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Abstract This chapter summarizes all the calculated energy demands for the
industry, service, transport, and building sectors. The supply side results for the
OECM 1.5 °C scenario are documented. Electricity generation and the power gen-
eration required globally are provided by technology, together with the correspond-
ing renewable and fossil energy shares. A detailed overview of the heat demand by
sector, the heat temperature levels required for industrial process heat, and the
OECM 1.5 °C heat supply trajectories by technology are presented, in both total
generation and installed capacities. The calculated global final and primary energy
demands, carbon intensities by source, and energy-related CO, emissions by sector
are given. Finally, the chapter provides the global carbon budgets by sector.
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12.1 Introduction

The final energy demands for the industries, services, transport, and buildings sec-
tors, including residential buildings, were determined based on the assumed global
population and economic development until 2050 (for details see Chap. 2), within
the context of increased energy efficiencies across all sectors. All supply scenarios
were developed on the basis of a global carbon budget of 400 GtCO, between 2020
and 2050, in order to qualify as an [PCC Shared Socioeconomic Pathway 1 (SSP1)
no- or low-overshoot scenario (IPCC 2021).

The supply side of this 1.5 °C energy scenario pathway builds upon modelling
undertaken in an interdisciplinary project led by the University of Technology
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Sydney (UTS). The project modelled sectorial and regional decarbonization path-
ways to achieve the Paris climate goals—to maintain global warming well below
2 °C and to ‘pursue efforts’ to limit it to 1.5 °C. That project produced the OneEarth
Climate Model (OECM), a detailed bottom-up examination of the potential to
decarbonize the energy sector. The results of this ongoing research were published
in 2019 (Teske et al. 2019), 2020 (Teske et al. 2020), and 2021 (Teske et al. 2021).
For this analysis, the 1.5 °C supply scenario has been updated to match the detailed
bottom-up analysis documented in Chaps. 5, 6, 7, and 8.

12.2 OECM 1.5 °C Pathway for the Global
Electricity Supply

The global electricity demand has grown continuously over the past decades. Global
electricity generation more than doubled over the past 30 years, from 12,030 TWh
(IEAWEO 1994) in 1991 t0 26,942 TWh in 2019 (IEA WEO 2020). The COVID-19
pandemic led to a small reduction of about 2%, or 500 TWh (IEA WEO 2020),
equal to Germany’s annual electricity demand in 2020. The decline in demand was
due to lockdowns and the consequent reductions in industrial manufacturing and
services. However, the electricity demand increased again to pre-COVID levels in
2021. Increasing market shares of electric vehicles also increased the electricity
demand in the transport sector globally. The OECM 1.5 °C pathways will accelerate
this trend and the electrification of the transport sector and the provision of space
and process heat to replace fossil fuels will continue to increase the global electric-
ity demand.

12.2.1 Global Final Electricity Demand

Figure 12.1 shows the development of the final electricity demand by sector between
2019 and 2050. The significant increase in the demand is due to the electrification
of heat, for both space and process heating, and to a lesser extent for hydrogen and
synthetic fuels. The overall global final demand in 2050 will be 2.5 times higher
than in the base year, 2019. In 2050, the production of fuels alone will consume the
same amount of electricity as the total global electricity demand in 1991. Therefore,
the demand shares will change completely, and 47% of all electricity (Fig. 12.2)
will be for heating and fuels that are mainly used in the industry and service sectors.
Electricity for space heating—predominantly from heat pumps—will also be
required for residential buildings.
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Fig. 12.1 Electricity demand by sector under the OECM 1.5 °C pathway in 2019-2050

Global: Electricity Demand Shares by Sector Global: Electricity Demand Shares by
under 1.5°C OECM in 2019 Sector under 1.5°C OECM in 2050
Electricty
Tm;:fo"' E— H::r:ccrl‘?n:s ~Industry
4% iy 3%

T Blecicty t
Heat & Fuels _~

47%

Py

Services &
Buildings

54%

o Services &
Buildings
Transport 12%
10%%

Fig. 12.2 Electricity demand shares by sector under the OECM 1.5 °C pathway in 2019 and 2050

12.2.2 Global Electricity Supply

Just as the electricity demand has changed over the past three decades, the global
electricity supply has changed significantly in the same period. In 1994, 63% of
electricity was generated from fossil fuels, 19% from hydropower, and 17% from
nuclear power (UN 1996). Since 2010, the share of renewable electricity has
increased every year. By the end of 2019, renewables contributed 27.3%, and by
2020, the share was expected to have increased to 29%. For the second consecutive
year, electricity production from fossil fuels was estimated to have declined, driven
mainly by a 2% reduction in coal-based power generation (REN21 GSR 2020).
The global installed capacity, by power plant technology and as a whole, has also
changed rapidly. In 2010, just under 50% of all new annual additions to power-
generating capacities were renewables, and 10 years later, this share had risen to
83%. Since 2012, net additions of renewable power generation capacity have
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outpaced the net installation of both fossil fuel and nuclear power capacity com-
bined (REN21 GSR 2020). With the cost competitiveness achieved by renewables
(mainly solar photovoltaic PV and wind power), this trend is expected to continue.
China continues to be the world leader in bringing new renewable power generation
on line, and the country contributed nearly half of all renewables-based installations
in 2020.

