Middle East. Iran and Saudi Arabia West Africa
will require the highest storage capacity, due to the very high share of solar PV
systems in residential areas. Like the Africa, the Middle East is one of the global
renewable fuel production regions and it is assumed that all sub-regions of the
Middle East have equal amounts of energy export potential. However, a more
detailed examination of export energy is required, which is beyond the scope of this
project.
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8.10 Eastern Europe/Eurasia

8.10.1 Eastern Europe/Eurasia: Long-Term Energy Pathways
8.10.1.1 Eastern Europe/Eurasia: Final Energy Demand by Sector

The future development pathways for Eastern Europe/Eurasia’s final energy demand
when the assumptions on population growth, GDP growth, and energy intensity are
combined are shown in Fig. 8.62 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the
5.0 °C Scenario, the total final energy demand will increase by 45%, from the cur-
rent 25,500 PJ/year to 37,000 PJ/year in 2050. In the 2.0 °C Scenario, the final
energy demand will decrease by 25% compared with current consumption and will
reach 19,100 PJ/year by 2050. The final energy demand in the 1.5 °C Scenario will
reach 17,800 PJ, 30% below the 2015 level. In the 1.5 °C Scenario, the final energy
demand in 2050 will be 7% lower than in the 2.0 °C Scenario. The electricity
demand for ‘classical’ electrical devices (without power-to-heat or e-mobility) will
increase from 910 TWh/year in 2015 to 1000 TWh/year (2.0 °C) or 940 TWh/year
(1.5 °C) by 2050. Compared with the 5.0 °C case (1600 TWh/year in 2050), the
efficiency measures in the 2.0 °C and 1.5 °C Scenarios will save a maximum of 600
TWh/year and 660 TWh/year, respectively.
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Fig. 8.62 Eastern Europe/Eurasia: development of the final energy demand by sector in the
scenarios
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Electrification will lead to a significant increase in the electricity demand by
2050. In the 2.0 °C Scenario, the electricity demand for heating will be approxi-
mately 700 TWh/year due to electric heaters and heat pumps, and in the transport
sector, the electricity demand will be approximately 2300 TWh/year due to increased
electric mobility. The generation of hydrogen (for transport and high-temperature
process heat) and the manufacture of synthetic fuels (mainly for transport) will add
an additional power demand of 2300 TWh/year. Therefore, the gross power demand
will rise from 1700 TWh/year in 2015 to 4900 TWh/year in 2050 in the 2.0 °C
Scenario, 88% higher than in the 5.0 °C case. In the 1.5 °C Scenario, the gross elec-
tricity demand will increase to a maximum of 4800 TWh/year in 2050.

Efficiency gains could be even larger in the heating sector than in the electricity
sector. In the 2.0 °C and 1.5 °C Scenarios, a final energy consumption equivalent to
more than 10,700 PJ/year is avoided by 2050 compared with the 5.0 °C Scenario
through efficiency gains.

8.10.1.2 Eastern Europe/Eurasia: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power from renew-
able sources. By 2050, 100% of the electricity produced in Eastern Europe/Eurasia
will come from renewable energy sources in the 2.0 °C Scenario. ‘New’ renew-
ables—mainly wind, solar, and geothermal energy—will contribute 75% of the total
electricity generation. Renewable electricity’s share of the total production will be
55% by 2030 and 84% by 2040. The installed capacity of renewables will reach
about 560 GW by 2030 and 1900 GW by 2050. The share of renewable electricity
generation in 2030 in the 1.5 °C Scenario is assumed to be 66%. In the 1.5 °C
Scenario, the generation capacity from renewable energy will be approximately
1870 GW in 2050.

Table 8.59 shows the development of different renewable technologies in Eastern
Europe/Eurasia over time. Figure 8.63 provides an overview of the overall power-
generation structure in Eastern Europe/Eurasia. From 2020 onwards, the continuing
growth of wind and PV, up to 740 GW and 820 GW, respectively, will be comple-
mented by up to 30 GW of solar thermal generation, as well as limited biomass,
geothermal, and ocean energy, in the 2.0 °C Scenario. Both the 2.0 °C Scenario and
1.5 °C Scenario will lead to a high proportion of variable power generation (PV,
wind, and ocean) of 28% and 32%, respectively, by 2030, and 62% and 61%,
respectively, by 2050.
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Table 8.59 Eastern Europe/Eurasia: development of renewable electricity-generation capacity in
the scenarios

in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 98 107 112 123 136
2.0°C 98 107 112 115 116
1.5°C 98 107 112 115 116
Biomass 5.0°C 1 4 6 9 14
2.0°C 1 21 45 64 96
1.5°C 1 40 74 86 109
Wind 5.0°C 6 9 10 17 23
2.0°C 6 70 176 469 744
1.5°C 6 74 196 531 697
Geothermal 5.0°C 0 1 2 4
2.0°C 0 5 12 38 71
1.5°C 0 7 21 46 71
PV 5.0°C 4 5 6 8 10
2.0°C 4 108 209 502 817
1.5°C 4 132 294 678 821
CSP 5.0°C 0 0 0 0 0
2.0°C 0 0 1 16 33
1.5°C 0 0 1 22 34
Ocean 5.0°C 0 0 0 0 0
2.0°C 0 0 1 13 19
1.5°C 0 0 1 13 19
Total 5.0°C 108 126 136 159 186
2.0°C 108 310 555 1216 1896
1.5°C 108 360 698 1492 1869

8.10.1.3 Eastern Europe/Eurasia: Future Costs of Electricity Generation

Figure 8.64 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated
electricity-generation costs in 2015 (referring to full costs) were around 4.5 ct/kWh.
In the 5.0 °C case, the generation costs will increase until 2050, when they reach 10
ct/kWh. In the 2.0 °C Scenario, the generation costs will increase until 2050, when
they will reach 8.6 ct/kWh. In the 1.5 °C Scenario, they will increase to 9.3 ct/kWh,
and then drop to 8.8 ct/kWh by 2050. In the 2.0 °C Scenario, the generation costs in
2050 will be 1.4 ct/kWh lower than in the 5.0 °C case. In the 1.5 °C Scenario, the
generation costs in 2050 will be 1.1 ct/kWh lower than in the 5.0 °C case. Note that
these estimates of generation costs do not take into account integration costs such as
power grid expansion, storage, or other load-balancing measures.
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In the 5.0 °C case, the growth of demand and increasing fossil fuel prices will
cause the total electricity supply costs to rise from today’s $120 billion/year to more
than $320 billion/year in 2050. In both alternative scenarios, the total supply costs
will be $490 billion/year in 2050. The long-term costs of electricity supply will be
more than 54% higher in the 2.0 °C Scenario than in the 5.0 °C Scenario as a result
of the estimated generation costs and the electrification of heating and mobility.
Further electrification and synthetic fuel generation in the 1.5 °C Scenario will
result in total power generation costs that are 55% higher than in the 5.0 °C case.

Compared with these results, the generation costs when the CO, emission costs
are not considered will increase in the 5.0 °C case to 6.9 ct/kWh. In the 2.0 °C
Scenario, the generation costs will increase continuously until 2050, when they
reach 8.6 ct/kWh. They will increase to 8.8 ct/kWh in the 1.5 °C Scenario. In the
2.0 °C Scenario, the generation costs will reach a maximum, at 1.7 ct/kWh higher
than in the 5.0 °C case, and this will occur in 2050. In the 1.5 °C Scenario, the maxi-
mum difference in generation costs compared with the 5.0 °C case will be 2.6 ct/
kWh in 2040. The generation costs in 2050 will still be 2 ct/kWh higher than in the
5.0 °C case. If the CO, costs are not considered, the total electricity supply costs in
the 5.0 °C case will rise to about $240 billion in 2050.

8.10.1.4 Eastern Europe/Eurasia: Future Investments in the Power
Sector

An investment of around $3600 billion will be required for power generation
between 2015 and 2050 in the 2.0 °C Scenario—including additional power plants
for the production of hydrogen and synthetic fuels and investments in plant replace-
ment at the end of their economic lives. This value is equivalent to approximately
$100 billion per year on average, and is $2660 billion more than in the 5.0 °C case
($940 billion). An investment of around $3770 billion for power generation will be
required between 2015 and 2050 in the 1.5 °C Scenario. On average, this is an
investment of $105 billion per year. In the 5.0 °C Scenario, the investment in con-
ventional power plants will be around 40% of the total cumulative investments,
whereas approximately 60% will be invested in renewable power generation and
co-generation (Fig. 8.65).

However, in the 2.0 °C (1.5 °C) scenario, Eastern Europe/Eurasia will shift
almost 97% (98%) of its entire investments to renewables and co-generation. By
2030, the fossil fuel share of the power sector investments will predominantly focus
on gas power plants that can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $1730 billion in 2050,
equivalent to $48 billion per year. Therefore, the total fuel cost savings will be
equivalent to 70% of the total additional investments compared to the 5.0 °C
Scenario. The fuel cost savings in the 1.5 °C Scenario will add up to $1900 billion,
or $53 billion per year.
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Fig. 8.65 Eastern Europe/Eurasia: investment shares for power generation in the scenarios
8.10.1.5 Eastern Europe/Eurasia: Energy Supply for Heating

The final energy demand for heating will increase in the 5.0 °C Scenario by 46%,
from 15,700 PJ/year in 2015 to 22,900 PJ/year in 2050. Energy efficiency measures
will help to reduce the energy demand for heating by 47% in 2050 in both alterna-
tive scenarios. Today, renewables supply around 4% of Eastern Europe/Eurasia’s
final energy demand for heating, with the main contribution from biomass.
Renewable energy will provide 29% of Eastern Europe/Eurasia’s total heat demand
in 2030 in the 2.0 °C Scenario and 42% in the 1.5 °C Scenario. In both scenarios,
renewables will provide 100% of the total heat demand in 2050.

Figure 8.66 shows the development of different technologies for heating in
Eastern Europe/Eurasia over time, and Table 8.60 provides the resulting renewable
heat supply for all scenarios. Until 2030, biomass will remain the main contributor.
In the long term, the growing use of solar, geothermal, and environmental heat will
lead to a biomass share of 28% in both alternative scenarios.

Heat from renewable hydrogen will further reduce the dependence on fossil fuels
in both scenarios. Hydrogen consumption in 2050 will be around 1900 PJ/year in
the 2.0 °C Scenario and 2000 PJ/year in the 1.5 °C Scenario.
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Fig. 8.66 Eastern Europe/Eurasia: development of heat supply by energy carrier in the scenarios
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Table 8.60 Eastern Europe/Eurasia: development of renewable heat supply in the scenarios
(excluding the direct use of electricity)
in PJ/year Case | 2015 2025 2030 2040 2050
Biomass 5.0°C |537 810 873 1005 1164
2.0°C |537 1604 2199 2971 2819
1.5°C 537 1869 2684 2734 2722

Solar heating 50°C |5 10 13 24 41
20°C |5 271 706 1560 1662
1.5°C |5 351 768 1395 1620
Geothermal heat and heat pumps 50°C |6 9 11 15 21
20°C |6 265 780 2314 3493
1.5°C |6 410 1163 2434 3393
Hydrogen 5.0°C |0 0 0 0 0
20°C |0 42 152 795 1934
1.5°C |0 155 494 1344 2032
Total 5.0°C |548 829 897 1044 1226

2.0°C |548 2187 3837 7640 9908
1.5°C |548 2786 5110 7906 9767

The direct use of electricity for heating will also increases by a factor of 2.7
between 2015 and 2050, and its final energy share will be 18% in 2050 in the 2.0 °C
Scenario and 19% in the 1.5 °C Scenario.

8.10.1.6 Eastern Europe/Eurasia: Future Investments in the Heating
Sector

The roughly estimated investment in renewable heating technologies up to 2050
will amount to around $1070 billion in the 2.0 °C Scenario (including investments
in plant replacement after their economic lifetimes), or approximately $30 billion
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Table 8.61 Eastern Europe/Eurasia: installed capacities for renewable heat generation in the
scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 5.0°C 107 150 157 169 183
2.0°C 107 230 249 263 172
1.5°C 107 241 252 230 162
Geothermal 5.0°C 0 0 0 1 1
2.0°C 0 14 26 64 61
1.5°C 0 12 30 52 54
Solar heating 5.0°C 1 2 3 5 9
2.0°C 1 56 145 330 359
1.5°C 1 74 163 300 352
Heat pumps 5.0°C 1 1 2 2 3
2.0°C 1 25 64 184 248
1.5°C 1 33 76 175 236
Total? 5.0°C 109 154 162 177 196
2.0°C 109 325 483 841 839
1.5°C 109 361 522 758 805

*Excluding direct electric heating

per year. The largest share of the investments in Eastern Europe/Eurasia is assumed
to be for heat pumps (around $490 billion), followed by solar collectors and bio-
mass technologies. The 1.5 °C Scenario assumes an even faster expansion of renew-
able technologies. However, the lower heat demand (compared with the 2.0 °C
Scenario) will result in a lower average annual investment of around $29 billion per
year (Table 8.61, Fig. 8.67).

8.10.1.7 Eastern Europe/Eurasia: Transport

Energy demand in the transport sector in Eastern Europe/Eurasia is expected to
increase in the 5.0 °C Scenario by 34%, from around 6000 PJ/year in 2015 to 8000
PJ/year in 2050. In the 2.0 °C Scenario, assumed technical, structural, and behav-
ioural changes will save 48% (3840 PJ/year) by 2050 compared with the 5.0 °C
Scenario. Additional modal shifts, technology switches, and a reduction in the
transport demand will lead to even higher energy savings in the 1.5 °C Scenario of
62% (or 4970 PJ/year) in 2050 compared with the 5.0 °C case (Table 8.62, Fig. 8.68).

By 2030, electricity will provide 14% (240 TWh/year) of the transport sector’s
total energy demand in the 2.0 °C Scenario, whereas in 2050, the share will be 54%
(630 TWh/year). In 2050, up to 410 PJ/year of hydrogen will be used in the trans-
port sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand will be 510 TWh in 2050. The 1.5 °C Scenario also assumes a
hydrogen demand of 330 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of 720 PJ/year
Therefore, around 2030, synthetic fuels based on power-to-liquid will be intro-
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Fig. 8.67 Eastern Europe/Eurasia: development of investments for renewable heat-generation
technologies in the scenarios

duced, with a maximum amount of 880 PJ/year in 2050. With the lower overall
energy demand in transport, biofuel use will also be reduced in the 1.5 °C Scenario
to a maximum of 700 PJ/year The maximum synthetic fuel demand will amount to
540 Pl/year.

