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Secure member countries’ access to reliable and ample supplies of all forms of energy; in particular,

through maintaining effective emergency response capabilities in case of oil supply disruptions.
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in a global context — particularly in terms of reducing greenhouse-gas emissions that contribute

to climate change.
Improve transparency of international markets through collection and analysis of

energy data.
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Executive summary

Reducing long-term greenhouse gas (GHG) emissions of the industry sector is one of the
toughest challenges of the energy transition. Combustion and process emissions from
cement manufacturing, iron- and steelmaking, and chemical production are particularly
problematic.

This report considers a variety of current and forthcoming options to increase the uptake of
renewables as one possible way to reduce industry sector energy and process carbon dioxide
(CO,) emissions.

The main finding of this report is that the recent rapid cost reductions in solar photovoltaics
(PV) and wind power may enable new options for greening the industry, either directly from
electricity or through the production of hydrogen (H)-rich chemicals and fuels.
Simultaneously, electrification offers new flexibility options to better integrate large shares
of variable renewables into power grids.

Emergence of new options for increasing the uptake of
renewables in industry

The uptake of direct renewable heat in industry is often hampered by barriers that are hard
to overcome, such as long distances to high-value resources (e.g. geothermal heat); lack of
nearby land space (for solar heat); high costs (of appropriate biofuels); and seasonal
imbalances. However, recent solar steam developments in heavy oil fields and potential in
refineries are promising.

Electrification of industrial processes, if based on renewable technologies, may offer greater
potential for CO, emissions reductions. This would entail continued electrification of energy
for motion and force, still far from being completed, and electrification of heat and steam
production via a series of technologies. Some technologies, such as heat pumps and
mechanical vapour recompression, are particularly effective.

Moreover, renewables-based electrolysis of water can produce hydrogen-rich chemicals
such as ammonia or methanol, which can be used in various industries as precursors (e.g. for
nitrogen fertilisers), process agents (e.g. for low-carbon emissions steelmaking) and fuels, as
well as in other end-use sectors such as buildings and transport.

In regions where resources are especially abundant, the cost of hydro, solar and wind power
can fall below USD 0.03 per kilowatt hour (/kWh) and supply an electricity load with high
load factors, particularly when combined. The Horn of Africa, Australia, North Africa,
northern Chile, southern Peru, Patagonia and South Africa, as well as several regions in the
People Republic of China (hereafter, “China”) and the Midwestern United States offer the
largest and highest-quality potential.

Such low electricity prices could allow hydrogen to be produced at costs competitive with
natural gas reforming, oil-cracking or coal gasification — without CO, emissions.

The low hanging fruit seems to be ammonia, which is used mostly to manufacture nitrogen
fertilisers. When ammonia is produced from green electricity, the process requires only air
and water. Global CO, emissions associated with manufacturing nitrogen fertilisers — an
estimated 420 million tonnes of carbon dioxide per year (MtCO,/y) — could therefore be
eliminated by producing ammonia in areas with excellent resources and shipping it to
fertiliser factories and other industries.
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Under the most favourable conditions, the cost of producing green ammonia would be
around USD 400 per tonne of ammonia (/tNH3), assuming an electricity price of USD 30 per
megawatt hour (/MWHh) if electricity is available in large enough quantities for the load factor
of the electrolysers to be at least 50%. The cost under less ideal circumstances would be
USD 700/tNH; with electricity at USD 60/MWh and an electrolyser load factor of 30%.

In comparison, natural gas-based ammonia production ranges in cost from about
USD 200/tNH; to USD 600/tNH;, depending when and where it is produced. The cost in the
United States is currently as low as USD 200/tNH; owing to abundant and inexpensive shale
gas, between USD 350/tNH; and USD 400/tNH; in Europe, and higher in Asian markets. It
entails CO, emissions of 1.7 tCO,/tNHs.

Ammonia could be shipped from the best resource areas at a cost of USD 40/tNH; to
USD 60/tNH; depending on distance and vessel size, and would thus remain competitive with
ammonia produced in areas with lower-quality resources. Moreover, ammonia-based solid
fertilisers or other finished or semi-finished products such as urea could be shipped at
significantly lower costs. Overall, green ammonia could be more affordable than
conventionally produced ammonia in some cases, or could require a carbon price of
approximately USD 25, mainly to cover transportation costs.