In 2020, 256 GW of new renewable power generation capacity was added glob-
ally, leading to a total capacity of 1668 GW, or 2838 GW when hydro power is
included (REN21 GSR 2020). By the end of 2020, the combined capacity of all
solar photovoltaic installations was 760 GW, and wind power capacity summed to
743 GW. By comparison, the total global power generation capacity was 7484 GW,
2124 GW of which was from coal power plants, 1788 GW from gas power plants,
and 415 GW from nuclear power plants (IEA WEO 2020). Thus, the trend in global
generation is clearly in favour of cost-competitive new solar PV and wind power.

Table 12.1 shows the development of the projected global electricity generation
shares. Under the OECM 1.5 °C pathway, coal- and lignite-based power plants will
be phased out first, followed by gas power plants as the last fossil-fuelled power-
generation technology to be taken out of service after 2040. Renewable power
plants, especially solar photovoltaic and onshore and offshore wind, are projected to
have the largest growth rates, leading to a combined share of 70% of electricity
generation globally by 2050. To fully decarbonize the power sector, the overall
renewable electricity share will increase from 25% in 2019 to 74% in 2030 and to
100% by 2050.

Global power plant capacities will quadruple between 2019 and 2050, as shown
in Fig. 12.3. Capacity will increase more than actual power generation, because the

Table 12.1 Global electricity supply shares under the OECM 1.5 °C pathway

2019 12025 | 2030 | 2035 | 2040 | 2050
Coal [%] 31% | 17% (5% 1% 0% 0%
Lignite [%] % |1% 1% |1% |0% |0%
Gas [%] 24% |20% | 15% 8% 4% 0%
Oil [%] 3% (2% (1% (0% |0% 0%
Nuclear [%] 10% (7% 4% 2% 0% |0%
Hydrogen (produced with renewable [%] 0% (0% 0% (2% (2% |5%
electricity)
Hydro power [%] 16% | 14% | 13% | 10% | 9% | 9%
Wind [%] 5% |14% |22% |28% |32% |36%
Solar photovoltaic [%] 2% | 18% |30% | 37% |36% |34%
Biomass [%] 1% 3% (2% 2% |1% |1%
Geothermal [%] 0% 1% (2% |2% |3% |3%
Solar thermal power plants [%] 0% 1% |4% |8% |10% | 10%
Ocean energy [%] 0% 0% (0% |1% 1% |1%
Renewables share [%] 25% | 52% | 74% | 89% |95% | 100%
Electricity supply: specific CO, emissions | [gCO,/ 509 1290 [136 |53 24 |0
per kWh kWh]
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Fig. 12.3 Global installed power plant capacities under the OECM 1.5 °C pathway in 2019-2050

capacity factors for solar photovoltaic and wind power are lower than those for fuel-
based power generation. By 2030, solar photovoltaic and wind will make up 70% of
the generation capacity, compared with 15% in 2019, and will clearly dominate by
2050, with 78% of the total global generation capacity.

To implement the generation capacity required for the OECM 1.5 °C pathway,
the global annual market for solar photovoltaic must increase from 139 GW per year
(market in 2020) to an average of 800-1000 GW additional capacity per year from
2025 onwards to 2040. Thereafter, the overall additional annual capacity will
decrease to under 100 GW to reach the required capacity calculated for 2050.
However, solar photovoltaic is likely to remain at an annual market level of around
1000 GW—predominantly to provide the replacement capacity for plants that reach
the end of their lifetimes after 25-30 years.

The annual market for onshore wind must increase from 87 GW in 2020 to 134
GW in 2025 and 373 GW in 2035. The total onshore wind capacity will continue to
rise by 250 GW per year until 2050—including repowering. The annual onshore
wind market is therefore likely to stabilize at around 300 GW per year. The size of
the annual offshore wind market must increase from 6 GW in 2020 to 47 GW in
2025 to implement the 1.5 °C pathway and to grow further to around 100 GW per
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Table 12.2 Global power plant capacities—annual changes under the OECM 1.5 °C pathway

[GW/yr] 2025 |2030 2035 |2040 2050 |Total change: 2019-2050
Coal -63 |-119 |-48 |-6 0 —1285
Lignite =55 | -4 0 -3 0 —356
Gas -59 | -38 |-62 |-92 | -52 |-1934
Oil -68 |-26 |-49 |-8 0 —836
Diesel 0 0 0 0 0 0
Fossil fuel —245 | —188 | =160 |—110 |=52 | —429
Nuclear -15 | -18 |-18 |-20 | -5 154
Renewables 931 1238 1994 |876 485 30,731
Biomass 24 -5 5 0 3 154
Hydro =30 |31 30 21 27 411
Onshore wind 134 236 373 268 178 7002
Offshore wind 47 44 97 72 66 2024
Photovoltaic 721 803 1176 | 313 70 16,413
Geothermal 5 11 15 20 22 429
Concentrated solar power |21 109 264 158 76 3598
Ocean 9 9 34 23 42 700

year throughout 2050, with increasing market shares for repowering after 2040
(Table 12.2).