8.10.1.8 Eastern Europe/Eurasia: Development of CO, Emissions

In the 5.0 °C Scenario, Eastern Europe/Eurasia’s annual CO, emissions will increase
by 14%, from 2420 Mt. in 2015 to 2768 Mt. in 2050. The stringent mitigation mea-
sures in both alternative scenarios will cause the annual emissions to fall to 590 Mt.
in 2040 in the 2.0 °C Scenario and to 340 Mt. in the 1.5 °C Scenario, with further
reductions to almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions
from 2015 until 2050 will add up to 95 Gt. In contrast, in the 2.0 °C and 1.5 °C
Scenarios, the cumulative emissions for the period from 2015 until 2050 will be 45
Gt and 36 Gt, respectively.
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Table 8.62 Eastern Europe/Eurasia: projection of transport energy demand by mode in the
scenarios

in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C 434 498 528 599 674
2.0°C 434 509 544 646 712
1.5°C 434 449 470 620 796
Road 5.0°C 3873 4321 4680 5181 5319
2.0°C 3873 4336 4403 3923 3195
1.5°C 3873 3593 2963 2346 2016
Domestic aviation 5.0°C 232 336 403 482 471
2.0°C 232 247 228 188 150
1.5°C 232 237 207 146 114
Domestic navigation 5.0°C 34 35 36 38 40
2.0°C 34 35 36 38 40
1.5°C 34 35 36 38 40
Total 5.0°C 4573 5191 5647 6301 6504
2.0°C 4573 5127 5210 4795 4097
1.5°C 4573 4313 3677 3150 2966
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Fig. 8.68 Eastern Europe/Eurasia: final energy consumption by transport in the scenarios

Therefore, the cumulative CO, emissions will decrease by 53% in the 2.0 °C
Scenario and by 62% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in annual emissions will occur in both alternative scenarios. In the 2.0 °C
Scenario, this reduction will be greatest in ‘Power generation’, followed by the
‘Residential and other’ and ‘Industry’ sectors (Fig. 8.69).
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Fig. 8.69 Eastern Europe/Eurasia: development of CO, emissions by sector and cumulative CO,
emissions (after 2015) in the scenarios (‘Savings’ = reduction compared with the 5.0 °C Scenario)

8.10.1.9 Eastern Europe/Eurasia: Primary Energy Consumption

The levels of primary energy consumption in the three scenarios when the assump-
tions discussed above are taken into account are shown in Fig. 8.70. In the 2.0 °C
Scenario, the primary energy demand will decrease by 25%, from around 46,000
PJ/year in 2015 to 34,600 PJ/year in 2050. Compared with the 5.0 °C Scenario, the
overall primary energy demand will decrease by 40% by 2050 in the 2.0 °C Scenario
(5.0 °C: 57,700 PJ in 2050). In the 1.5 °C Scenario, the primary energy demand will
be even lower (33,600 PJ in 2050) because the final energy demand and conversion
losses will be lower.

Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. This
will cause renewable energy to have a primary energy share of 26% in 2030 and
91% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will have a
primary energy share of more than 90% in 2050 (including non-energy consump-
tion, which will still include fossil fuels). Nuclear energy will be phased-out by
2040 in both the 2.0 °C Scenario and 1.5 °C Scenario. The cumulative primary
energy consumption of natural gas in the 5.0 °C case will add up to 840 EJ, the
cumulative coal consumption to about 290 EJ, and the crude oil consumption to 340
EJ. In contrast, in the 2.0 °C Scenario, the cumulative gas demand will amount to
510 EJ, the cumulative coal demand to 100 EJ, and the cumulative oil demand to
160 EJ. Even lower fossil fuel use will be achieved in the 1.5 °C Scenario: 450 EJ
for natural gas, 70 EJ for coal, and 120 EJ for oil.
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Fig. 8.70 Eastern Europe/Eurasia: projection of total primary energy demand (PED) by energy
carrier in the scenarios (including electricity import balance)

8.10.2 Eastern Europe/Eurasia: Power Sector Analysis

This region sits between the strong economic hubs of the EU, China, and India.
Russia, by far the largest country within this region, is an important producer of oil
and gas, and supplies all surrounding countries. Therefore, Eurasia will be key in
future energy developments. Its renewable energy industry is among the smallest in
the world, but recent developments indicate growth in both the wind (WPM 3-2018)
and solar industries (PVM 3-2018).

8.10.2.1 Eurasia: Development of Power Plant Capacities—2.0 °C
Scenario

The northern part of Eurasia and Mongolia have significant wind potential, whereas
the southern part, especially in Central Asia, has substantial possibilities for utility-
scale solar power plants—both for solar PV and concentrated solar. The annual
market for solar PV and onshore wind—as for all other renewable power generation
technologies—must develop from a very low MW range in 2017 to a GW market by
2025. Besides solar PV and onshore wind, bioenergy has significant potential in
Eurasia, especially in the European part, Russia, and the agricultural regions around
the Caspian Sea (Table 8.63).
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Table 8.63 Eurasia: average annual change in installed power plant capacity

Eurasia power generation: average annual 2015-2025 20262035 2036-2050
change of installed capacity [GW/a] 20°C|15°C|20°C|15°C|2.0°C|1.5°C
Hard coal -1 -6 -6 —4 0 0
Lignite -3 -4 -2 -1 0 0
Gas 4 1 0 -2 -17 |-5
Hydrogen-gas 0 2 2 4 20 17
Oil/Diesel =2 -2 -1 -1 0 0
Nuclear -2 -3 -2 —4 -1 0
Biomass 3 8 3 5 4 2
Hydro 2 1 1 1 0 0
‘Wind (onshore) 7 20 26 28 24 21
Wind (offshore) 1 3 6 6 11 8
PV (roof top) 9 25 21 32 31 22
PV (utility scale) 3 8 7 11 10 7
Geothermal 1 3 2 4 4 3
Solar thermal power plants 0 0 1 1 1 2
Ocean energy 0 0 1 1 1 1
Renewable fuel based co-generation 2 7 4 7 5 3

8.10.2.2 Eurasia: Utilization of Power-Generation Capacities

Variable power generation starts at almost zero, but increases rapidly to over 30% in
most sub-regions of Eurasia, as shown in Table 8.64.

Table 8.64 shows that dispatchable renewables will experience stable market
conditions throughout the entire modelling period across the whole region. Both
scenarios assume that the interconnections between Eastern Europe and Russia will
increase significantly, whereas the power transmission capacities for Kazakhstan,
Central Asia, the area around the Caspian Sea, and Mongolia will remain low due to
geographic distances.

Compared with other world regions, it will take longer for the capacity factor of
the limited dispatchable power plants to drop below economic viability, as shown in
Table 8.65.

Table 8.65. The capacity factor of variable renewables will rise by 2030, mainly
due to increased deployment of wind and concentrated solar power with storage.
The average capacity factor of the power-generation fleet will be around 35% by
2050 and will therefore be on the same level as it was 2015 in both scenarios.

8.10.2.3 Eurasia: Development of Load, Generation, and Residual Load

The modelling of both scenarios predicts small increases in interconnection beyond
those assumed to occur by 2030 (see Table 8.64).
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Table 8.65 Eurasia: capacity factors by generation type

Utilization of
variable and
dispatchable
power

generation: 2015 2020 2020 [2030 |2030 |2040 |2040 |2050 |2050
Eurasia 20°C|15°C|20°C|1.5°C|2.0°C|15°C|20°C|1.5¢°C

Capacity [Yo/yr] | 36.8% |31% |40% |48% |47% 34% |34% |34% |34%
factor —
average
Limited [%lyr]| 43.8% |31% |30% |22% |18% |19% |0% 7% 4%
dispatchable:
fossil and
nuclear

Limited [%/yr]|393% |42% |42% |57% 54% |60% |39% |39% |40%
dispatchable:
renewable
Dispatchable: | [%/yr]| 27.6% |18% |17% | 7% 6% 31% | 8% 12% | 15%
fossil
Dispatchable: | [%/yr]| 38.7% |48% |73% |73% |68% |41% 49% |50% |51%
renewable
Variable: [%/yr]| 10.5% | 11% |11% [40% 39% |25% |32% |32% |33%
renewable

Table 8.64. However, after 2030, significant increases will be required by 2050,
especially in Russia. The export of renewable electricity can also take place via
existing gas pipelines with power-to-gas technologies. Between 2030 and 2050, the
loads for all regions will double, due to the increased electrification of the heating,
industry, and transport sectors (Table 8.66).

In Eurasia, the main storage technology for both scenarios is pumped hydro,
whereas hydrogen plays a major role for the grid integration of variable generation
(Table 8.67). Hydrogen production can also be used for load management, although
not for short peak loads. Due to the technical and economic limitations associated
with the increased interconnection via transmission lines and pumped hydro storage
systems, curtailment will be higher than the scenario target (a maximum of 10% by
2050). For Eastern Europe, Kazakhstan, Mongolia, and the East Caspian Sea, the
calculated curtailment will be between 10% and 14%, whereas the West Caspian
Region will have the highest curtailment of 19% in the 2.0 °C Scenario and 17% in
the 1.5 °C Scenario. Further research and optimization are required.
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8.11 Non-OECD Asia

8.11.1 Non-OECD Asia: Long-Term Energy Pathways
8.11.1.1 Non-OECD Asia: Final Energy Demand by Sector

The future development pathways for Non-OECD Asia’s final energy demand when
the assumptions on population growth, GDP growth, and energy intensity are com-
bined are shown in Fig. 8.71 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the
5.0 °C Scenario, the total final energy demand will increase by 111% from the cur-
rent 24,500 PJ/year to 51,800 PJ/year in 2050. In the 2.0 °C Scenario, the final
energy demand will increase at a much lower rate by 16% compared with current
consumption, and will reach 28,300 PJ/year by 2050. The final energy demand in
the 1.5 °C Scenario will reach 25,700 PJ, 5% above the 2015 demand. In the 1.5 °C
Scenario, the final energy demand in 2050 will be 9% lower than in the 2.0 °C
Scenario. The electricity demand for ‘classical’ electrical devices (without power-
to-heat or e-mobility) will increase from 830 TWh/year in 2015 to 2480 TWh/year
in 2050 in both alternative scenarios. Compared with the reference case (3880 TWh/
year in 2050), the efficiency measures in the 2.0 °C and 1.5 °C scenarios will save
1400 TWh/year in 2050.

Electrification will lead to a significant increase in the electricity demand by
2050. In the 2.0 °C Scenario, the electricity demand for heating will be approxi-
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Fig. 8.71 Non-OECD Asia: development of the final energy demand by sector in the scenarios
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mately 1500 TWh/year due to electric heaters and heat pumps, and in the transport
sector, the electricity demand will be approximately 1700 TWh/year due to electric
mobility. The generation of hydrogen (for transport and high-temperature process
heat) and the manufacture of synthetic fuels (mainly for transport) will add an addi-
tional power demand of 1700 TWh/year. Therefore, the gross power demand will
rise from 1400 TWh/year in 2015 to 6400 TWh/year in 2050 in the 2.0 °C Scenario,
33% higher than in the 5.0 °C case. In the 1.5 °C Scenario, the gross electricity
demand will increase to a maximum of 6000 TWh/year in 2050.

The efficiency gains in the heating sector could be even larger than those in the
electricity sector. In the 2.0 °C and 1.5 °C Scenarios, a final energy consumption
equivalent to about 6900 PJ/year and 8100 PJ/year, respectively, will be avoided by
2050 compared with the 5.0 °C Scenario, through efficiency gains.

8.11.1.2 Non-OECD Asia: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power from renew-
able sources. By 2050, 100% of the electricity produced in Non-OECD Asia will
come from renewable energy sources in the 2.0 °C Scenario. ‘New’ renewables—
mainly wind, solar, and geothermal energy—will contribute 87% of the total electric-
ity generation. Renewable electricity’s share of the total production will be 59% by
2030 and 87% by 2040. The installed capacity of renewables will reach about 610
GW by 2030 and 2430 GW by 2050. The share of renewable electricity generation
in 2030 in the 1.5 °C Scenario is assumed to be 74%. In the 1.5 °C Scenario, the
generation capacity from renewable energy will be approximately 2320 GW in 2050.

Table 8.68 shows the development of different renewable technologies in Non-
OECD Asia over time. Figure 8.72 provides an overview of the overall power-
generation structure in Non-OECD Asia. From 2020 onwards, the continuing
growth of wind and PV up to 635 GW and 1280 GW, respectively, will be comple-
mented by up to 275 GW solar thermal generation, as well as limited biomass,
geothermal, and ocean energy in the 2.0 °C Scenario. Both the 2.0 °C Scenario and
1.5 °C Scenario will lead to a high proportion of variable power generation (PV,
wind, and ocean) of 34% and 48%, respectively, by 2030, and 64% and 66%,
respectively, by 2050.

8.11.1.3 Non-OECD Asia: Future Costs of Electricity Generation

Figure 8.73 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated elec-
tricity generation costs in 2015 (referring to full costs) were around 5.2 ct/kWh. In
the 5.0 °C case, the generation costs will increase until 2050, when they reach 11.7
ct/kWh. The generation costs will increase in the 2.0 °C Scenario until 2030, when
they will reach 8.1 ct/kWh, and will drop to 6.3 ct/kWh by 2050. In the 1.5 °C
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Table 8.68 Non-OECD Asia: development of renewable electricity-generation capacity in the
scenarios

in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 63 85 124 151 183
2.0°C 63 86 86 90 91
1.5°C 63 86 86 90 91
Biomass 5.0°C 7 10 17 22 31
2.0°C 7 19 19 30 36
1.5°C 7 19 20 31 39
Wind 5.0°C 2 5 17 32 54
2.0°C 2 53 148 389 635
1.5°C 2 98 229 458 631
Geothermal 5.0°C 3 4 6 8 10
2.0°C 3 6 23 50 63
1.5°C 3 7 26 47 54
PV 5.0°C 3 26 44 70
2.0°C 3 107 287 806 1282
1.5°C 3 157 396 907 1256
CSpP 5.0°C 0 0 0 0 0
2.0°C 0 5 45 134 275
1.5°C 0 5 45 110 224
Ocean 5.0°C 0 0 0 0 0
2.0°C 0 0 2 20 50
1.5°C 0 0 2 15 30
Total 5.0°C 78 113 191 257 348
2.0°C 78 276 610 1518 2432
1.5°C 78 373 804 1658 2325
7,000
6,000 : Sz:an Energy
W Geothermal
5,000 . I W Biomass
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Fig. 8.72 Non-OECD Asia: development of electricity-generation structure in the scenarios
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Fig. 8.73 Non-OECD Asia: development of total electricity supply costs and specific electricity
generation costs in the scenarios

Scenario, they will increase to 7.9 ct/kWh, and drop to 6.1 ct/kWh by 2050. In both
alternative scenarios, the generation costs in 2050 will be around 5.5 ct/kWh lower
than in the 5.0 °C case. Note that these estimates of generation costs do not take into
account integration costs such as power grid expansion, storage, or other load-
balancing measures.

In the 5.0 °C case, the growth in demand and increasing fossil fuel prices will
cause the total electricity supply costs to rise from today’s $70 billion/year to more
than $560 billion/year in 2050. In the 2.0 °C Scenario, the total supply costs will be
$430 billion/year and in the 1.5 °C Scenario they will be $390 billion/year. The
long-term costs for electricity supply will be more than 24% lower in the 2.0 °C
Scenario than in the 5.0 °C Scenario as a result of the estimated generation costs and
the electrification of heating and mobility. Further reductions in demand in the
1.5 °C Scenario will result in total power generation costs that are 30% lower than
in the 5.0 °C case.