Figure ES-1. Cost of ammonia at various electricity prices and electrolyser load factors

USD/tNH,

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500

Full load hours of electrolysers

== JSD 60/MWh  ===USD 30/MWh NG-based

Note: Assumptions set out in Figure 12 on page 33.
Key message ® At USD 30/MWh or less, and with high capacity factors, solar and wind power in best
resources areas can now run all-electric ammonia plants at competitive costs.

Beyond current ammonia production for various industrial uses, green hydrogen could serve
many other purposes to help decarbonise industry. For instance, it could serve as a precursor
to manufacture methanol and other chemicals.

Green hydrogen and ammonia could also reduce CO, emissions associated with iron- and
steelmaking: 2.3 gigatonnes of carbon dioxide per year (GtCO,/y). Renewables-based
hydrogen could be used to reduce iron ore into pig iron that would then be melted in electric
arc furnaces with some scrap iron, drastically reducing CO, emissions in steelmaking. The
Swedish steelmaking industry is currently developing this option.

Emissions associated with cement manufacturing (2.2 GtCO,/y) could be reduced by using
solar or electric heat, or by combusting hydrogen-rich synthetic fuels. The full or near-full
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elimination of emissions — including process CO, emissions — is conceivable based on molten
carbonate electrolysis of dense CO, fluxes, or direct electrolysis of solubilised limestone. The
possible valorisation of carbon co-products such as methanol or carbon nanotubes could
make emissions-free cement-making more profitable than traditional manufacturing,
although these options are still only at laboratory scale.

If the new applications of solar and wind power were to be applied to current levels of
production (requiring thousands of terawatt hours [TWh] of renewable electricity
generation), solar and wind capacities of several terawatts would be needed. These
capacities would largely be additional to those that have already been factored into the
International Energy Agency’s (IEA’s) long-term low-carbon scenarios. Although these
numbers are significant, they should not come as a surprise: energy consumption (including
as feedstock) of the three subsectors (chemicals, iron and steel, and cement) exceeds
110 petajoules (PJ), equivalent to over 35 000 TWh.

Furthermore, renewables-based hydrogen and hydrogen-rich chemicals could increase the
energy content of other green fuels such as biofuels, and could substitute for fossil fuels as a
source of heat in various situations in industry, notably in the chemical and cement
industries . Some of these hydrogen-rich chemicals would be carbon-free (e.g. ammonia),
others would contain carbon but would serve as carriers and no carbon would be
combusted. Still others would be drop-in fuels and their carbon burnt, but it could be of
atmospheric origin.

Figure ES-2. Concept scheme of direct and indirect electrification of industry and other end uses of
renewables

e

e AT ‘ L

Balancing power
e Industry
Steam
Buildings Force
Heating Electrolysis
Cooking
Lighting
Transport
EVs
H-rich fuels

Key message e Through electrolysis and the manufacturing of fuels, solar and wind power can
overcome issues of variability, but at an efficiency cost.

Overall, a combination of direct process electrification and use of storable hydrogen-rich
chemicals and fuels manufactured from electricity may offer the greatest potential for
renewables uptake by various industries. Electricity is costlier to store than heat, but is much
easier to transport if connected to the grid. Hydrogen-rich chemicals are easier to store and
transport than both heat and power, and this advantage may compensate for the energy lost
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in successive conversions of renewable power, provided all vectors are used to their best
advantage (Figure ES-2).

With current technology costs, however, using hydrogen or chemicals as fuels would entail
additional costs The fact that manufacturing hydrogen from renewable electricity is
becoming competitive with producing it from fossil fuels does not imply that this hydrogen
can compete with fossil fuels for producing heat, power or traction — at least not yet.

While hydrogen-rich chemicals could ultimately enable nearly complete electrification of the
global economy, they will likely require public support — unless carbon prices are sufficient to
discourage the use of fossil fuels.