However, fossil-fuel-based power generation must be decommissioned and the
global total capacity will not increase over current levels but will remain within the
greenhouse gas (GHG) emissions limits. By 2025, global capacities of 63 GW from
hard coal plants and 55 GW from brown coal power plants must go offline. All coal
power plants in the Organization for Economic Cooperation and Development
(OECD) must cease electricity generation by 2030, and the last coal plants must
finish operation globally by 2045 to remain within the carbon budget for power
generation to limit the global mean temperature increase to +1.5 °C. Specific CO,
emission per kilowatt-hour will decrease from 509 g of CO, in 2019 to 136 g by
2030 and 24 g in 2040 to be entirely CO, free by 2050 (see Table 12.1, last row).

12.3 OECM 1.5 °C Pathway for Global Space and Process
Heat Supply

Analogous to electricity, the energy demand for space and process heat has been
determined for the industry and service sectors and for residential and commercial
buildings. The specific value for each sub-sector, such as the steel and aluminium
industries, has been documented in Chaps. 5, 6, and 7. In this section, we focus on
the cumulative heat demand and the supply structure required for the two main sec-
tors, service and buildings and industry.


https://doi.org/10.1007/978-3-030-99177-7_5
https://doi.org/10.1007/978-3-030-99177-7_6
https://doi.org/10.1007/978-3-030-99177-7_7
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Services and buildings usually do not require temperatures over 100 °C. Therefore,
the supply technologies are different from those of the industry sector, which
requires temperature up to 1000 °C and above. The overall final heat demand will
increase globally under the OECM 1.5 °C pathway, but the demand shares will
change significantly. With energy efficiency measures for buildings (see Chap. 7),
the overall space heating demand will decrease globally, even with increased floor
space. However, the industrial process heat demand is projected to increase, because
energy efficiency measures will not compensate for the increasing production due
to the expected increase in global GDP to 2050. In 2019, the industry sector con-
sumed 43% of the global heat demand and the service and buildings sector the
remaining 57%. By 2050, these shares will be exchanged and the industry sector
will consume close to 60% of the global heat demand (Fig. 12.4).

Table 12.3 shows the supply structure for the services and buildings and industry
sectors. District heat is projected to remain the smallest part of the global heat sup-
ply, followed by cogeneration. Direct heating systems installed on-site will continue
to supply the majority of the heat demand. The most important technologies required
to implement the OEM 1.5 °C pathway for buildings will be heat pumps and solar
thermal heating for buildings, while on-site generation for industry will allow the
transition from fossil-fuel-based heating plants to electrical systems, such as elec-
tric resistance ovens, electric arc furnaces, and, to a lesser extent, bioenergy or
synthetic-fuel-based heating plants.

Cogeneration plants for buildings and the service sector will decline as the on-
site heating demand decreases with increased efficiency. For industry, cogeneration
will remain an alternative and slightly increase overall generation. However, cogen-
eration requires fuel, and after the phase-out of fossil fuels, only biofuels, hydrogen,
or synthetic fuels will be an option for CO,-free operation. The limited sustainable
potential for bioenergy-based fuels and the relatively high costs of synthetic fuels
will allow only minor growth of cogeneration plants or heating plants for the indus-
try sector.

Global: Heat Demand Shares by Sector Global: Heat Demand Shares by Sector
under 1.5°C OECM i 2019 under 1.5°C OECM i 2050

Fig. 12.4 Electricity demand shares by sector under the OECM 1.5 °C pathway in 2019 and 2050
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Table 12.3 Global heat demand by sectors under the OECM 1.5 °C pathway
\ 12019 12025 2030 2035 2040 |2050

Service and buildings
District heat [P/yr] | 6044 6413 6771 6631 6351 5717
Direct heat [PJ/yr] | 78,834 88,834 93,794 91,845 |87,978 | 79,191
[
[

Cogeneration Pl/yr] | 9801 4693 4324 4813 5287 5016
Total service and buildings | [PJ/yr] | 94,679 99,940 | 104,889 | 103,288 | 99,616 |89,924
Industry
District heat [PI/yr] | 4996 5321 5883 6548 7192 8529
Direct heat [PJ/yr] 166,424 72,904 80,602 89,714 98,540 |116,868
Cogeneration [PI/yr] | 1172 1191 1317 1466 1610 1910

[

Total industry Pl/yr] | 72,592 79,415 87,801 |97,728 | 107,342 | 127,307

Final heat demand
District heat

Direct heat
Cogeneration

Total final heat demand

PJ/yr] | 5691 11,734 12,654 | 13,178 | 13,543 | 14,246
PJ/yr] | 150,607 | 161,737 | 174,395 | 181,559 | 186,518 | 196,060
Pl/yr] 110,974 | 5885 5641 6279 6897 6926
PJ/yr] | 167,272 | 179,356 | 192,690 | 201,016 | 206,958 | 217,231

—_ ===

To develop the 1.5 °C pathways for process heat based on a renewable energy
supply, it is necessary to separate the temperature levels for the required process
heat, because not all renewable energy technologies can produce high-temperature
heat. Whereas the heat generation for low-temperature heat can be achieved with
renewable-electricity-supplied heat pumps or solar collectors, temperatures over
500 °C are assumed to be generated predominantly by combustion processes based
on bioenergy up until 2030. After 2030, the share of electric process heat from elec-
tric resistance heat and electric arc furnaces is projected to increase to replace fossil
fuels. Hydrogen and synthetic fuels will also play increasing roles in supplying
high-temperature process heat.