Compared with these results, the generation costs when the CO, emission costs
are not considered will increase in the 5.0 °C case to 7.4 ct/kWh. In the 2.0 °C
Scenario, they still increase until 2030, when they reach 6.5 ct/kWh, and then drop
to 6.3 ct/kWh by 2050. In the 1.5 °C Scenario, they will increase to 6.9 ct/kWh and
then drop to 6.1 ct/kWh by 2050. In the 2.0 °C case, the generation costs will be
maximum in 2050, and 1.1 ct/kWh lower than in the 5.0 °C, whereas they will be
1.3 ct/kWh in the 1.5 °C Scenario. If the CO, costs are not considered, the total
electricity supply costs in the 5.0 °C case will increase to about $360 billion/year in
2050.
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8.11.1.4 Non-OECD Asia: Future Investments in the Power Sector

An investment of $4030 billion will be required for power generation between 2015
and 2050 in the 2.0 °C Scenario—including investment in additional power plants
for the production of hydrogen and synthetic fuels and investments in plant replace-
ment at the end of their economic lifetimes. This value is equivalent to approxi-
mately $112 billion per year on average, and is $2660 billion more than in the
5.0 °C case ($1370 billion). An investment of around $3950 billion for power gen-
eration will be required between 2015 and 2050 in the 1.5 °C Scenario. On average,
this is an investment of $110 billion per year. In the 5.0 °C Scenario, the investment
in conventional power plants will be around 55% of the total cumulative invest-
ments, whereas approximately 45% will be invested in renewable power generation
and co-generation (Fig. 8.74).

However, in the 2.0 °C (1.5 °C) Scenario, Non-OECD Asia will shift almost 93%
(95%) of its entire investment to renewables and co-generation. By 2030, the fossil
fuel share of power sector investment will predominantly focus on gas power plants
that can also be operated with hydrogen.

5.0°C: 2015-2050

Renewable
44%

CHP
1% total 1,366
billion $
Nuclear
1%

Fossil
54%

2.0°C: 2015-2050 1.5°C: 2015-2050

Fossil Fossil

(incl. H2) (incl. H2)
7% 5%

CHP CHP
5% total 3,950 6%
billion S

total 4,030
billion $

Renewable
89%

Renewable
88%

Fig. 8.74 Non-OECD Asia: investment shares for power generation in the scenarios
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Because renewable energy has no fuel costs, other than biomass, the cumulative fuel
cost savings in the 2.0 °C Scenario will reach a total of $2610 billion in 2050, equiva-
lent to $73 billion per year. Therefore, the total fuel cost savings will be equivalent to
98% of the total additional investments compared to the 5.0 °C Scenario. The fuel cost
savings in the 1.5 °C Scenario will add up to $2770 billion, or $77 billion per year.

8.11.1.5 Non-OECD Asia: Energy Supply for Heating

The final energy demand for heating will increase by 103% in the 5.0 °C scenario,
from 10,800 PJ/year in 2015 to 21,900 PJ/year in 2050. Energy efficiency measures
will help to reduce the energy demand for heating by 32% by 2050 in the 2.0 °C
Scenario, relative to the 5.0 °C case, and by 37% in the 1.5 °C Scenario. Today,
renewables supply around 43% of Non-OECD Asia’s final energy demand for heat-
ing, with the main contribution from biomass. Renewable energy will provide 57%
of Non-OECD Asia’s total heat demand in 2030 in the 2.0 °C Scenario and 70% in
the 1.5 °C Scenario. In both scenarios, renewables will provide 100% of the total
heat demand in 2050.

Figure 8.75 shows the development of different technologies for heating in Non-
OECD Asia over time, and Table 8.69 provides the resulting renewable heat supply
for all scenarios. Up to 2030, biomass remains the main contributor. In the long
term, the growing use of solar, geothermal, and environmental heat will lead to a
biomass share of 40% in the 2.0 °C Scenario and 38% in the 1.5 °C Scenario. The
heat from renewable hydrogen will further reduce the dependence on fossil fuels in
both scenarios. The hydrogen consumption in 2050 will be around 900 PJ/year in
the 2.0 °C Scenario and 1300 PJ/year in the 1.5 °C Scenario. The direct use of elec-
tricity for heating will also increase by a factor of 5-5.7 between 2015 and 2050.
Energy for heating will have a final energy share of 34% in 2050 in the 2.0 °C
Scenario and 32% in the 1.5 °C Scenario.

25,000 O Efficiency
(compared to
5.0°C)

20,000 n = Hydrogen
m Electric heating
s 15,000
~ = Geothermal heat
=
o E H and heat pumps
10,000 Solar heating
5,000 = Biomass
I I m Fossil
0
R AR A A A R R A A A A A
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Fig. 8.75 Non-OECD Asia: development of heat supply by energy carrier in the scenarios
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Table 8.69 Non-OECD Asia: development of renewable heat supply in the scenarios (excluding
the direct use of electricity)
in PJ/year Case | 2015 2025 2030 2040 2050
Biomass 5.0°C | 4459 4800 4787 4878 4919
2.0°C | 4459 4680 4529 4232 3948
1.5°C | 4459 4772 4890 4054 3549

Solar heating 5.0°C |4 12 33 70 128
20°C |4 401 1129 2252 2723
1.5°C |4 509 1221 2141 2389
Geothermal heat and heat pumps 5.0°C |0 0 0 0 0
20°C |0 141 740 1563 2410
1.5°C |0 262 839 1587 2198
Hydrogen 5.0°C |0 0 0 0 0
20°C |0 0 0 454 862
1.5°C |0 0 133 735 1274
Total 5.0°C | 4464 4811 4821 4948 5047

2.0°C |4464 5222 6398 8501 9942
1.5°C | 4464 5542 7083 8516 9411

8.11.1.6 Non-OECD Asia: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies up to 2050
will amount to around $1120 billion in the 2.0 °C Scenario (including investments
for the replacement of plants after their economic lifetimes), or approximately $31
billion per year. The largest share of investment in Non-OECD Asia is assumed to
be for solar collectors (around $480 billion), followed by heat pumps and geother-
mal heat use. The 1.5 °C Scenario assumes an even faster expansion of renewable
technologies. However, the lower heat demand (compared with the 2.0 °C Scenario)
will results in a lower average annual investment of around $28 billion per year
(Table 8.70, Fig. 8.76).

8.11.1.7 Non-OECD Asia: Transport

The energy demand in the transport sector in Non-OECD Asia is expected to
increase in 2015 in the 5.0 °C Scenario from around 6500 PJ/year by 102% to
13,200 PJ/year in 2050. In the 2.0 °C Scenario, assumed technical, structural, and
behavioural changes will save 63% (8320 PJ/year) by 2050 compared to the 5.0 °C
Scenario. Additional modal shifts, technology switches, and a reduction in the
transport demand will lead to even higher energy savings in the 1.5 °C Scenario of
73% (or 9660 PJ/year) by 2050 compared to the 5.0 °C case (Table 8.71, Fig. 8.77).

By 2030, electricity will provide 6% (120 TWh/year) of the transport sector’s
total energy demand in the 2.0 °C Scenario, whereas in 2050, the share will be 36%
(480 TWh/year). In 2050, up to 650 PJ/year of hydrogen will be used in the trans-
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Table 8.70 Non-OECD Asia: installed capacities for renewable heat generation in the scenarios

Case 2015 2025 2030 2040 2050
Biomass 5.0°C 1886 1925 1767 1610 1459
2.0°C 1886 1850 1557 1150 821
1.5°C 1886 1829 1693 1084 713
Geothermal 5.0°C 0 0 0 0 0
2.0°C 0 4 18 51 73
1.5°C 0 4 15 44 64
Solar heating 5.0°C 1 3 10 20 37
2.0°C 1 114 321 639 772
1.5°C 1 145 349 609 678
Heat pumps 5.0°C 0 0 0 0 0
2.0°C 0 13 58 103 159
1.5°C 0 27 70 110 144
Total® 5.0°C 1888 1928 1777 1631 1496
2.0°C 1888 1981 1954 1944 1825
1.5°C 1888 2004 2127 1847 1598

*Excluding direct electric heating
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Fig. 8.76 Non-OECD Asia: development of investments for renewable heat-generation technolo-

gies in the scenarios
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Table 8.71 Non-OECD Asia: projection of transport energy demand by mode in the scenarios

in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C 76 81 81 83 83
20°C |76 96 116 158 183
1.5°C 76 115 124 148 212
Road 5.0°C [6023 7139 9256 11,061 12,181
2.0°C 6023 6694 6489 5251 4245
1.5°C 6023 5493 4217 3258 2903
Domestic aviation 50°C |225 353 447 581 621
2.0°C 225 240 220 180 143
1.5°C |225 230 200 139 108
Domestic navigation 5.0°C |196 216 227 246 267
2.0°C 196 216 227 246 267
1.5°C 196 216 227 246 267
Total 50°C 6521 7789 10,010 11,970 13,153
20°C |6521 7246 7051 5834 4838
1.5°C 6521 6053 4769 3791 3489
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Fig. 8.77 Non-OECD Asia: final energy consumption by transport in the scenarios

port sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand will be 350 TWh in 2050. The 1.5 °C Scenario also assumes a
hydrogen demand of 500 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of 1940 PJ/year
Therefore, around 2030, synthetic fuels based on power-to-liquid will be intro-
duced, with a maximum amount of 530 PJ/year in 2050. Due to the lower overall
energy demand in transport, biofuel use will be reduced in the 1.5 °C Scenario to a
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maximum of 1540 PJ/year. The maximum synthetic fuel demand will amount to
280 Pl/year.

8.11.1.8 Non-OECD Asia: Development of CO, Emissions

In the 5.0 °C Scenario, Non-OECD Asia’s annual CO, emissions will increase by
160%, from 1880 Mt. in 2015 to 4880 Mt. in 2050. The stringent mitigation mea-
sures in both alternative scenarios will cause the annual emissions to fall to 630 Mt.
in 2040 in the 2.0 °C Scenario and to 330 Mt. in the 1.5 °C Scenario, with further
reductions to almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions
from 2015 until 2050 will add up to 121 Gt. In contrast, in the 2.0 °C and 1.5 °C
Scenarios, the cumulative emissions for the period from 2015 until 2050 will be 42
Gt and 32 Gt, respectively.

Therefore, the cumulative CO, emissions will decrease by 65% in the 2.0 °C
Scenario and by 74% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in annual emissions will occur in both alternative scenarios. In the 2.0 °C
Scenario, this reduction will be greatest in ‘Power generation’, followed by the
‘Residential and other’ and ‘Industry’ sectors (Fig. 8.78).
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Fig. 8.78 Non-OECD Asia: development of CO, emissions by sector and cumulative CO, emis-
sions (after 2015) in the scenarios (‘Savings’ = reduction compared with the 5.0 °C Scenario)
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8.11.1.9 Non-OECD Asia: Primary Energy Consumption

The levels of primary energy consumption in the three scenarios when the assump-
tions discussed above are taken into account are shown in Fig. 8.79. In the 2.0 °C
Scenario, the primary energy demand will increase by 13%, from around 38,100 PJ/
year in 2015 to 43,200 PJ/year. Compared with the 5.0 °C Scenario, the overall
primary energy demand will decrease by 47% by 2050 in the 2.0 °C Scenario
(5.0 °C: 81600 PJ in 2050). In the 1.5 °C Scenario, the primary energy demand will
be even lower (39,300 PJ in 2050) because the final energy demand and conversion
losses will be lower.

Both the 2.0 °C Scenario and 1.5 °C Scenario aim to rapidly phase-out coal and
oil. This will cause renewable energy to have a primary energy share of 40% in 2030
and 93% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will
have a primary energy share of more than 92% in 2050 (including non-energy con-
sumption, which will still include fossil fuels). Nuclear energy will be phased out by
2045 in both the 2.0 °C Scenario and 1.5 °C Scenario. The cumulative primary
energy consumption of natural gas in the 5.0 °C case will add up to 430 EJ, the
cumulative coal consumption to about 530 EJ, and the crude oil consumption to 580
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Fig. 8.79 Non-OECD Asia: projection of total primary energy demand (PED) by energy carrier in
the scenarios (including electricity import balance)
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EJ. In contrast, in the 2.0 °C Scenario, the cumulative gas demand will amount to
260 EJ, the cumulative coal demand to 120 EJ, and the cumulative oil demand to
270 EJ. Even lower fossil fuel use will be achieved in the 1.5 °C Scenario: 230 EJ
for natural gas, 70 EJ for coal, and 190 EJ for oil.

8.11.2 Non-OECD Asia: Power Sector Analysis

Non-OECD Asia is the most heterogeneous region of all IEA world energy regions
because it includes not only all the ASEAN countries (ASEAN 2018) of South East
Asia, but also central and south Asian nations, as well all 16 Pacific Island states. As
for the Caribbean Islands, a power system assessment—especially with regard to
possible storage demand—that examines all Pacific Island states together rather
than individually, is not sufficient to provide the actual required storage demand.
However, with this is in mind, the ratio of solar PV generation to storage require-
ments does provide some indication. A specific assessment for each of the Pacific
Island states is required, but is beyond the scope of this study. Indonesia and the
Philippines are selected as sub-regions because they are island states with some
interconnection between islands.

8.11.2.1 Non-OECD Asia: Development of Power Plant Capacities

Non-OECD Asia’s renewable power market can be subdivided into the following
categories: technologies for small and medium islands (mainly solar PV-battery
systems, mini-hydro and small-scale bioenergy systems); and utility-scale solar and
onshore wind for all major economies in mainland Asia or on the large islands of
the Philippines and Indonesia. Several countries in this region are on the Pacific
Ring of Fire and have significant geothermal energy resources. The annual market
for geothermal power plants is one of the world’s largest, with a projected 3—4 GW
each year for almost two decades between 2025 and 2045 in both scenarios
(Table 8.72).

8.11.2.2 Non-OECD Asia: Utilization of Power-Generation Capacities

Due to the geographic diversity and wide distribution of all sub-regions of the Non-
OECD Asia region, it is assumed that there are no interconnection capacities avail-
able, and that there will not be any at the end of the modelling period (Table 8.73).
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Table 8.72 Non-OECD Asia: average annual change in installed power plant capacity

Non-OECD-Asia power generation: average 2015-2025 2026-2035 2036-2050
annual change of installed capacity [GW/a] 20°C|1.5°C|20°C|15°C|2.0°C|1.5°C

Hard coal 2 -6 -7 —4 -1 0
Lignite -2 -4 -1 -2 0 0
Gas 4 10 19 14 -26 |-22
Hydrogen-gas 0 1 0 6 33 24
Oil/diesel 0 -5 —4 -5 -1 0
Nuclear 0 0 0 0 0 0
Biomass 2 1 1 1 1 1
Hydro 3 2 0 0 0 0
Wind (onshore) 4 21 20 24 26 20
Wind (offshore) 3 7 6 7 5 4
PV (roof top) 10 36 40 47 50 37
PV (utility scale) 3 12 13 16 17 12
Geothermal 0 3 4 4 2 1
Solar thermal power plants 1 6 9 8 17 13
Ocean energy 0 0 1 1 3 2
Renewable fuel based co-generation 1 2 1 1 1 1

In both scenarios, variable power generation will jump from only 1% today to
around 25% in all sub-regions, whereas dispatchable renewables will remain stable
at around 25%-30% until 2050.

Compared with other world regions, the capacity factors for limited dispatchable
fossil and nuclear energy will remain relatively high until 2030, as shown in
Table 8.74. The time required for variable power generation to replace fossil and
nuclear generation will be greater than it is in other regions. In the 1.5 °C Scenario,
all coal capacities across the region will be phased out by 2030, except for 4 GW
(equivalent to 4-5 power plants), which will be off-line 5 years later.

8.11.2.3 Non-OECD Asia: Development of Load, Generation,
and Residual Load

Because both scenarios were calculated under the assumption that there are no
interconnection capacities at the sub-regional level, more dispatch capacity will be
deployed. Table 8.75 shows that only Asia North-West and Asia South-West will
require some interconnection to avoid curtailment. The development of the maxi-
mum load, generation, and the resulting residual load—the load remaining after
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Table 8.74 Non-OECD Asia: capacity factors by generation type

Utilization of
variable and
dispatchable
power

generation: 2015 2020 |2020 2030 2030 |2040 |2040 2050 |2050
Non-OECD
Asia 20°C|1.5°C|20°C|1.5°C|2.0°C|1.5°C|20°C|1.5°C
Capacity [%lyr]| 55.4% |52% |53% |45% (42% |33% |33% |34% |32%
factor — average
Limited [%lyr]| T1.4% |52% |53% |44% 33% |31% |13% |25% |0%
dispatchable:
fossil and
nuclear

Limited [%/yr]| 40.5% | 61% |61% |59% 56% |58% |53% |45% |49%
dispatchable:
renewable
Dispatchable:  |[%/yr]| 50.2% |32% |33% |23% |27% |37% | 13% |28% |12%
fossil
Dispatchable:  |[%/yr]| 34.4% |75% |75% |74% |69% |41% 58% |53% |51%
renewable
Variable: [%lyr]| 13.1% | 19% |19% |36% 35% |26% |31% |30% |29%
renewable

variable renewable generation. According to the Philippine Department of Energy,
the peak demand in the Philippines in 2016 was 13.3 GW (PR-DoE 2016) (9.7 GW
in Luzon, 1.9 GW in the Visayas, and 1.7 GW in Mindanao). The calculated load for
the Philippines in 2020 was 16.3 GW, which seems realistic. The load will increase
to 75.5 GW by 2050 under the 2.0 °C Scenario. The results for all Asian regions
show a quadrupling of load by 2050.

The lack of interconnection potential between or even within most sub-regions
will lead to some curtailment.

Table 8.76 shows that whereas countries on the Asian mainland will use and
increase their capacity for hydro pump storage electricity, batteries will be used for
most of the storage requirements of islands and island states. Where available, gas
infrastructure must be converted to hydrogen-operated systems.
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8.12 India

8.12.1 India: Long-Term Energy Pathways
8.12.1.1 India: Final Energy Demand by Sector

The future development pathways for India’s final energy demand when the assump-
tions on population growth, GDP growth, and energy intensity are combined are
shown in Fig. 8.80 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the 5.0 °C
Scenario, the total final energy demand will increase by 201% from the current
22,200 PJ/year to 66,800 PJ/year by 2050. In the 2.0 °C Scenario, the final energy
demand will increase at a much slower rate by 57% compared with current con-
sumption and will reach 34,900 PJ/year by 2050. The final energy demand in the
1.5 °C Scenario will reach 31,900 PJ, 44% above the 2015 level. In the 1.5 °C
Scenario, the final energy demand in 2050 will be 9% lower than in the 2.0 °C
Scenario. The electricity demand for ‘classical’ electrical devices (without power-
to-heat or e-mobility) will increase from 750 TWh/year in 2015 to 3200 TWh/year
in 2050 in both alternative scenarios. Compared with the 5.0 °C case (4720 TWh/
year in 2050), efficiency measures in the 2.0 °C and 1.5 °C Scenarios will save
around 1520 TWh/year by 2050.

Electrification will lead to a significant increase in the electricity demand by
2050. Inthe 2.0 °C Scenario, the electricity demand for heating will be approximately
1900 TWh/year due to electric heaters and heat pumps, and in the transport sector,
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Fig. 8.80 India: development of final energy demand by sector in the scenarios
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the electricity demand will be approximately 3400 TWh/year due to electric mobil-
ity. The generation of hydrogen (for transport and high-temperature process heat)
and the manufacture of synthetic fuels (mainly for transport) will add an additional
power demand of 1700 TWh/year. Therefore, the gross power demand will increase
from 1400 TWh/year in 2015 to 8400 TWh/year in 2050 in the 2.0 °C Scenario,
31% higher than in the 5.0 °C case. In the 1.5 °C Scenario, the gross electricity
demand will increases to a maximum of 7700 TWh/year in 2050.

Efficiency gains in the heating sector could be even larger than in the electricity
sector. In the 2.0 °C and 1.5 °C Scenarios, a final energy consumption equivalent to
about 9500 PJ/year and 9800 PJ/year, respectively, will be avoided through effi-
ciency gains by 2050 compared with the 5.0 °C Scenario.

8.12.1.2 India: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power from renew-
able sources. By 2050, 100% of the electricity produced in India will come from
renewable energy sources in the 2.0 °C Scenario. ‘New’ renewables—mainly wind,
solar, and geothermal energy—will contribute 90% of the total electricity genera-
tion. Renewable electricity’s share of the total production will be 66% by 2030 and
89% by 2040. The installed capacity of renewables will reach about 1060 GW by
2030 and 3360 GW by 2050. The share of renewable electricity generation in
2030 in the 1.5 °C Scenario is assumed to be 77%. In the 1.5 °C Scenario, the gen-
eration capacity from renewable energy will be approximately 3040 GW in 2050.

Table 8.77 shows the development of different renewable technologies in India
over time. Figure 8.81 provides an overview of the overall power-generation struc-
ture in India. From 2020 onwards, the continuing growth of wind and PV up to 1270
GW and 1570 GW, respectively, is complemented by up to 210 GW solar thermal
generation, as well as limited biomass, geothermal, and ocean energy, in the 2.0 °C
Scenario. Both the 2.0 °C Scenario and 1.5 °C Scenario will lead to a high propor-
tion of variable power generation (PV, wind, and ocean) of 48% and 60%, respec-
tively, by 2030, and 75% and 72%, respectively, by 2050.

8.12.1.3 India: Future Costs of Electricity Generation

Figure 8.82 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated elec-
tricity generation costs in 2015 (referring to full costs) were around 5.4 ct/kWh. In
the 5.0 °C case, the generation costs will increase until 2040, when they reach 11 ct/
kWh, and then drop to 10.7 ct/kWh by 2050. The generation costs will increase in
the 2.0 °C Scenario until 2030, when they reach 8.4 ct/kWh, and then drop to 5.7 ct/
kWh by 2050. In the 1.5 °C Scenario, they will increase to 7.8 ct/kWh, and then
drop to 5.8 ct/kWh by 2050. In the 2.0 °C Scenario, the generation costs in 2050 will
be 5 ct/kWh lower than in the 5.0 °C case. In the 1.5 °C Scenario, the generation



8 Energy Scenario Results

347

Table 8.77 India: development of renewable electricity-generation capacity in the scenarios

= Coal

in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 46 68 81 97 117
2.0°C 46 68 72 80 87
1.5°C 46 68 72 80 87
Biomass 5.0°C 8 13 16 20 25
2.0°C 8 23 31 60 93
1.5°C 8 23 31 60 93
Wind 5.0°C 25 82 119 185 246
2.0°C 25 200 421 938 1273
1.5°C 25 275 543 1002 1110
Geothermal 5.0°C 0 0 0 0 0
2.0°C 0 3 8 42 68
1.5°C 0 3 8 42 68
PV 5.0°C 5 115 198 345 545
2.0°C 5 230 469 1090 1572
1.5°C 5 365 648 1185 1412
CSP 5.0°C 0 0 1 1 2
2.0°C 0 8 48 138 209
1.5°C 0 8 48 138 209
Ocean 5.0°C 0 0 0 0 0
2.0°C 0 1 11 33 59
1.5°C 0 1 11 33 59
Total 5.0°C 84 279 415 648 936
2.0°C 84 532 1061 2381 3360
1.5°C 84 742 1361 2540 3037
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348 S. Teske et al.

800 12
700
10
600
500 8
v <
S 400 6 =
= =
o) O
300
4
200
2
100
0 I l I 0
2015 2025 2030 2040 2050
EEm2.0°C [ efficiency measures 2.0°C
I 1.5°C [ efficiency measures 1.5°C

— Spec. Electricity Generation Costs 5.0°C  mmmmm 5.0°C

e Spec. Electricity Generation Costs 1.5°C

Spec. Electricity Generation Costs 2.0°C

Fig. 8.82 India: development of total electricity supply costs and specific electricity generation
costs in the scenarios

costs in 2050 will be 4.9 ct/kWh lower than in the 5.0 °C case. Note that these esti-
mates of generation costs do not take into account integration costs such as power
grid expansion, storage, or other load-balancing measures.

In the 5.0 °C case, the growth in demand and increasing fossil fuel prices will
cause the total electricity supply costs to rise from today’s $75 billion/year to more
than $690 billion/year in 2050. In the 2.0 °C case, the total supply costs will be $500
billion/year and in the 1.5 °C Scenario, they will be $470 billion/year. The long-term
costs for electricity supply will be more than 27% lower in the 2.0 °C Scenario than
in the 5.0 °C Scenario as a result of the estimated generation costs and the electrifi-
cation of heating and mobility. Further demand reductions in the 1.5 °C Scenario
will result in total power generation costs that are 32% lower than in the 5.0 °C case.

Compared with these results, the generation costs, when the CO, emission costs
are not considered, will increase in the 5.0 °C case to only 6.9 ct/kWh. In both alter-
native scenarios, they will still increase until 2030, when they reach 6.7 ct/kWh, and
then drop to around 5.8 ct/kWh by 2050. The maximum difference in generation
costs will be around 1 ct/kWh in 2050. If the CO, costs are not considered, the total
electricity supply costs in the 5.0 °C case will rise to about $430 billion/year in 2050.

8.12.1.4 India: Future Investments in the Power Sector

An investment of around $5640 billion will be required for power generation between
2015 and 2050 in the 2.0 °C Scenario—including additional power plants for the pro-
duction of hydrogen and synthetic fuels and investments in the replacement of plants
after the end of their economic lifetimes. This value is equivalent to approximately $157
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Fig. 8.83 India: investment shares for power generation in the scenarios

billion per year on average, and is $3310 billion more than in the 5.0 °C case ($2330
billion). An investment of around $5560 billion for power generation will be required
between 2015 and 2050 in the 1.5 °C Scenario. On average, this will be an investment
of $154 billion per year. In the 5.0 °C Scenario, the investment in conventional power
plants will be around 48% of the total cumulative investments, whereas approximately
52% will be invested in renewable power generation and co-generation (Fig. 8.83).

However, in the 2.0 °C (1.5 °C) Scenario, India will shift almost 94% (95%) of
its entire investment to renewables and co-generation. By 2030, the fossil fuel share
of the power sector investment will predominantly focus on gas power plants that
can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $3110 billion in 2050,
equivalent to $86 billion per year. Therefore, the total fuel cost savings will be
equivalent to 90% of the total additional investments compared to the 5.0 °C
Scenario. The fuel cost savings in the 1.5 °C Scenario will add up to $3330 billion,
or $93 billion per year.

8.12.1.5 India: Energy Supply for Heating
The final energy demand for heating will increase in the 5.0 °C Scenario by 133%),

from 11,900 PJ/year in 2015 to 27,800 PJ/year in 2050. Energy efficiency measures
will help to reduce the energy demand for heating by 34% in 2050 in the 2.0 °C
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Table 8.78 India: development of renewable heat supply in the scenarios (excluding the direct use
of electricity)

in PJ/year Case |2015 2025 2030 2040 2050
Biomass 5.0°C | 5544 5633 5666 5595 5341
2.0°C | 5544 5726 5600 4854 4366
1.5°C | 5544 5600 5444 4758 4078

Solar heating 5.0°C |28 77 115 200 310
2.0°C |28 589 1537 2964 3693
1.5°C |28 887 2271 3107 3626
Geothermal heat and heat pumps 50°C |0 1 1 1 2
20°C |0 164 647 1627 2136
1.5°C |0 189 725 1497 2103
Hydrogen 5.0°C |0 0 0 0 0
20°C |0 0 2 299 1409
1.5°C |0 0 2 437 1613
Total 5.0°C | 5572 5711 5781 5796 5653

2.0°C |5572 6478 7787 9743 11,603
1.5°C | 5572 6675 8442 9800 11,420

Scenario, relative to the 5.0 °C case, and by 35% in the 1.5 °C Scenario. Today,
renewables supply around 47% of India’s final energy demand for heating, with the
main contribution from biomass. Renewable energy will provide 53% of India’s
total heat demand in 2030 in the 2.0 °C Scenario and 68% in the 1.5 °C Scenario. In
both scenarios, renewables will provide 100% of the total heat demand in 2050.

Figure 8.84 shows the development of different technologies for heating in India
over time, and Table 8.78 provides the resulting renewable heat supply for all sce-
narios. Up to 2030, biomass will remain the main contributor. In the long term, the
increasing use of solar, geothermal, and environmental heat will lead to a biomass
share of 38% in the 2.0 °C Scenario and 36% in the 1.5 °C Scenario.

Heat from renewable hydrogen will further reduce the dependence on fossil fuels
under both scenarios. Hydrogen consumption in 2050 will be around 1400 PJ/year
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in the 2.0 °C Scenario and 1600 PJ/year in the 1.5 °C Scenario. The direct use of
electricity for heating will also increase by a factor of about 21 between 2015 and
2050, and the electricity for heating will have a final energy share of 36% in 2050 in
both alternative scenarios.

8.12.1.6 India: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies up to 2050
amount to around $930 billion in the 2.0 °C Scenario (including investments for
replacement after the economic lifetimes of the plants), or approximately $26 billion
per year. The largest share of investment in India is assumed to be for solar collectors
(around $490 billion), followed by heat pumps and biomass technologies. The 1.5 °C
Scenario assumes an even faster expansion of renewable technologies and results in a
higher average annual investment of around $29 billion per year (Table 8.79, Fig. 8.85).

8.12.1.7 India: Transport

The energy demand in the transport sector in India is expected to increase in the
5.0 °C Scenario by 377%, from around 3600 PJ/year in 2015 to 17,200 PJ/year in
2050. In the 2.0 °C Scenario, assumed technical, structural, and behavioural changes
will save 66% (11,280 PJ/year) by 2050 compared to the 5.0 °C Scenario. Additional
modal shifts, technology switches, and a reduction in the transport demand will lead
to even higher energy savings in the 1.5 °C Scenario of 81% (or 13,930 PJ/year) in
2050 compared with the 5.0 °C case (Table 8.80, Fig. 8.86).

By 2030, electricity will provide 10% (160 TWh/year) of the transport sector’s
total energy demand in the 2.0 °C Scenario, whereas in 2050, the share will be 58%

Table 8.79 India: installed capacities for renewable heat generation in the scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 5.0°C 2049 1923 1836 1633 1432
2.0°C 2049 1954 1798 1311 856
1.5°C 2049 1916 1756 1276 785
Geothermal 5.0°C 0 0 0 0 0
2.0°C 0 2 9 32 38
1.5°C 0 5 12 28 37
Solar heating 5.0°C 6 17 25 43 67
2.0°C 6 126 327 619 777
1.5°C 6 191 486 653 763
Heat pumps 5.0°C 0 0 0 0 0
2.0°C 0 12 42 90 131
1.5°C 0 11 46 82 129
Total® 5.0°C 2055 1940 1861 1676 1499
2.0°C 2055 2094 2177 2052 1802
1.5°C 2055 2122 2300 2039 1715

*Excluding direct electric heating
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(950 TWh/year). In 2050, up to 860 PJ/year of hydrogen will be used in the trans-
port sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand will be 560 TWh in 2050. The 1.5 °C Scenario also assumes a
hydrogen demand of 590 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of around 1000 PJ/year.
Therefore, around 2030, synthetic fuels based on power-to-liquid will be introduced,
with a maximum amount of 610 PJ/year in 2050. Due to the lower overall energy
demand in transport, biofuel use will be reduced in the 1.5 °C Scenario to a maximum
of 510 PJ/year. The maximum synthetic fuel demand will amount to 310 PJ/year.