The OECM model differentiates four temperature levels: low (<100 °C), medium
low (100-500 °C), medium high (500-1000 °C), and high (>1000 °C).

Figure 12.5 shows the development of the industry process heat demand by tem-
perature level. Whereas the values will increase over time despite energy efficiency
measures, the shares of the temperature levels will remain constant. This arises from
the assumption that all industry products will increase with the assumed develop-
ment of the global GDP. No replacement of products, e.g. cement produced with
alternative materials, is assumed because this was beyond the scope of this research.

Table 12.4 shows the total process heat demand by temperature level for three
major industries combined: aluminium, steel, and chemicals. The overall heat
demand of these sectors represented 20% of the global heat demand in 2019. This
share is projected to increase to 37% due to a significant reduction in the heat
demand in the building sector (see Chap. 7). The steel and chemical industries had
similar process heat demands in 2019, at 13 EJ/year and 12 EJ/year, respectively. In
contrast, the process heat demand of the aluminium industry was a quarter of this,
at 3 El/year. Most of the process heat required by the aluminium industry is


https://doi.org/10.1007/978-3-030-99177-7_7
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Fig. 12.5 Global: industry process demand by sector under the OECM 1.5 °C pathway in

2019-2050

Table 12.4 Total global process demand, by temperature level, in the aluminium, steel, and

chemical industries

Units | 2019 2025 2030 |2035 2040 |2050
Total (process) heat demand [P)/  |32,725 36,676 | 39,253 | 42,530 | 45,611 | 52,154
Aluminium, steel, and chemical yr]
industries
Share of global (process) heat [%] 120% |22% |24% 27% |30% |37%
demand
Share of global (process) heat
demand by temperature level
Heat demand <100 °C 14% 28% |27% |26% |25% |23%
Heat demand 100-500 °C 26% 1 48% |47% |46% |45% | 44%
Heat demand 500-1000 °C 62% 66% |65% |65% |64% | 64%
Heat demand >1000 °C 53% 44% |42% |40% |39% | 37%

high-temperature heat (72%), whereas the iron ore and steel industry require only
57% high-temperature heat. The majority of the process heat required by the chemi-
cal industry is in the medium-high level (48%), between 500 °C and 1000 °C

(Table 12.4).

12.3.1 Global Heat Supply

The process heat supply in 2019 relied heavily on fossil fuels (83%), mainly coal
(33%) and gas (36%). Renewables played a minor role and the majority of renew-
able process heat was from biomass. To increase the renewable energy shares—
especially for high-temperature heat—is more challenging than for the electricity
sector. The fuel switch from coal and gas to biomass requires fewer technical
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changes than a transition towards geothermal energy, all forms of heat pumps, or
direct electricity use (Keith et al. 2019). However, the OECM assumes that the
global limit for sustainable biomass is around 100 EJ per year (Seidenberger et al.
2008). The generation of high-temperature heat requires concentrated solar thermal
plants. However, solar thermal process heat is limited to low temperatures in most
regions, because concentrated solar plants require direct sunlight with no cloud cov-
erage, and can therefore only operate in the global sunbelt range in most regions
(Farjana et al. 2018). Therefore, it is assumed that process heat will increasingly
derive from electricity-based technologies: heat pumps, for low-temperature levels,
and direct resistance electricity and electric arc furnaces, for medium- and high-
temperature levels. However, to adapt appliances to generate electricity-based pro-
cess heat will require significant changes in the production process. A significant
increase in this technology is assumed to be unavailable before 2025 but will
increase rapidly between 2026 and 2030. Hydrogen and synthetic fuels produced
with renewable electricity will increase after 2030, especially for processes that
cannot be electrified.

A global phase-out of coal for heat production is a priority objective to reduce
specific CO, emissions. To replace fuel-based heat production, electrification, espe-
cially for low- (<100 °C) and medium-level (100-500 °C) process heat, is extremely
important in achieving decarbonization.

Table 12.5 shows the assumed trajectory for the generation of industry process
heat between 2019 and 2050. In 2019, gas and coal dominated global heat produc-
tion. Renewables only contributed 9%—mainly biomass—and electricity had a
minor share of 1%. District heat—mainly from gas-fired heating plants—contrib-
uted the remaining 7% of the process heat supply, whereas hydrogen and synthetic
fuels contributed no measurable proportion. The global OECM 1.5 °C pathway
phases out coal and oil for process heat generation between 2035 and 2040, and gas
is phased-out as the last fossil fuel by 2050. The most important process heat supply
technologies are electric heat systems, such as heat pumps, direct electric resistance
heating, and arc furnace ovens for process heat; the share will increase to 22% by
2030 and 60% by 2050. Bioenergy will remain an important source of heat,
accounting for 25% in 2050—2.5 times more than in 2019. Synthetic fuels and
hydrogen are projected to grow to 8% of the total industry heat supply by 2050.