8.12.1.8 India: Development of CO, Emissions

In the 5.0 °C Scenario, India’s annual CO, emissions will increase by 236%, from
2060 Mt. in 2015 to 6950 Mt. in 2050. The stringent mitigation measures in both
alternative scenarios will cause the annual emissions to fall to 930 Mt. in 2040 in the
2.0 °C Scenario and to 200 Mt. in the 1.5 °C Scenario, with further reductions to
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Table 8.80 India: projection of transport energy demand by mode in the scenarios

in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C 180 238 278 353 423
2.0°C 180 270 325 421 526
1.5°C 180 219 234 332 446
Road 5.0°C 3294 5861 7880 12,152 16,455
20°C |3294 5017 5562 5301 5285
1.5°C [3294 4253 3125 2977 2730
Domestic aviation 5.0°C 84 131 166 216 231
20°C |84 89 81 66 52
1.5°C |84 85 74 52 40
Domestic navigation 50°C |29 34 36 40 52
20°C |29 34 36 40 52
1.5°C |29 34 36 40 52
Total 5.0°C 3587 6263 8360 12,762 17,161
2.0°C 3587 5410 6006 5828 5914
1.5°C 3587 4590 3470 3401 3268
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Fig. 8.86 India: final energy consumption by transport in the scenarios

almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions from 2015
until 2050 will add up to 169 Gt. In contrast, in the 2.0 °C and 1.5 °C Scenarios, the
cumulative emissions for the period from 2015 until 2050 will be 55 Gt and 38 Gt,
respectively.

Therefore, the cumulative CO, emissions will decrease by 67% in the 2.0 °C
Scenario and by 78% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in the annual emissions will occur in both alternative scenarios. In the
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2.0 °C Scenario, the reduction will be greatest in the ‘Residential and other’ sector,
followed by the ‘Power generation” and ‘Industry’ sectors (Fig. 8.87).

8.12.1.9 India: Primary Energy Consumption

The levels of primary energy consumption in the three scenarios when the assump-
tions discussed above are taken into account are shown in Fig. 8.88. In the 2.0 °C
Scenario, the primary energy demand will increase by 43%, from around 35,600 PJ/
year in 2015 to 50,900 PJ/year in 2050. Compared with the 5.0 °C Scenario, the
overall primary energy demand will decrease by 51% by 2050 in the 2.0 °C Scenario
(5.0 °C: 104,800 PJ in 2050). In the 1.5 °C Scenario, the primary energy demand
will be even lower (47,100 PJ in 2050) because the final energy demand and conver-
sion losses will be lower.

Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. This
will cause renewable energy to have a primary energy share of 40% in 2030 and
94% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will have a
primary energy share of more than 94% in 2050 (including non-energy consump-
tion, which will still include fossil fuels). Nuclear energy will be phased out by
2050 in both the 2.0 °C and 1.5 °C Scenarios. The cumulative primary energy con-
sumption of natural gas in the 5.0 °C case will add up to 160 EJ, the cumulative coal
consumption to about 1180 EJ, and the crude oil consumption to 570 EJ. In contrast,
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Fig. 8.88 India: projection of total primary energy demand (PED) by energy carrier in the sce-
narios (including electricity import balance)

in the 2.0 °C Scenario, the cumulative gas demand will amount to 120 EJ, the cumu-
lative coal demand to 360 EJ, and the cumulative oil demand to 220 EJ. Even lower
fossil fuel use will be achieved in the 1.5 °C Scenario: 130 EJ for natural gas, 220
EJ for coal, and 150 EJ for oil.

8.12.2 India: Power Sector Analysis

The electricity market in India is in dynamic development. The government of India
is making great efforts to increase the reliability of the power supply and at the same
time, it is developing universal access to electric power. In 2017, about 300 million
Indians (RF 2018) had no power or inadequate power. In 2017, the Indian
Government launched The Third National Electricity Plan, which covers two 5-year
periods: 2017-2022 and 2022-2027. According to the International Energy Agency
(IEA) Policies and Measures Database (IEA P + M DB 2018):

[...] “the plan covers short- and long-term demand forecasts in different regions and recom-
mend areas for transmission and generation capacity additions ... However, as India sets to
meet its first nationally-determined contribution (NDC) under the Paris Agreement ...
Highlights of the plan include, that during the period 2017-22, no additional capacity of
coal will be added — except for the coal power plants under construction [...]".
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In terms of renewable power generation, India aims to have a total capacity of 275
GW for solar and wind and 72 GW for hydro, with no further increase in the coal
power plant capacity until at least 2027.

8.12.2.1 India: Development of Power Plant Capacities

The Third National Electricity Plan for India is an important foundation for strength-
ening India’s renewable power market in order to achieve the levels envisaged in
both alternative scenarios. Whereas the hydropower target is consistent with the
2.0 °C and 1.5 °C targets, the solar and wind capacity of 275 GW must be reached
between 2020 and 2025 for both scenarios. The annual installation rates for solar
PV installations must increase to around 50 GW—the market size in China in
2017—and remain at that level until 2040 to implement either the 2.0 °C or 1.5 °C
Scenario. The installation rates for onshore wind must be equally high. In 2017,
4.15 GW of new wind turbines were installed, and significant growth is required.
Offshore wind and concentrated solar power plants have significant potential for
selected regions of India. Both technologies are vital to achieving the 2.0 °C or
1.5 °C targets (Table 8.81).

Table 8.81 India: average annual change in installed power plant capacity

India power generation: average annual change 2015-2025 2026-2035 2036-2050
of installed capacity [GW/a] 20°C|15°C|20°C|15°C|2.0°C|1.5°C
Hard coal 7 -7 -6 -7 —-15 |-6
Lignite 0 -1 -1 -2 -2 -1
Gas 9 13 7 7 -14 |17
Hydrogen-Gas 0 0 1 1 32 32
Oil/Diesel 0 -1 -1 -1 0 0
Nuclear 1 0 0 0 -1 -1
Biomass 2 2 2 2 4 4
Hydro 3 2 1 1 1 1
Wind (onshore) 20 55 54 59 44 21
Wind (offshore) 2 6 7 7 5 4
PV (roof top) 21 55 49 53 51 30
PV (utility scale) 7 18 16 18 17 10
Geothermal 0 1 3 3 4 4
Solar thermal power plants 1 6 11 11 10 10
Ocean energy 0 1 3 3 3 3
Renewable fuel based co-generation 0 1 2 3 3
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8.12.2.2 India: Utilization of Power-Generation Capacities

The division of India into five sub-regions is intended to reflect the main grid zones
and it is assumed that interconnection will continue to increase to 15% in 2030 and
20% in 2050. Both scenarios aim for an even distribution of variable power plant
capacities across all Indian sub-regions. By 2030, the variable power generation
will reach 40% in most regions, whereas dispatchable renewables will supply about
one quarter of the demand by 2030 (Table 8.82).

India’s average capacity factors for the entire power plant fleet remain at around
35% over the entire modelling period, as the calculation results in Table 8.83 show.
Contributions from limited dispatchable fossil and nuclear power plants will remain
high until 2030 and indicate that a significant replacement of coal for electricity
must occur after 2030 in the 2.0 °C Scenario. In the 1.5 °C Scenario, coal will be
phased-out just after 2035.

8.12.2.3 India: Development of Load, Generation, and Residual Load

Table 8.84 shows that India’s load is predicted to quadruple in all five sub-regions
between 2020 and 2050. Under the 2.0 °C Scenario, additional interconnection will
increase—beyond the assumed 20% target—but may only be required for the west-
ern and southern sub-regions of India. However, for the 1.5 °C Scenario, intercon-
nections must increase in four of the five regions. In the northern region, the
calculated generation increases faster than the demand. This region has significant
potential for concentrated solar power plants and could supply neighbouring
regions.

Table 8.85 shows the storage and dispatch requirements under the 2.0 °C and
1.5 °C Scenarios. All the regions remain within the maximum curtailment target of
10%. Table 8.71 provides an overview of the calculated storage and dispatch power
requirements by sub-region. Charging capacities are moderate compared with other
world regions. Compared to all other world regions, hydrogen dispatch utilization is
very low due to a relatively moderate increase in the gas and hydrogen capacities in
India.
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Table 8.82 India: power system shares by technology group

S. Teske et al.

Power 2.0°C 1.5°C

generation

structure and Variable | Dispatch| Dispatch| Inter- Variable| Dispatch| Dispatch | Inter-

interconnection RE RE Fossil connection | RE RE fossil connection

India-Northern | 2015 | 4% 32% 64% 10%

Region 2030 | 41% 28% 31% 15% 56% 24% 20% 15%
2050 | 60% 38% 2% 20% 48% 35% 17% 20%

India-North- 2015 | 4% 32% 64% 10%

Eastern Region | 5030 | 449 [26%  [30% | 15% S8% |21%  |21% | 15%
2050 | 95% 5% 0% 20% 92% 5% 3% 20%

India-Eastern 2015 | 4% 32% 64% 10%

Region 2030 | 51% 26% 23% 15% 68% 22% 10% 15%
2050 | 73% 26% 1% 20% 69% 29% 2% 20%

India-Western | 2015 | 4% 32% 64% 10%

Region 2030 | 44% 26% 30% 15% 57% 21% 22% 15%
2050 | 70% 29% 1% 20% 49% 24% 27% 20%

India-Southern | 2015 | 4% 32% 64% 10%

Region 2030 | 48% | 23%  |29% | 15% 60% | 18% |22% | 15%
2050 | 78% 21% 1% 20% 62% 19% 19% 20%

India 2015 | 4% 32% 64%
2030 | 45% 26% 29% 60% 21% 19%
2050 | 72% 27% 1% 58% 26% 16%

Table 8.83 India: capacity factors by generation type

Utilization of

variable and

dispatchable

power

generation: 2015 2020 |2020 2030 2030 |2040 |2040 2050 |2050

India 20°C|15°C|20°C|1.5°C|2.0°C|15°C|20°C|1.5¢°C

Capacity [%/yr] 60.8% |53% |57% |35% |26% |33% |30% |37% |34%

factor — average

Limited [%lyr]| 67.7% |57% |61% |48% 38% |37% |27% |37% |12%

dispatchable:

fossil and

nuclear

Limited [%lyr]| 17.1% |24% |26% |38% 34% |58% |39% |44% |42%

dispatchable:

renewable

Dispatchable:  |[%/yr]|44.7% 12% |19% |11% |[12% 30% |29% 24% |29%

fossil

Dispatchable:  |[%/yr]| 39.8% |60% |68% |57% |45% |40% |52% |65% |57%

renewable

Variable: [%/yr]| 9.0% | 8% 8% 19% |20% 27% 25% |29% |28%

renewable
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8.13 China

8.13.1 China: Long-Term Energy Pathways
8.13.1.1 China: Final Energy Demand by Sector

The future development pathways for China’s final energy demand when the assump-
tions on population growth, GDP growth and energy intensity are combined are
shown in Fig. 8.89 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the 5.0 °C
Scenario, the total final energy demand will increase by 56% from the current 73,600
Pl/year to 114,600 PJ/year in 2050. In the 2.0 °C Scenario, the final energy demand
will decreases by 26% compared with current consumption and will reach 54,400
Pl/year by 2050. The final energy demand in the 1.5 °C Scenario will reach 49,200
PJ, 33% below the 2015 demand. In the 1.5 °C Scenario, the final energy demand in
2050 will be 10% lower than in the 2.0 °C Scenario. The electricity demand for
‘classical’ electrical devices (without power-to-heat or e-mobility) will increase
from 3470 TWh/year in 2015 to around 5230 TWh/year in both alternative scenarios
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Fig. 8.89 China: development of final energy demand by sector in the scenarios
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by 2050. Compared with the 5.0 °C case (9480 TWh/year in 2050), the efficiency
measures in the 2.0 °C and 1.5 °C Scenarios save around 4250 TWh/year by 2050.

Electrification will lead to a significant increase in the electricity demand by
2050. In the 2.0 °C Scenario, the electricity demand for heating will be approxi-
mately 2800 TWh/year due to electric heaters and heat pumps and in the transport
sector, the electricity demand will be approximately 4200 TWh/year due to electric
mobility. The generation of hydrogen (for transport and high-temperature process
heat) and the manufacture of synthetic fuels (mainly for transport) will add an addi-
tional power demand of 3900 TWh/year. Therefore, the gross power demand will
rise from 5900 TWh/year in 2015 to 13,800 TWh/year in 2050 in the 2.0 °C
Scenario, 11% higher than in the 5.0 °C case. In the 1.5 °C Scenario, the gross elec-
tricity demand will increase to a maximum of 13,300 TWh/year in 2050.

The efficiency gains in the heating sector could be even larger than in the elec-
tricity sector. In the 2.0 °C and 1.5 °C Scenarios, a final energy consumption equiva-
lent to about 24,400 PJ/year and 27,600 Pl/year, respectively, will be avoided
through efficiency gains by 2050 compared to the 5.0 °C Scenario.

8.13.1.2 China: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power from renew-
able sources. By 2050, 100% of the electricity produced in China will come from
renewable energy sources in the 2.0 °C Scenario. ‘New’ renewables—mainly wind,
solar, and geothermal energy—will contribute 77% of the total electricity genera-
tion. Renewable electricity’s share of the total production will be 54% by 2030 and
84% by 2040. The installed capacity of renewables will reach about 2170 GW by
2030 and 5420 GW by 2050. The share of renewable electricity generation in
2030 in the 1.5 °C Scenario is assumed to be 63%. In the 1.5 °C Scenario, the gen-
eration capacity from renewable energy will be approximately 5310 GW in 2050.

Table 8.86 shows the development of different renewable technologies in China
over time. Figure 8.90 provides an overview of the overall power-generation struc-
ture in China. From 2020 onwards, the continuing growth of wind and PV, up to
1670 GW and 2220 GW, respectively, will be complemented by up to 680 GW solar
thermal generation, as well as limited biomass, geothermal, and ocean energy, in the
2.0 °C Scenario. Both the 2.0 °C and 1.5 °C Scenarios will lead to a high proportion
of variable power generation (PV, wind, and ocean) of 28% and 34%, respectively,
by 2030, and 51% and 52%, respectively, by 2050.
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Table 8.86 China: development of renewable electricity-generation capacity in the scenarios

in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 320 395 424 477 525
2.0°C 320 383 396 420 450
1.5°C 320 383 396 420 450
Biomass 5.0°C 11 24 29 39 48
2.0°C 11 57 101 158 195
1.5°C 11 72 106 160 195
Wind 5.0°C 132 343 408 536 667
2.0°C 132 428 678 1299 1674
1.5°C 132 508 877 1460 1652
Geothermal 5.0°C 0 0 0 1 3
2.0°C 0 4 19 77 134
1.5°C 0 7 29 77 119
PV 5.0°C 43 265 330 430 565
2.0°C 43 504 889 1614 2218
1.5°C 43 604 1036 1781 2215
CSP 5.0°C 0 3 5 7 11
2.0°C 0 11 84 413 677
1.5°C 0 16 103 391 614
Ocean 5.0°C 0 0 0 1 1
2.0°C 0 1 7 33 74
1.5°C 0 1 7 33 62
Total 5.0°C 505 1029 1196 1490 1819
2.0°C 505 1390 2175 4015 5421
1.5°C 505 1592 2555 4322 5307
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Fig. 8.90 China: development of electricity-generation structure in the scenarios
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8.13.1.3 China: Future Costs of Electricity Generation

Figure 8.91 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated elec-
tricity generation costs in 2015 (referring to full costs) were around 4.7 ct/kWh. In
the 5.0 °C case, the generation costs will increase until 2030, when they reach 9.2
ct/kWh, and then drop to 8.8 ct/kWh by 2050. The generation costs will increase in
the alternative scenarios until 2030, when they reach around 8 ct/kWh, and will then
drop to 6.5 ct/kWh by 2050, 2.3 ct/kWh lower than in the 5.0 °C Scenario. Note that
these estimates of generation costs do not take into account integration costs such as
power grid expansion, storage, or other load-balancing measures.

In the 5.0 °C case, the growth in demand and increasing fossil fuel prices will
cause total electricity supply costs to rise from today’s $310 billion/year to more
than $1230 billion/year in 2050. In the 2.0 °C case, the total supply costs will be
$1030 billion/year and $1010 billion/year in the 1.5 °C Scenario. Therefore, the
long-term costs for electricity supply will be more than 16% lower in the alternative
scenarios than in the 5.0 °C case.

Compared with these results, the generation costs when the CO, emission costs
are not considered will increase in the 5.0 °C case to 5.7 ct/kWh in 2030 and stabi-
lize at 5.5 ct/kWh in 2050. In the 2.0 °C Scenario, they increase continuously until
2050, when they reach 6.6 ct/kWh. In the 1.5 °C Scenario, they will increase to 7 ct/
kWh and then drop to 6.6 ct/kWh by 2050. In the 2.0 °C Scenario, the generation
costs will be a maximum of 1 ct/kWh higher than in the 5.0 °C case, and this will

1400 10
—_ 9
1200
8
1000 7
v 6 c
P 800 ;
o 5 X
= =
= 600 PR
400 3
2
200
1
0 0
2015 2025 2030 2040 2050
EEm2.0°C [ efficiency measures 2.0°C
I 1.5°C [ efficiency measures 1.5°C

Spec. Electricity Generation Costs 5.0°C I 5.0°C

=== Spec. Electricity Generation Costs 1.5°C Spec. Electricity Generation Costs 2.0°C

Fig. 8.91 China: development of total electricity supply costs and specific electricity-generation
costs in the scenarios
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occur in 2050. In the 1.5 °C Scenario, compared to the 5.0 °C Scenario, the maxi-
mum difference in generation costs will be 1.6 ct/kWh in 2040. The generation costs
in 2050 will be 1.1 ct/kWh higher than in the 5.0 °C case. If the CO, costs are not
considered, the total electricity supply costs in the 5.0 °C case will rise to about
$810 billion/year in 2050.

8.13.1.4 China: Future Investments in the Power Sector

An investment of around $9740 billion will be required for power generation
between 2015 and 2050 in the 2.0 °C Scenario—including additional power plants
for the production of hydrogen and synthetic fuels and investments for plant replace-
ment at the end of their economic lifetimes. This value will be equivalent to approx-
imately $271 billion per year on average and will be $5680 billion more than in the
5.0 °C case ($4060 billion). An investment of around $9840 billion for power gen-
eration will be required between 2015 and 2050 in the 1.5 °C Scenario. On average,
this will be an investment of $273 billion per year. In the 5.0 °C Scenario, the invest-
ment in conventional power plants will be around 29% of the total cumulative
investments, whereas approximately 71% will be invested in renewable power gen-
eration and co-generation (Fig. 8.92).

However, in the 2.0 °C (1.5 °C) Scenario, China will shift almost 97% (98%) of
its entire investment to renewables and co-generation. By 2030, the fossil fuel share
of the power sector investment will predominantly focus on gas power plants that
can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in both alternative scenarios will reach a total of more than $6200
billion in 2050, equivalent to $173 billion per year. Therefore, the total fuel cost
savings will be equivalent to 110% of the total additional investments compared to
the 5.0 °C Scenario.

8.13.1.5 China: Energy Supply for Heating

The final energy demand for heating will increase in the 5.0 °C Scenario by 38%
from 42,300 PJ/year in 2015 to 58,200 PJ/year in 2050. Energy efficiency measures
will help to reduce the energy demand for heating by 42% in 2050 in the 2.0 °C
Scenario, relative to the 5.0 °C case, and by 47% in the 1.5 °C Scenario. Today,
renewables supply around 11% of China’s final energy demand for heating, with the
main contribution from biomass. Renewable energy will provide 32% of China’s
total heat demand in 2030 in the 2.0 °C Scenario and 46% in the 1.5 °C Scenario. In
both scenarios, renewables will provide 100% of the total heat demand in 2050.
Figure 8.93 shows the development of different technologies for heating in China
over time, and Table 8.87 provides the resulting renewable heat supply for all sce-
narios. Up to 2030, biomass will remain the main contributor. In the long term, the
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growing use of solar, geothermal, and environmental heat will lead to a biomass
share of 24% in both alternative scenarios.

Heat from renewable hydrogen will further reduce the dependence on fossil fuels
in both scenarios. Hydrogen consumption in 2050 will be around 4100 PJ/year in
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Table 8.87 China: development of renewable heat supply in the scenarios (excluding the direct
use of electricity)

in PJ/year Case |2015 2025 |2030 2040 2050
Biomass 5.0°C |2776 2095 2079 2291 2877
2.0°C |2776 |4609 | 5603 6254 5967
1.5°C |2776 |5378 6263 6055 5385
Solar heating 5.0°C | 892 1297 1515 1962 2535
2.0°C | 892 2066 2906 5454 5417
1.5°C | 892 2364 3242 4381 4360
Geothermal heat and heat pumps | 5.0 °C | 306 452 526 743 1026
2.0°C | 306 1304 | 2720 6690 9225
1.5°C | 306 1269 | 2884 5706 7943

Hydrogen 5.0°C |0 0 0 0 0
20°C |0 0 7 1020 4118
1.5°C |0 0 7 1890 4549

Total 5.0°C 3974 3844 |4120 4996 6438

2.0°C |3974 | 7978 11,237 19,417 | 24,727
1.5°C |3974 9011 12,396 18,031 22,237

the 2.0 °C Scenario and to 4500 PJ/year in the 1.5 °C Scenario. The direct use of
electricity for heating will also increase by a factor of 3.7—4 between 2015 and 2050
and electricity for heating will have a final energy share of 27% in 2050 in both the
2.0 °C Scenario and 1.5 °C Scenario.

8.13.1.6 China: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies up to 2050
will amount to around $2780 billion in the 2.0 °C Scenario (including investments
for the replacement of plants after their economic lifetimes), or approximately $77
billion per year. The largest share of investment in China is assumed to be for heat
pumps (around $1200 billion), followed by solar collectors and geothermal heat
use. The 1.5 °C Scenario assumes an even faster expansion of renewable technolo-
gies. However, the lower heat demand (compared with the 2.0 °C Scenario) will
result in a lower average annual investment of around $67 billion per year
(Table 8.88, Fig. 8.94).

8.13.1.7 China: Transport

The energy demand in the transport sector in China is expected to increase in the
5.0 °C Scenario by 107% from around 12,600 PJ/year in 2015 to 26,100 PJ/year in
2050. In the 2.0 °C Scenario, assumed technical, structural, and behavioural changes
will save 68% (17,840 PJ/year) by 2050 compared with the 5.0 °C Scenario.
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Table 8.88 China: installed capacities for renewable heat generation in the scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 5.0°C 1194 764 648 519 468
2.0°C 1194 1284 1214 921 578
1.5°C 1194 1267 1280 808 481
Geothermal 5.0°C 0 0 0 0 0
2.0°C 0 20 46 187 272
1.5°C 0 20 42 139 161
Solar heating 5.0°C 281 409 478 618 799
2.0°C 281 592 843 1546 1539
1.5°C 281 688 956 1252 1275
Heat pumps 5.0°C 52 76 89 126 174
2.0°C 52 151 251 449 565
1.5°C 52 136 213 349 446
Total® 5.0°C 1527 1250 1214 1263 1441
2.0°C 1527 2048 2355 3103 2954
1.5°C 1527 2111 2491 2549 2361

*Excluding direct electric heating

Additional modal shifts, technology switches, and a reduction in transport demand
will lead to even higher energy savings in the 1.5 °C Scenario of 76% (or 19,900 PJ/
year) in 2050 compared with the 5.0 °C case (Table 8.89, Fig. 8.95).

By 2030, electricity will provide 21% (680 TWh/year) of the transport sector’s
total energy demand in the 2.0 °C Scenario, whereas in 2050, the share will be 51%
(1170 TWh/year). In 2050, up to 1600 PJ/year of hydrogen will be used in the trans-
port sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand is 860 TWh in 2050. The 1.5 °C Scenario also assumes a hydro-
gen demand of 1100 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario to a maximum of 1900 PJ/year.
Therefore, around 2030, synthetic fuels based on power-to-liquid will be intro-
duced, with a maximum amount of 560 PJ/year in 2050. Due to the lower overall
energy demand in transport, biofuel use will be reduced in the 1.5 °C Scenario to a
maximum of around 1400 PJ/year. The maximum synthetic fuel demand will
amount to 720 PJ/year.

8.13.1.8 China: Development of CO, Emissions

In the 5.0 °C Scenario, China’s annual CO, emissions will increase by 25%, from
9060 Mt. in 2015 to 11,320 Mt. in 2050. The stringent mitigation measures in both
alternative scenarios will cause annual emissions to fall to 1990 Mt. in 2040 in the
2.0 °C Scenario and to 760 Mt. in the 1.5 °C Scenario, with further reductions to
almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions from 2015
until 2050 will add up to 392 Gt. In contrast, in the 2.0 °C and 1.5 °C Scenarios, the



8 Energy Scenario Results 369
5.0°C: 2015-2050 heat
pumps
51%
total 640 billion $
biomass
technologies
25%
solar geothermal
collectors heat use
24% 0%
2.0C: 2015-2050 1.5°C: 2015-2050
biomass biomass
heat : heat
technologies i
pumps o 8 pumps technoologles
43% ° 39% 8%
geothermal
geothermal heat use
heat use 13%
total 2,800 billion $ 18% total 2,400 billion $
solar coTI(()el?trors
collectors
34% 40%

Fig. 8.94 China: development of investments for renewable heat-generation technologies in the
scenarios

cumulative emissions for the period from 2015 until 2050 will be 174 Gt and 132
Gt, respectively.

Therefore, the cumulative CO, emissions will decrease by 56% in the 2.0 °C
Scenario and by 66% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in annual emissions will occur in both alternative scenarios. In the 2.0 °C
Scenario the reduction will be greatest in the ‘Residential and other’ sector, fol-
lowed by ‘Power generation’ and ‘Transport’ sectors (Fig. 8.96).

8.13.1.9 China: Primary Energy Consumption

The levels of primary energy consumption in the three scenarios when the assump-
tions discussed above are taken into account are shown in Fig. 8.97. In the 2.0 °C
Scenario, the primary energy demand will decrease by 30%, from around 125,000
PJ/year in 2015 to 87,800 PJ/year in 2050. Compared with the 5.0 °C Scenario, the



370

Table 8.89 China: projection of transport energy demand by mode in the scenarios

S. Teske et al.

in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C |539 567 593 644 672
2.0°C |539 589 637 687 762
1.5°C |539 580 597 622 662
Road 5.0°C |10,421 15,629 17,651 19,664 22,073
2.0°C |10421 11,509 9395 7143 5894
1.5°C |10,421 9607 7372 4576 4020
Domestic aviation 5.0°C |754 1234 1590 2070 2213
20°C 754 814 742 592 470
1.5°C |754 777 653 463 366
Domestic navigation 5.0°C |877 984 1035 1113 1157
2.0°C |877 984 1035 1113 1157
1.5°C |877 984 1035 1113 1157
Total 5.0°C |12,591 18,413 20,870 23,490 26,115
2.0°C |12,591 13,895 11,809 9535 8284
1.5°C 12,591 11,948 9657 6773 6206
30,000
25,000 [ ]
] O Efficiency
20,000 (compared to

Fig. 8.95 China: final energy consumption by transport in the scenarios
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overall primary energy demand will decrease by 54% by 2050 in the 2.0 °C Scenario
(5.0 °C: 192,300 PJ in 2050). In the 1.5 °C Scenario, the primary energy demand
will be even lower (80,700 PJ in 2050) because the final energy demand and conver-
sion losses will be lower.

Both the 2.0 °C and 1.5 °C Scenarios aim to rapidly phase-out coal and oil. This
will cause renewable energy to have a primary energy share of 28% in 2030 and
92% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will have a
primary energy share of more than 91% in 2050 (including non-energy consump-
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tion, which will still include fossil fuels). Nuclear energy will be phased-out by
2050 in the 2.0 °C Scenario and by 2045 in the 1.5 °C Scenario. The cumulative
primary energy consumption of natural gas in the 5.0 °C case will add up to 570 EJ,
the cumulative coal consumption to about 3000 EJ, and the crude oil consumption
to 1080 EJ. In contrast, in the 2.0 °C Scenario, the cumulative gas demand will
amount to 360 EJ, the cumulative coal demand to 1360 EJ, and the cumulative oil
demand to 430 EJ. Even lower fossil fuel use will be achieved in the 1.5 °C Scenario:
440 EJ for natural gas, 930 EJ for coal, and 340 EJ for oil.

8.13.2 China: Power Sector Analysis

China has by far the largest power sector of all world regions—about one quarter of
the world’s total electricity generation. China’s National Energy Administration
(NEA) released the /3th Energy Five-Year Plan (FYP) in January 2016 (IEA RED
2016). The FYP that is in force from 2016 to 2020 introduces framework legislation
that defines energy development for the next 5 years in China. In parallel to the main
Energy FYP, there are 14 additional supporting FYPs, such as the Renewable
Energy 13th FYP, the Wind FYP, and the Electricity FYP, which were all released
at about the same time (GWEC-NL 2018). According to the Renewable Energy 13th
FYP, by 2020, the total RE electricity installations will reach 680 GW, with electric-
ity production of 1900 TWh/year This will account for 27% of electricity produc-
tion. The wind power target is set to reach 210 GW by 2020, with electricity
production of 420 TWh, supplying 6% of China’s total electricity demand. The
target for offshore wind is 5 GW by 2020 (GWEC-NL 2018). For other renewable
power-generation technologies, the 2020 targets are 150 GW for solar PV, 10 GW
for concentrated solar power (CSP), 15 GW for bioenergy, and 380 GW for hydro-
power, including 40 GW hydro pump storage (IEA-RED 2016). The renewable tar-
gets are consistent, to large extent, with both the 2.0 °C and 1.5 °C Scenarios. The
onshore wind and solar PV capacities in both scenarios will increase to 50 GW and
are within the current market size range. The targets for the 2.0 °C and 1.5 °C
Scenarios for CSP, bioenergy, and offshore wind are slightly higher than current
market volumes. However, the first decade of the 2.0 °C and 1.5 °C Scenarios will
reflect the existing trends in China’s power sector.