Table 12.5 Heat supply under the OECM 1.5 °C pathway

Industry process heat supply, including

industry combined heat and power 2019 2025 2030 |2035 2040 2050
(CHP) Units | (%) | (%) [(%) (%) | (%) (%)
Coal [%] |33 18 11 6 0 0
Oil [%] |14 5 3 1 0 0
Gas [%] |36 38 25 22 17 0
Renewable heat (bioenergy, [%] |9 24 32 27 21 25
geothermal, and solar thermal)

Electricity for heat [%] |1 8 22 36 49 60
Heat (district) %] |7 6 6 7 7 7
Hydrogen and synthetic fuels [%] |0 0 1 2 6 8
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Table 12.6 Calculated global capacities for renewable and electric heat generation under the
OECM 1.5 °C pathway

Calculated capacities for heat generation | Units 2019 | 2025 | 2030 | 2035 2040 | 2050
Bioenergy [GW phermat]l | 5221 | 6586 | 8924 | 6262 | 5476 | 3817
Geothermal [GW termatl | O 461 | 743 | 1059 | 1469 | 2426
Solar thermal [GWinermat]l | 388 | 2463 | 4087 | 5402 | 6173 | 8154
Heat pumps [GW thermatl | 157 | 2126 | 2875 | 6808 | 8093 | 9821
Electricity-based process heat systems [GW germatl | O 97 427 1654 |816 | 1238

Based on the annual heat demand, the generation capacities required by the three
renewable heating technologies (solar thermal, geothermal, and bioenergy) have
been calculated with average capacity factors.

A capacity factor is defined as ‘the overall utilization of a power or heat-
generation facility or fleet of generators. The capacity factor is the annual genera-
tion of a power plant (or fleet of generators) divided by the product of the capacity
and the number of hours of operation over a given period. In other words, it mea-
sures a power plant’s actual generation compared to the maximum amount it could
generate in a given period without any interruption. As power or heating plants
sometimes operate at less than full output, the annual capacity factor is a measure of
both how many hours in the year the power plant operated and at what percentage
of its entire production’ (Pedraza 2019).

The same annual capacity factors are assumed for solar thermal as for photovol-
taic, at around 1000 hours per year (h/yr), whereas 3000 h/yr is estimated for geo-
thermal energy, and 4500 h/yr. for bioenergy. For electrical systems, 4500 h/yr. is
assumed. The capacities shown in Table 12.6 are indicative; the actual installed
capacity required under industrial conditions is dependent on a variety of factors,
one of which is the production volume of a specific manufacturing plant.

12.4 OECM 1.5 °C Final and Primary Energy Balances

The European statistics bureau, EUROSTAT, defines ‘final energy consumption’ as
‘total energy consumed by end users, such as households, industry and agriculture.
It is the energy which reaches the final consumer’s door and excludes that which is
used by the energy sector itself” (EUROSTAT 2021). Therefore, final energy is the
energy actually used from the analysed industry, service sector, or building, or for
transport.

Figure 12.6 shows the global final energy trajectory for Industry as a whole and
for five analysed sectors, as well as for transport and service and buildings. The
overall Industry demand will increase significantly—as the only sector— from 120
EJin 2019 to 177 EJ in 2050 (over 40%), whereas the transport energy demand will
increase by more than 50%, due mainly to electrification and the introduction of
strict efficiency standards for all vehicles. The demand of the service and buildings
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Industry Global: Final Energy Demand by Sector under 1.5°C OECM
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Fig. 12.6 Global final energy demand by sector under the OECM 1.5 °C pathway in 2019-2050

Table 12.7 Total global final energy demand of the aluminium, steel, and chemical industries

Unit 2019 2025 2030 2035 |2040 |2050
Total final energy demand of the [P/ 41,434 148,312 151,922 |1 56,820 | 61,660 | 72,172
Aluminium, steel, and chemical year]
industries
Share of global final energy [%] 34% 1 41% |40% |41% |42% | 41%
demand for industry
Share of global final energy [%] 11% 14% |15% [17% |19% | 22%
demand

sector will decrease by just over 10%, leading to a global total final energy demand
in 2050 that is 7% lower than in 2019. A combination of ambitious efficiency mea-
sures and the replacement of a significant amount of fuels for transport and heating
with electrification will reduce the global energy demand despite a growing popula-
tion and constant economic growth. The energy demands of energy-insensitive
industries—chemicals, cement, steel, and aluminium—will increase continuously
throughout the entire modelling period to 2050, but specific energy demands per
production unit will decrease, decoupling economic growth from energy demands.

12.4.1 Final Energy Demands of Energy-Intensive Industries:
Aluminium, Steel, and Chemicals

A closer look at the energy-intensive industries shows that the aluminium, steel, and
chemical industries combined accounted for 34% of the global industrial final
energy demand and 11% of the total final energy demand in 2019 (Table 12.7). The
combined energy share of these three sectors will increase to 41% by 2050 under the
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OECM scenario, in response to the assumed higher efficiencies in other industry
sectors, such as construction and mining. The overall energy demand of the three
sectors will increase from 41 EJ/year to 72 EJ/year in this period, driven mainly by
the projected increase in the global GDP and therefore their production volumes.

A comparison of the consumption shares of industry, transport, and service and
buildings shows that their shares in the OECM 1.5 °C pathway will shift very much
in favour of industry. The technical energy efficiency potential in the buildings sec-
tor (Chap. 7) and the transport sector (Chap. 8) will be significant, whereas the
energy demand of the service sector (Chap. 6) is projected to increase further—
mainly with the growing population and therefore the growing demand for products
produced by this sector.