8.13.2.1 China: Development of Power Plant Capacities

China’s solar PV and wind power markets are the largest in the world and represent
about half the global annual market for solar PV (in 2017) and a third of the market
for onshore wind. The continued growth of the annual renewable power market—
for all technologies—for the Chinese market will continue to have a significant
impact on other world regions. To implement the project’s 2.0 °C Scenario, the cur-
rent solar PV market in China must remain at the 2017 level, and to achieve the
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Table 8.90 China: average annual change in installed power plant capacity

China power generation: average annual change 2015-2025 20262035 2036-2050
of installed capacity [GW/a] 20°C|15°C|20°C|15°C|2.0°C|1.5°C
Hard coal 5 -51 |-55 |-81 |—-41 |-5
Lignite 0 0 0 0 0 0
Gas 4 28 6 30 -16 | -17
Hydrogen-Gas 0 0 1 3 24 38
Oil/Diesel 0 -1 0 -1 0 0
Nuclear 3 0 -2 0 -3 —4
Biomass 6 10 8 5

Hydro 8 5 3 3 3 3
Wind (onshore) 31 65 46 64 36 29
Wind (offshore) 2 12 20 22 11 9
PV (roof top) 41 77 69 76 62 50
PV (utility scale) 14 26 23 25 21 17
Geothermal 1 4 5 6 8 6
Solar thermal power plants 1 13 34 29 40 30
Ocean energy 0 1 2 2 5 4
Renewable fuel based co-generation 4 9 10 8 8

1.5 °C Scenario, it must double. The onshore wind market must increase by 50%
compared with 2015 for the 2.0 °C Scenario and must triple to meet the 1.5 °C tra-
jectory. All these annual market volumes must be maintained until 2035, before a
moderate reduction in the annual market sizes can occur (Table 8.90).

8.13.2.2 China: Utilization of Power Generation Capacities

Across all regions, an interconnection capacity of 10% is assumed for the base year
calculation. The interconnection capacity will increase to 20% by 2030, with no
further increase thereafter. For the entire modelling period, it is assumed that Taiwan
is not connected to any other region. Under the 2.0 °C Scenario, variable renewables
will attain a share of around 30% in all sub-regions, whereas the 1.5 °C Scenario
will lead to shares of over 40% in five of the seven sub-regions (Table 8.91).

Table 8.92 shows the results of the capacity factor calculations done under the
assumption that variable and dispatchable power plants will have priority access to
the grid and priority dispatch. The average capacity factors for limited dispatchable
power plants will remain at around 30% until 2030 under the 2.0 °C Scenario. This
relatively low factor indicates an overcapacity in China’s power market. The curtail-
ment rates of 20% (REW 1-2018) and more in 2017—mainly for wind farms—con-
firm this.
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Table 8.92 China: capacity factors by generation type

Utilization of
variable and
dispatchable
power

generation: 2015 2020 2020 [2030 |2030 |2040 |2040 |2050 |2050
China 20°C|15°C|20°C|1.5°C|2.0°C|15°C|20°C|1.5¢°C

Capacity [%lyr] 42.0% |30% |28% |26% |21% |37% |24% |37% |26%
factor — average
Limited [%/yr] 39.2% |34% |29% |32% |25% |20% | 17% |9% 16%
dispatchable:
fossil and
nuclear

Limited [%lyr] 473% |20% | 17% |21% [14% |68% |19% |47% |27%
dispatchable:
renewable
Dispatchable:  |[%/yr]| 30.7% |28% |40% |46% |34% |24% 37% |11% 37%
fossil
Dispatchable:  |[%/yr]| 59.1% |27% |31% |28% |23% |47% 34% |62% |39%
renewable
Variable: [%/yr]| 179% | 15% |15% |17% | 16% |22% |17% |22% |17%
renewable

8.13.2.3 China: Development of Load, Generation, and Residual Load

The load for China is calculated to continue to increase. Table 8.93 shows that the
maximum load will double across all regions. However, the assumed interconnec-
tion rates of 20% are sufficient for the 2.0 °C Scenario, whereas significantly higher
interconnection capacities will be required under the 1.5 °C Scenario. By 2050, all
regions will have an oversupply under the 1.5 °C Scenario. This surplus electricity
will be used to produce synthetic fuels and hydrogen. The [R]E 24/7 model does not
interface with other world regions, so surplus generation will result in a negative
residual load.

Finally, Table 8.94 provides an overview of the calculated storage and dispatch
power requirements in the Chinese region. The calculated hydro pump storage
increase by 2050 is consistent with the Thirteenth Five-Year Plan’s requirement for
40 GW additional capacity. Furthermore, curtailment is within the acceptable range,
at significantly below 10% in both scenarios by 2050. Battery capacities must
increase significantly after 2030. The central, southern, and eastern sub-regions of
mainland China have by far the highest storage requirements.
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8.14 OECD Pacific

8.14.1 OECD Pacific: Long-Term Energy Pathways
8.14.1.1 OECD Pacific: Final Energy demand by Sector

The future development pathways for OECD Pacific’s final energy demand when
the assumptions on population growth, GDP growth, and energy intensity are com-
bined are shown in Fig. 8.98 for the 5.0 °C, 2.0 °C, and 1.5 °C Scenarios. In the
5.0 °C Scenario, the total final energy demand will decrease by 2%, from the current
20,100 PJ/year to 19,600 PJ/year in 2050. In the 2.0 °C Scenario, the final energy
demand will decrease by 46% compared with current consumption and will reach
10,800 PJ/year by 2050. The final energy demand in the 1.5 °C Scenario will reach
10,200 PJ, 49% below the 2015 demand. In the 1.5 °C Scenario, the final energy
demand in 2050 will be 6% lower than in the 2.0 °C Scenario. The electricity
demand for ‘classical’ electrical devices (without power-to-heat or e-mobility) will
decrease from 1520 TWh/year in 2015 to 1150 TWh/year in 2050 in both alternative
scenarios. Compared with the 5.0 °C case (1890 TWh/year in 2050), the efficiency
measures in the 2.0 °C and 1.5 °C Scenarios will save 740 TWh/year in 2050.
Electrification will lead to a significant increase in the electricity demand by
2050. The 2.0 °C Scenario has an electricity demand for heating of approximately
400 TWh/year due to electric heaters and heat pumps, and in the transport sector,
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Fig. 8.98 OECD Pacific: development of final energy demand by sector in the scenarios
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the electricity demand will be approximately 1100 TWh/year due to electric mobil-
ity. The generation of hydrogen (for transport and high-temperature process heat)
and the manufacture of synthetic fuels (mainly for transport) will add an additional
power demand of 1000 TWh/year. Therefore, the gross power demand will rise
from 1900 TWh/year in 2015 to 3000 TWh/year in 2050 in the 2.0 °C Scenario,
25% higher than in the 5.0 °C case. In the 1.5 °C Scenario, the gross electricity
demand will increase to a maximum of 3400 TWh/year in 2050.

The efficiency gains in the heating sector could be even larger than in the elec-
tricity sector. In the 2.0 °C and 1.5 °C Scenarios, a final energy consumption equiva-
lent to about 3000 PJ/year and 3100 PJ/year, respectively, will be avoided by 2050
through efficiency gains compared with the 5.0 °C Scenario.

8.14.1.2 OECD Pacific: Electricity Generation

The development of the power system is characterized by a dynamically growing
renewable energy market and an increasing proportion of total power coming from
renewable sources. By 2050, 100% of the electricity produced in OECD Pacific will
come from renewable energy sources in the 2.0 °C Scenario. ‘New’ renewables—
mainly wind, solar, and geothermal energy—will contribute 82% of total electricity
generation. Renewable electricity’s share of the total production will be 60% by
2030 and 89% by 2040. The installed capacity of renewables will reach about 680
GW by 2030 and 1420 GW by 2050. The share of renewable electricity generation
in 2030 in the 1.5 °C Scenario is assumed to be 68%. The 1.5 °C Scenario will have
a generation capacity from renewable energy of approximately 1590 GW in 2050.

Table 8.95 shows the development of different renewable technologies in OECD
Pacific over time. Figure 8.99 provides an overview of the overall power-generation
structure in OECD Pacific. From 2020 onwards, the continuing growth of wind and
PV, up to 320 GW and 830 GW, respectively, will complemented by up to 60 GW
solar thermal generation, as well as limited biomass, geothermal, and ocean energy,
in the 2.0 °C Scenario. Both the 2.0 °C and 1.5 °C Scenarios will lead to a high
proportion of variable power generation (PV, wind, and ocean) of 40% and 47% by
2030, respectively, and of 68% in both scenarios by 2050.

8.14.1.3 OECD Pacific: Future Costs of Electricity Generation

Figure 8.100 shows the development of the electricity-generation and supply costs
over time, including the CO, emission costs, in all scenarios. The calculated
electricity-generation costs in 2015 (referring to full costs) were around 8 ct/kWh.
In the 5.0 °C case, the generation costs will increase until 2030, when they reach
11.1 ct/kWh, and then drop to 10.9 ct/kWh by 2050. The generation costs will
increase in the 2.0 °C Scenario until 2030, when they reach 10.5 ct/kWh, and then
drop to 8.3 ct/kWh by 2050. In the 1.5 °C Scenario, they will increase to 10.7 ct/
kWh, and then drop to 8.5 ct/kWh by 2050. In the 2.0 °C Scenario, the generation
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Table 8.95 OECD Pacific: development of renewable electricity-generation capacity in the

scenarios
in GW Case 2015 2025 2030 2040 2050
Hydro 5.0°C 69 73 76 78 78
2.0°C 69 76 78 82 84
1.5°C 69 76 78 82 84
Biomass 5.0°C 9 13 15 16 18
2.0°C 9 23 26 35 43
1.5°C 9 23 29 42 47
Wind 5.0°C 9 23 28 40 56
2.0°C 9 77 145 263 322
1.5°C 9 84 198 335 384
Geothermal 5.0°C 2 4 5 7 11
2.0°C 2 4 14 27 37
1.5°C 2 4 14 27 37
PV 5.0°C 43 84 96 102 107
2.0°C 43 225 394 701 831
1.5°C 43 253 427 782 932
CSP 5.0°C 0 0 0 1 1
2.0°C 0 1 15 39 57
1.5°C 0 1 20 49 67
Ocean 5.0°C 0 1 1 2 4
2.0°C 0 3 8 27 42
1.5°C 0 3 8 27 42
Total 5.0°C 132 197 221 246 275
2.0°C 132 409 681 1176 1416
1.5°C 132 444 774 1345 1594
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Fig. 8.99 OECD Pacific: development of electricity-generation structure in the scenarios
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Fig. 8.100 OECD Pacific: development of total electricity supply costs and specific electricity-
generation costs in the scenarios

costs in 2050 will be 2.6 ct/kWh lower than in the 5.0 °C case, and in the 1.5 °C
Scenario, this difference will 2.4 ct/kWh. Note that these estimates of generation
costs do not take into account integration costs such as power grid expansion, stor-
age, or other load-balancing measures.

In the 5.0 ° C case, the growth in demand and increasing fossil fuel prices will
cause the total electricity supply costs to rise from today’s $160 billion/year to more
than $270 billion/year in 2050. In the 2.0 °C Scenario, the total supply costs will be
$270 billion/year, and in the 1.5 °C Scenario, they will be $310 billion/year. The
long-term costs for electricity supply will be only 2% higher in the 2.0 °C Scenario
than in the 5.0 °C Scenario as a result of the estimated generation costs and the
electrification of heating and mobility. Further electrification and synthetic fuel gen-
eration in the 1.5 °C Scenario will result in total power generation costs that are
17% higher than in the 5.0 °C case.

Compared with these results, the generation costs when the CO, emission costs
are not considered will increase in the 5.0 °C case to 8.3 ct/kWh in 2050. The gen-
eration costs in the 2.0 °C Scenario will increase until 2030, when they will reach
9.3 ct/kWh, and then drop to 8.3 ct/kWh by 2050. In the 1.5 °C Scenario, they will
increase to 9.9 ct/kWh, and then drop to 8.5 ct/kWh by 2050. In the 2.0 °C Scenario,
the generation costs will be a maximum of 1 ct/kWh higher than in the 5.0 °C case
and this will occur in 2040. In the 1.5 °C Scenario, compared with the 5.0 °C
Scenario, the maximum difference in the generation costs will be 1.4 ct/kWh, again
in 2040. If the CO, costs are not considered, the total electricity supply costs in the
5.0 °C case will rise to about $200 billion/year in 2050.
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8.14.1.4 OECD Pacific: Future Investments in the Power Sector

An investment of around $2780 billion will be required for power generation
between 2015 and 2050 in the 2.0 °C Scenario—including additional power plants
for the production of hydrogen and synthetic fuels and investments in the replace-
ment of plants at the end of their economic lifetimes. This value will be equivalent
to approximately $77 billion per year on average, and will be $1520 billion more
than in the 5.0 °C case ($1260 billion). An investment of around $3100 billion for
power generation will required between 2015 and 2050 in the 1.5 °C Scenario. On
average, this is an investment of $86 billion per year. In the 5.0 °C Scenario, the
investment in conventional power plants will be around 56% of the total cumulative
investments, whereas approximately 44% will be invested in renewable power gen-
eration and co-generation (Fig. 8.101).

However, in the 2.0 °C (1.5 °C) Scenario, OECD Pacific will shift almost 93%
(95%) of its entire investment to renewables and co-generation. By 2030, the fossil
fuel share of the power sector investment will predominantly focused on gas power
plants that can also be operated with hydrogen.

Because renewable energy has no fuel costs, other than biomass, the cumulative
fuel cost savings in the 2.0 °C Scenario will reach a total of $1420 billion in 2050,
equivalent to $39 billion per year. Therefore, the total fuel cost savings will be
equivalent to 90% of the total additional investments compared to the 5.0 °C
Scenario. The fuel cost savings in the 1.5 °C Scenario will add up to $1510 billion,
or $42 billion per year.

5.0°C: 2015-2050

Renewable
40%

CHP
5% total 1,260 billion $
Fossil
Nuclear 31%
24%
2.0°C: 2015-2050 1.5°C: 2015-2050
Fossil Fossil
(incl. H2)

(incl. H2)
5%

6%
Nuclear
3%

Nuclear
4%

CHP
7%

total 2,780
billion $

total 3,100
billion $

CHP
7%

Renewable
83%

Renewable
85%

Fig. 8.101 OECD Pacific: investment shares for power generation in the scenarios
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8.14.1.5 OECD Pacific: Energy Supply for Heating

The final energy demand for heating will increase in the 5.0 °C Scenario by 17%,
from 7100 PJ/year in 2015 to 8300 PJ/year in 2050. Energy efficiency measures will
help to reduce the energy demand for heating by 35% in 2050 in the 2.0 °C Scenario,
relative to the 5.0 °C case, and by 37% in the 1.5 °C Scenario. Today, renewables
supply around 7% of OECD Pacific’s final energy demand for heating, with the main
contribution from biomass. Renewable energy will provide 33% of OECD Pacific’s
total heat demand in 2030 in the 2.0 °C Scenario and 42% in the 1.5 °C Scenario. In
both scenarios, renewables will provide 100% of the total heat demand in 2050.

Figure 8.102 shows the development of different technologies for heating in
OECD Pacific over time, and Table 8.96 provides the resulting renewable heat sup-
ply for all scenarios. Up to 2030, biomass will remain the main contributor. The
growing use of solar, geothermal, and environmental heat will lead, in the long term,
to a biomass share of 37% in the 2.0 °C Scenario and of 35% in the 1.5 °C Scenario.

Heat from renewable hydrogen will further reduce the dependence on fossil fuels
in both scenarios. The hydrogen consumption in 2050 will be around 700 PJ/year in
the 2.0 °C Scenario and 800 PJ/year in the 1.5 °C Scenario. The direct use of elec-
tricity for heating will also increases by a factor of 1.6 between 2015 and 2050, and
will achieves a final energy share of 21% in 2050 in the 2.0 °C Scenario and 22% in
the 1.5 °C Scenario.

8.14.1.6 OECD Pacific: Future Investments in the Heating Sector

The roughly estimated investments in renewable heating technologies up to 2050
will amount to around $530 billion in the 2.0 °C Scenario (including the invest-
ments for the replacement of plants after their economic lifetimes), or approxi-
mately $15 billion per year. The largest share of the investment in OECD Pacific is
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Table 8.96 OECD Pacific: development of renewable heat supply in the scenarios (excluding the
direct use of electricity)

in PJ/year Case |2015 2025 2030 2040 2050
Biomass 5.0°C |314 471 504 584 714
20°C 314 633 815 1250 1579
1.5°C 314 650 823 1229 1463

Solar heating 5.0°C |45 76 92 150 236
20°C |45 221 452 737 819
1.5°C |45 252 543 772 795
Geothermal heat and heat pumps 5.0°C |30 33 34 36 38
2.0°C |30 157 307 737 1119
1.5°C |30 197 420 830 1094
Hydrogen 5.0°C |0 0 0 0 0
20°C |0 6 16 251 728
1.5°C |0 9 160 642 772
Total 5.0°C |390 580 629 769 988

2.0°C |390 1017 1591 2975 4245
1.5°C 390 1107 1946 3473 4124

Table 8.97 OECD Pacific: installed capacities for renewable heat generation in the scenarios

in GW Case 2015 2025 2030 2040 2050
Biomass 5.0°C 44 60 63 69 75
2.0°C 44 77 92 117 94
1.5°C 44 79 91 113 80
Geothermal 5.0°C 0 0 0 0 0
2.0°C 0 3 8 20 28
1.5°C 0 3 7 22 26
Solar heating 5.0°C 13 22 27 43 69
2.0°C 13 64 128 207 230
1.5°C 13 73 152 215 224
Heat pumps 5.0°C 5 5 5 5 6
2.0°C 5 11 23 54 74
1.5°C 5 16 36 63 71
Total® 5.0°C 62 87 95 117 150
2.0°C 62 156 250 397 426
1.5°C 62 171 287 413 401

*Excluding direct electric heating

assumed to be for solar collectors (around $240 billion), followed by heat pumps
and biomass technologies. The 1.5 °C Scenario assumes an even faster expansion of
renewable technologies, but with a similar average annual investment of around $15
billion per year (Table 8.97, Fig. 8.103).
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Fig. 8.103 OECD Pacific: development of investments for renewable heat-generation technolo-
gies in the scenarios

8.14.1.7 OECD Pacific: Transport

Energy demand in the transport sector in OECD Pacific is expected to decrease by
37% in the 5.0 °C Scenario, from around 6200 PJ/year in 2015 to 3900 PJ/year in
2050. In the 2.0 °C Scenario, assumed technical, structural, and behavioural changes
will save 49% (around 1900 PJ/year) by 2050 compared with the 5.0 °C Scenario.
Additional modal shifts, technology switches, and a reduction in the transport
demand will lead to even higher energy savings in the 1.5 °C Scenario of 59% (or
2300 PJ/year) in 2050 compared with the 5.0 °C case (Table 8.98, Fig. 8.104).

By 2030, electricity will provide 20% (200 TWh/year) of the transport sector’s
total energy demand in the 2.0 °C Scenario, whereas in 2050, the share will be 53%
(300 TWh/year). In 2050, up to 480 PJ/year of hydrogen will be used in the trans-
port sector as a complementary renewable option. In the 1.5 °C Scenario, the annual
electricity demand will be 240 TWh in 2050. The 1.5 °C Scenario also assumes a
hydrogen demand of 360 PJ/year by 2050.

Biofuel use is limited in the 2.0 °C Scenario and the 1.5 °C Scenario to a maxi-
mum of approximately 200 PJ/year. Therefore, around 2030, synthetic fuels based
on power-to-liquid will be introduced, with a maximum amount of 270 PJ/year in
2050 in the 2.0 °C Scenario. Due to the lower overall energy demand in transport,
the maximum synthetic fuel demand will amount to 210 PJ/year in the 1.5 °C
Scenario.
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Table 8.98 OECD Pacific: projection of transport energy demand by mode in the scenarios
in PJ/year Case 2015 2025 2030 2040 2050
Rail 5.0°C 158 162 163 162 161
2.0°C 158 154 156 154 159
1.5°C 158 156 156 162 161
Road 5.0°C 5515 4317 3902 3365 2614
2.0°C 5515 3961 2979 1837 1456
1.5°C 5515 2891 1975 1399 1123
Domestic aviation 5.0°C 331 524 663 863 922
2.0°C 331 338 308 242 194
1.5°C 331 307 240 147 109
Domestic navigation 5.0°C 173 178 181 186 193
2.0°C 173 178 181 186 193
1.5°C 173 178 181 186 193
Total 5.0°C 6176 5182 4908 4576 3890
2.0°C 6176 4631 3624 2419 2002
1.5°C 6176 3533 2551 1893 1586
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Fig. 8.104 OECD Pacific: final energy consumption by transport in the scenarios
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8.14.1.8 OECD Pacific: Development of CO, Emissions

In the 5.0 °C Scenario, OECD Pacific’s annual CO, emissions will decrease by
21%, from 2080 Mt in 2015 to 1640 Mt in 2050. The stringent mitigation measures
in both alternative scenarios will cause the annual emissions to fall to 280 Mt in
2040 in the 2.0 °C Scenario and to 160 Mt. in the 1.5 °C Scenario, with further
reductions to almost zero by 2050. In the 5.0 °C case, the cumulative CO, emissions
from 2015 until 2050 will add up to 67 Gt. In contrast, in the 2.0 °C and 1.5 °C
Scenarios, the cumulative emissions for the period from 2015 until 2050 will be
31 Gt and 26 Gt, respectively.

Therefore, the cumulative CO, emissions will decrease by 54% in the 2.0 °C
Scenario and by 61% in the 1.5 °C Scenario compared with the 5.0 °C case. A rapid
reduction in the annual emissions will occur under both alternative scenarios. In the
2.0 °C Scenario, this reduction will be greatest in ‘Power generation’, followed by
‘Transport’ and ‘Industry’ (Fig. 8.105).
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Fig. 8.105 OECD Pacific: development of CO, emissions by sector and cumulative CO, emis-
sions (after 2015) in the scenarios (‘Savings’ = reduction compared with the 5.0 °C Scenario)
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8.14.1.9 OECD Pacific: Primary Energy Consumption

The levels of primary energy consumption in the three scenarios when the assump-
tions discussed above are taken into account are shown in Fig. 8.106. In the 2.0 °C
Scenario, the primary energy demand will decrease by 48%, from around 36,300 PJ/
year in 2015 to 18,900 PJ/year in 2050. Compared with the 5.0 °C Scenario, the
overall primary energy demand will decrease by 45% by 2050 in the 2.0 °C Scenario
(5.0 °C: 34,700 PJ in 2050). In the 1.5 °C Scenario, the primary energy demand will
be even lower (19,900 PJ in 2050) because the final energy demand and conversion
losses will be lower.

Both the 2.0 °C Scenario and 1.5 °C Scenario aim to rapidly phase-out coal and
oil. This will cause renewable energy to have a primary energy share of 33% in 2030
and 88% in 2050 in the 2.0 °C Scenario. In the 1.5 °C Scenario, renewables will
have a primary energy share of more than 89% in 2050 (including non-energy con-
sumption, which will still include fossil fuels). Nuclear energy will be phased-out in
2040 in both the 2.0 °C and 1.5 °C Scenarios. The cumulative primary energy con-
sumption of natural gas in the 5.0 °C case will add up to 230 EJ, the cumulative coal
consumption to about 300 EJ, and the crude oil consumption to 380 EJ. In contrast,
in the 2.0 °C Scenario, the cumulative gas demand will amount to 150 EJ, the cumu-
lative coal demand to 100 EJ, and the cumulative oil demand to 230 EJ. Even lower
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Fig. 8.106 OECD Pacific: projection of total primary energy demand (PED) by energy carrier in
the scenarios (including electricity import balance)
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fossil fuel use will be achieved in the 1.5 °C Scenario: 150 EJ for natural gas, 70 EJ
for coal, and 190 EJ for oil.

8.14.2 OECD Pacific: Power Sector Analysis

South Korea, Japan, Australia, and New Zealand form the OECD Pacific region
(also referred to as OECD Asia Pacific or OECD Asia Oceania). Like Non-OECD
Asia, a regional interconnected power market with regular electricity exchange is
unlikely. Therefore, the region is broken down into seven sub-regions: (1) South
Korea; (2) the north of Japan; (3) the south of Japan; (4) Australia’s National
Electricity Market (NEM) (covering the entire east coast); (5) the SWIS-NT grid
region (comprising Western Australia and the Northern Territory); (6) the North
Island of New Zealand; and (7) the South Island of New Zealand. The sub-regions
have very different electricity policies, power-generation structures, and demand
patterns. In this analysis, simplifications that may not reflect the local conditions are
made to ensure that the results comparable on a global level. Therefore, the results
for specific countries are only estimates.

8.14.2.1 OECD Pacific: Development of Power Plant Capacities

The region has significant potential for all renewables, including the dominant
renewable power technologies of solar PV and onshore wind. Japan has significant
geothermal power resources, and offshore wind potentials are substantial across the
region. There is also potential for ocean energy across the region, although it is cur-
rently a niche technology. Australia has one of the best solar resources in the world,
so concentrated solar power plants will be an important part of both scenarios in
Australia. Coal and nuclear capacities will be phased-out as plants come to the end
of their lifetimes. In the 1.5 °C Scenario, the last coal power plant will be phased out
just after 2030.

The solar PV market will reach 8 GW in 2020 under the 2.0 °C Scenario—the
same level as the actual regional market of 8.3 GW (REN21-GSR 2018) in 2017—
and increase rapidly to 43 GW by 2030. The 1.5 °C Scenario requires that solar PV
will achieve an equal market size by 2030 and remain at this level until 2040.

However, the onshore market must increase significantly compared with the mar-
ket in 2017, which was only 0.54 GW (GWEC-NL 2018). By 2025, 12 GW of
onshore wind capacity must be installed annually across the region under the 2.0 °C
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Table 8.99 OECD Pacific: average annual change in installed power plant capacity

OECD Pacific power generation: average annual 2015-2025 20262035 2036-2050
change of installed capacity [GW/a] 2.0°C|1.5C°|2.0°C|15°C|20°C|1.5°C
Hard coal —4 -9 -5 —4 -1 0
Lignite 0 -1 =2 -2 0 0
Gas 2 -2 -1 -3 -14 |0
Hydrogen-gas 0 1 1 5 12 12
Oil/diesel -3 -2 =2 -2 -1 -1
Nuclear 0 -5 -3 -3 -2 -2
Biomass 2 1 1 1 1 1
Hydro 2 1 0 1 0 0
Wind (onshore) 7 18 12 17 7 6
Wind (offshore) 1 4 5 5

PV (roof top) 17 33 33 33 16 21
PV (utility scale) 6 11 11 11 5 7
Geothermal 0 2 2 2 2 2
Solar thermal power plants 1 2 3 4 2 3
Ocean energy 0 1 2 2 2 2
Renewable fuel based co-generation 1 1 1 2 1 1

Scenario, and 17 GW under the 1.5 °C Scenario. By 2030, geothermal, concentrated
solar power, and ocean energy must increase by around 2 GW each (Table 8.99).

8.14.2.2 OECD Pacific: Utilization of Power Generation Capacities

The very different developments of variable and dispatch power plants in all sub-
regions reflect the diversity the Pacific region. Table 8.100 shows that because there
is no interconnection between the northern and southern parts of Japan, we assume
that even within Japan, the separate electricity markets of the 50 Hz and 60 Hz
regions will remain as they are. For Australia, it is assumed that the east- and west-
coast electricity markets will have limited interconnection capacities by 2030. The
North and South Islands of New Zealand are calculated to have an increased inter-
connection capacity by 2050.

Table 8.101 shows that for the region as a whole, the limited dispatchable power
plants will retain a relatively high capacity factor, compared with other regions,
until after 2020 and decrease thereafter. The average capacity factors from 2030
onwards will be consistent with all other regions.
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Table 8.101 OECD Pacific: capacity factors by generation type

Utilization of
variable and
dispatchable
power

generation: 2015 2020 2020 |2030 |[2030 |2040 |2040 |2050 |2050
OECD Pacific 20°C|1.5°C|20°C|1.5°C|2.0°C 1.5°C|2.0°C|1.5°C

Capacity [%/yr] 54.8% | 55% |55% |29% 29% |29% 29% |34% |31%
factor — average
Limited [%/yr] 651% | 54% |54% |26% 31% |19% |29% |25% |32%
dispatchable:
fossil and
nuclear

Limited [%/yr] 42.7% | 63% |54% |29% 30% |54% |25% |27% |25%
dispatchable:
renewable
Dispatchable: [%olyr]| 48.6% |48% |50% 20% |23% |35% 21% |19% 26%
fossil
Dispatchable: [%lyr]| 43.1% | 73% | 73% |50% |52% |37% 46% |49% |@46%
renewable
Variable: [%lyr]|232% | 17% | 17% 20% |20% |27% 27% |31% 28%
renewable

8.14.2.3 OECD Pacific: Development of Load, Generation,
and Residual Load

Table 8.102 shows the development of the maximum load, generation, and resulting
residual load in the Pacific region. To verify the calculation results, we compared
the peak demands in Australia and Japan.

The peak load for Australia’s NEM was calculated to be 32.6 GW in 2020, which
corresponds to the reported summer peak of 32.5 GW in the summer of 2017/2018
(AER 2018). Japan’s peak demand was 152 GW in 2015 according to the Tokyo
Electric Power Company (TEPCO -2018) and TEPCO predicts that it will be
136 GW in 2020, which is 11% lower.

In the long term, the Pacific region will be a renewable fuel producer for the
export market. Therefore, the calculated increased interconnection capacities indi-
cate overproduction, which will be used for international bunker fuels.

The storage and dispatch requirements for all sub-regions are shown in
Table 8.103. The Pacific region has vast solar and wind resources and will therefore
be one of the production hubs for synthetic fuels and hydrogen, which may be used
for industrial processes, for bunker fuels, or to replace natural gas. Therefore, the
storage and dispatch demand may vary significantly because they depend on the
extent to which renewable fuel production is integrated into the national power sec-
tors or used for dispatch and demand-side management. The more integrated the
fuel production is, the lower the overall requirement for battery or hydro pump stor-
age technologies. Further research is required to develop a dedicated plan to pro-
duce renewable bunker fuels in Australia.
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