Figure 12.7 shows that the energy demand for transport will decrease by more
than half (to 16%) and that this share will be taken up by the industry sector. The
demand of the service and buildings sector will remain at the same level, because
the reduced energy demand for buildings—mainly achieved by climatization—will
be compensated by the increase in the energy demand of service industries, mainly
for food production.

In the next section, we present the generation components for the three main sec-
tors industry, transport, and service and buildings. The latter group is called other
sectors by the International Energy Agency (IEA). Table 12.8 shows the total final
energy demand for each of the three sectors and their supply by technology. The
transport energy demand is almost exclusively supplied by oil, whereas natural gas
and electricity provide only minor contributions, and coal is not used at all for trans-
port. Industry uses the majority of coal and almost half the global demand for gas.

The data show the transition towards renewable energy and an increased electric-
ity demand between 2025 and 2050. The renewable energy share in the other

Global: Final Energy Demand Global: Final Energy Demand
Shares by Sector under 1.5°C Shares by Sector under 1.5°C OECM
OECM in 2019 n 2050

Fig. 12.7 Global final energy demand shares by sector under the OECM 1.5 °C pathway in 2019
and 2050
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Table 12.8 Global final energy demand and supply under the OECM 1.5 °C pathway

2019 2025 2030 2035 2040 2050
Total (including non-energy [PJ/ | 400,278 | 400,693 | 403,245 | 379,724 | 375,313 | 373,805
use) yr]

Total energy use [PY/ | 360,974 | 362,934 | 364,237 341,125 | 336,184 333,337
yr]

Transport [PY/ | 105,978 102,279 | 88,392 | 64,912 |57,213 | 45,566
yr]

il products [P/ 97,777 194337 74,080 |28,304 |10,039 |0
yr]

Natural gas [P/ 2149 851 710 629 284 0
yr]

Biofuels [P/ 3810 4499 7939 11,787 |17,135 | 15299
yr]

Synfuels [P/ |6 0 296 1310 4023  |5517
yr]

Electricity [P)/ | 1437 2901 4199 16,977 |18,179 | 17,050
yr]

of which is renewable [PJ/ |353 1510 3116 15,038 | 17,251 | 17,050
electricity yr]
Hydrogen [P) |0 541 1877 6534 7837 7700
yrl
Renewables energy share of | [%] | 4% 6% 15% 53% 81% 100%
transport

Industry [PJ/ | 120,884 119,361 132,074 140,330 | 147,271 177,417
yr]

Eectricity [PJ/ |34511 38826 56,655 76,699 96,013 |128,790
yr]

of which is renewable [PJ/ | 8470 20,212 42,043 67,937 91,109 | 128,790
electricity yr]
Public district heat [PJ/ | 6075 5321 5883 6548 7192 8529
yr1]

of which is renewable [PJ/ 478 439 1,179 2,488 4,926 8529
heat yr]

Hard coal and lignite [PJ/ 128,989 | 15,786 10,479 | 5786 0 0
yrl

Oil products [PJ/ | 11,890 |4800 3051 928 0 0
yrl

Gas [PJ/ |31,263 |33,350 23,957 |21,671 |17.421 O
yr]

Solar [P1/ |17 3129 6054 7460 8459 12,540
yrl

Biomass [PJ/ | 8139 16,898 23,228 | 15,559 | 7826 10,003
yrl

Geothermal [PJ/ |0 1173 1989 3562 4546 7524
yrl

(continued)
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Table 12.8 (continued)

2019 2025 2030 2035 2040 2050

Hydrogen [P/ |0 78 778 2118 5815 10,032
yr]
Renewable energy share for [%] | 14% 35% 57% 71% 83% 100%
industry

Service and buildings [PJ/ | 134,111 | 141,294 143,771 | 135,883 | 131,700 | 110,354
(‘other sectors’) yr]

Electricity [PJ/ 46,315 |51,709 53,072 | 66,661 |69,171 |64,159
yrl

of which is renewable [PJ/ | 11,367 |26919 39,383 |59,046 | 65,638 |64,159
electricity yr]
Public district heat [PJ/ | 6044 6413 6771 6631 6351 5717
yr]
of which is renewable [P/ |476 529 1357 2520 4351 5717
heat yr]

Hard coal and lignite [PJ/ | 6299 4482 0 0 0 0
yrl

Oil products [P/ |16,139 | 9808 3472 1140 329 0
yr]

Gas [P/ |30,183 27,592 |25,636 |17,116 10,930 |0
yr]

Solar [PJ/ | 1229 4762 7040 9848 11,320 | 13,585
yr]

Biomass [P/ 27,903 |34,622 44,763 |30,549 27,938 |15,515
yr]

Geothermal [P/ |0 1905 3017 3939 5660 9340
yr]

Hydrogen [PJ/ 10 0 0 0 0 2038
yr]

Renewable energy share of [%] |31% 49% 66% 78% 87% 100%
‘other sectors’

Total renewable energy share | [PJ/ |62,248 | 117,216 184,061 | 239,693 | 283,834 | 333,337
yr]
Renewable energy share [%] | 17% 32% 51% 70% 84% 100%

sectors group will increase fastest, whereas the renewable energy supply for trans-
port will grow slowly.

12.4.2 Global Primary Energy Demand: OECM
1.5 °C Pathway

The global primary energy demand under the OECM 1.5 °C pathway is shown in
Table 12.9. Primary energy includes all losses and defines the total energy content
of a specific energy source. In 2019, coal and oil made the largest contributions to
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Table 12.9 Global primary energy demand and supply under the OECM 1.5 °C pathway

2019 2025 2030 2035 2040 2050

Total (including non-energy [PJ/ 564,549 | 536,105 | 513,593 | 488,696 | 473,300 | 465,433
use) yr]
Fossil (excluding non-energy |[PJ/ | 418,757 | 330,140 | 235,489 | 136,409 | 72,398 |0
use) yrl

Hard coal [PJ/ | 138,615]80,288 33,924 | 13,234 | 3000 0
T

Lignite )[/P?I/ 20,955 | 5724 3278 3069 704 0
T

Natural gas E]P?I/ 121,586 | 117,698 | 104,028 | 84,014 |55,245 |0
T

Crude oil E]P?I/ 137,600 | 126,431 194,259 36,093 | 13,450 |0
T

Nuclear E]P?V 30,156 24,148 17,219 |10,350 | 3119 0
T

Renewables EIP]J/ 76,332 | 144,057 | 221,876 | 303,338 | 358,654 | 424,966
T

Hydro E]P}/ 15,534 15,601 | 17,640 | 19,665 21,214 |23,345
T

Wind ?Pi/ 4694 14,626 |26,764 |44,573 |58,591 | 81,707
T

Solar E]P?l/ 3433 30,123 | 68,644 | 134,896 | 166,698 | 192,489
T

Biomass ?Pl/ 52,300 79,302 |100,722 190,526 | 92,287 | 94,159
T

Geothermal ?Pl/ 366 4113 7499 11,931 17,338 28,596
T

Ocean energy E]P?ll 4 293 608 1748 2525 4669
yil

Total renewable energy share, |[PJ/ | 76,329 |144,057 221,876 | 303,338 | 358,654 | 424,966
including electricity and yr]
synfuel imports

Renewable energy share [%] | 15% 30% 49% 69% 83% 100%

Non-energy use [PJ/ 139,304 37,760 | 39,008 | 38,599 |39,129 |40,468
yr]

Coal [PJ/ 12205 2429 2445 2483 2453 0
yr]

Gas [PJ/ 18302 7433 7757 7753 7938 8371
yr]

Oil [PJ/ 128,798 |27,898 |28,806 |28,363 |28,739 | 32,097
yr]

the global energy supply, followed by natural gas, whereas renewable energies con-
tributed only 15%. The table also provides the projected trajectories for supplies for
non-energy uses, e.g. oil for the petrochemical industry. The OECM does not phase-
out fossil fuels for non-energy use, because their direct replacement with biomass is
not always possible. A detailed analysis of the feedstock supply for non-energy uses
was beyond the scope of this research.
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12.5 Global CO, Emissions and Carbon Budget

In the last step, we calculated the energy-related carbon emissions. The OECM
1.5 °C net-zero pathway is based on efficient energy use and a renewable energy
supply only, leading to full energy decarbonization by 2050. No negative emission
technologies are used and the OECM results in zero energy-related carbon emis-
sions. However, process emissions are compensated by nature-based solutions, such
as increased forest coverage. The details are documented by Meinshausen and
Dooley (2019) and in Chaps. 11 and 14.

The global carbon budget identifies the total amount of energy-related CO, emis-
sions available to limit global warming to a maximum of 1.5 °C with no or only a
low overshoot. The Intergovernmental Panel on Climate Change (IPCC) is the
United Nations body that assesses the science related to climate change. In August
2021, the IPCC published a report that identified the global carbon budget required
to achieve a global temperature increase of 1.5 °C with 67% likelihood as 400
GtCO, between 2020 and 2050 (IPCC 2021).

12.5.1 Global CO, Emissions by Supply Source

The CO, emissions per petajoule (PJ) of energy depend upon the quality and energy
content of the energy source, e.g. coal. The German Environment Agency (UBA)
has reported the specific CO, emissions for a variety of fossil fuels in order to cal-
culate Germany’s annual carbon emissions. In terms of coal, the UBA reports that
‘most varieties of hard coal have a carbon content (with respect to the original sub-
stance) between 60 and 75%. The average content, which can vary from year to
year, ranges between 65 and 66%. Hard coal within the lower range, up to a carbon
content of about 56%, and a net calorific value of no more than 22 MJ/kg, is referred
to as low-grade coal. Hard coal within the upper range is of coking-coal quality. The
highest carbon content, reaching values over 30%, is found in anthracite coal’ (UBA
2016). The OECM uses global average emission factors for hard coal, brown coal,
oil, and gas, as shown in Table 12.10.

Table 12.10 Emission factors: primary energy relative to energy-supply-related CO, emissions

Primary energy source Unit Emission factor
Hard coal [ktCO,/PJ] 93.0
Lignite/brown coal [ktCO,/PJ] 111.0

Crude oil [ktCO,/PJ] 75.0

Natural gas [ktCO,/PJ] 56.0

Natural gas transport [ktCO,/PJ] 2.8

Refinery fuel oil [ktCO,/PJ] 4.0

Refinery gasoline/diesel/ [ktCO,/PJ] 4.0

kerosene

Coal transformation [ktCO,/PJ] 4.0
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Based on the development of the primary energy supply from fossil fuels, as
defined in Table 12.9, the annual energy-related CO, emissions are calculated as the
average global emission factors. Table 12.11 shows the calculated CO, emissions
for fossil power generation and cogeneration and for specific sectors. The sectorial
breakdown provided follows the IEA sectorial breakdown and therefore varies from
the values provided for end-use sectors in Table 12.12. The specific CO, intensities
for power generation are made available in grams of CO, per kilowatt-hour across
total electricity generation—and therefore include carbon-free electricity

Table 12.11 Global energy-supply-related CO, emissions under the OECM 1.5 °C pathway

Global supply-related CO,
emissions 2019 2025 2030 2035|2040 2050
Condensation power plants [MtCO,] 10,147 16997 3636 | 1696 840 |0
Hard coal (and non-renewable 5333 |3758 |1124 116 |0 0
waste)
Lignite 1864 | 263 164 150 |71 0
Gas 2294 12059 | 1759 1330747 |0
Oil + diesel 657 918 588 100 |22 |0
Combined heat and power (CHP) [MtCO,] 3610 | 1696 | 1405 |1178 678 |0
plants
Hard coal (and non-renewable 2472|792 523 337 1187 |0
waste)
Lignite 258 137 130 147 10 0
Gas 830 731 717 669 471 |0
Oil 50 37 35 24 120 |0
CO, emissions power and CHP [MtCO,] 13,758 18693 | 5040 | 2874|1518 |0
plants
Hard coal (and non-renewable 7805 4549 1647 454 |187 |0
waste)
Lignite 2121 399 294 297 |71 |0
Gas 3125 2790 2476 1999 12180
Oil + diesel 707 955 623 124 |42 |0
CO, intensity (g/kWh) [MtCO,]
CO2 intensity fossil elec. 780 711 624 536 505 |0
generation
CO2 intensity total elec. 509 291 135 52 124 |0
generation
CO, emissions by sector [MtCO,] 35,225 125,045117,395 19924 | 5031 |0
Industry 6685 |4328 |3133 2378 11130
Other sectors? 7620 5239 3951 282317140
Transport 7490 7095 |5565 |2127 754 |0
Power generation 13,430 | 8383 | 4746 |2596|1450 0
Other conversion? 706 706 606 433 1167 |62
Population [million] 7713 | 8184 | 8548 | 8888|9199 9735
CO, emissions per capita (t/capita) | [tCO,/ 4.6 3.1 2.0 1.1 0.5 0.0
capita]

“Includes CHP auto producers; *district heating, refineries, coal transformation, gas transport
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generation, such as from renewables—and for fossil-fuel-generated power only.
The reduction in CO, intensity for fossil-fuel-based power generation between 2019
and 2040 indicates that the share of natural gas will increase and that power plants
will become more efficient and therefore generate more units of electricity per unit
of fuel.

Table 12.11 shows the energy-related CO, from the supply side and therefore
defines the carbon budgets for coal, lignite, oil, and gas. The OECM also determines
the carbon budget for end-use sectors.

12.5.2 Global CO, Budget

The remaining carbon budget for each of the following sectors has been defined
based on the bottom-up demand analysis of the 12 main industry and service sec-
tors, as documented in Chaps. 5, 6, 7, and 8. Each of those industry and service
sectors must complete the transition to fully decarbonized operation within the car-
bon budget provided. It is very important that the carbon budget shows the cumula-
tive emissions up to 2050, and not the annual emissions. A rapid reduction in annual
emissions is therefore vital.

The shares of the cumulative carbon budget required to achieve the 1.5 °C net-
zero target are shown in Fig. 12.8. Table 12.12 shows the remaining cumulative CO,
emissions in gigatonnes. The total energy-related CO, for the aluminium industry
between 2020 and 2050 is calculated to be 6.1 Gt, 1.5% of the total budget. For the

Table 12.12 Global carbon budget by end-use sector under the OECM 1.5 °C pathway (GtCO,)

2020-2030 2020-2050
Cement 6.5 9.2
Steel 13.8 19.2
Chemicals 16.6 24.7
Textile and leather 2.9 4.3
Aluminium 4.8 6.1
Buildings 69.1 87.8
Fisheries 0.3 0.6
Agriculture and food 10.1 13.6
Forestry and wood 3.7 5.2
Water utilities 0.7 1.0
Aviation 15.5 20.3
Shipping 28.1 48.1
Road transport 64.5 82.1
Remaining fuels 28.4 49.5
Fossil fuel production 4.5 5.2
Remaining electricity 9.3 14.7
Utilities (operation) 0.6 0.6
Other 6.8 8.8

286.2 401.1
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Global Carbon budget by Subsector (2020-2030) Total 280
Gt CO2 - 1.5°C (67% likelihood)
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Fig. 12.8 Global carbon budget by sub-sector under 1.5 °C OECM pathway in 2020-2050

steel industry, the remaining budget is 19.1 Gt of CO, (4.8%), whereas the chemical
industry has the highest carbon budget of 24.8 GtCO, or 6.2% of the total carbon
budget. All other remaining industries can emit 27.1 GtCO, (6.8%), and all other
energy-related activities, such as for buildings, transport, and residential uses, have
a combined remaining emissions allowance of 323 GtCO,, or 80.7% of the budget.
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