Policy and market considerations for accelerating the uptake
of renewables in industry

Barriers hindering full deployment of renewables in the industry sector can be categorised as
either domestic (national) or international. Concerning domestic barriers, lessons learned
indicate a wide range of policy options for governments in these (and other) areas:

e energy supply regulatory regime

e access to the grid

e investment risk-reduction mechanisms

e mandates to utilities

e market and regulatory framework for valorising renewable energy and by-products
e technological warranties

e templates for simple and accurate contractual schemes for heat and power delivery
e financing of pilot projects

e financing of fundamental and applied research and development

e awareness campaigns.

However, energy-intensive industries involved in international trade may not be able to
afford process modifications to reduce CO, emissions. A global agreement to create equality
among industries (globally co-ordinated carbon pricing, for example) would in principle solve
this issue, but is highly unlikely for political reasons.

Sectoral agreements may be more realistic but they come too late to encourage pioneers.
These types of environmental agreements are usually negotiated to sweep laggards out of
the market when emerging, greener technologies are already well established. As radically
alternative production processes have not been demonstrated on a large scale, negotiations
to force them through global markets would be unlikely to succeed and could even prove
counterproductive.

Another option would be for governments to restrict international trading of materials based
on the upstream emissions associated with them, and to introduce border tax adjustment
mechanisms. There is no evidence that the World Trade Organisation (WTO) or the various
rules of a large number of bilateral and multilateral trade agreements would stand in their
way. Governments could agree to devise common methods for calculating how much carbon
is used in making products, based on ongoing work of the International Organization for
Standardization.
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Jurisdictions could then decide to adopt a set of standards for the embedded carbon of the
materials they use (e.g. in the context of a regional trade agreement), in line with their
efforts towards achieving a zero-carbon economy.

To ensure prompt deployment of innovative clean technologies based on renewable energy
in industry, public and private procurement of clean, carbon-free materials might be the
most realistic short-term option. For example, the cost of CO, emissions-free steel would be
only a small fraction of the overall cost of a clean vehicle — or wind turbine or tramway
carriage. Carmakers and other manufacturers, and public and private developers of green
infrastructure, may find it beneficial to bolster the green-performance image they project to
their customers and the general public.

Many developers and manufacturers have done this already by procuring green power. They
are now turning their attention to the “grey energy” embodied in their products and
procuring preferably cleaner materials. Recently, California passed the Buy Clean California
Act that targets the procurement of some steel, glass and wood types.

Public and private large-scale procurement of green goods would presumably have two
results: it would protect industries compliant with tough norms and standards against unfair
competition, and would provide a strong incentive for competitors to abide by the same
norms and standards to get or retain access to large markets.

It is not likely that the procurement of green materials will scale up sufficiently, but it could
offer a solid basis upon which to develop new processes based on widespread substitution of
renewables for fossil fuels, further reducing energy- and process-related GHG emissions. This
could ultimately offer new perspectives to policy makers and climate negotiators around the
globe.
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Introduction

This report aims to assess the potential for renewables in industry to provide energy,
feedstock and processing agents in upcoming decades. It also discusses policy options that
could help develop and deploy renewable energy technologies to realise this potential.

Renewables are not newcomers in industry: the situation is quite the opposite, as industry
was born owing to the use of wood and charcoal for metal treatment during the Bronze and
Iron ages millennia ago. It developed further with another renewable energy, hydropower,
used for mechanical force. At the end of the 19th century, with combustion of coal, oil and
finally natural gas producing heat, steam and electricity, the Industrial Revolution took shape
and profoundly transformed our world.

Some industries have long been tied to renewable energy: hydropower, as one of the most
affordable sources of electricity, encouraged industrialisation in valleys near waterfalls. As
aluminium ingots were easy to transport, large aluminium smelters were often sited near
important hydropower dams. Hydropower also ran hydrogen and ammonia plants in
Norway, from which nitrogen fertilizers were shipped to European countries. In Brazil, iron
and steelmaking industries have continuously use charcoal as source of energy and as an
ore-reducing agent. The space, telecom and oil and gas industries were the first to use
photovoltaic (PV) cells to deliver priceless electricity in remote places running satellites,
telecom relays or cathodic protection of pipelines against corrosion. Over time, as industrial
production increased and often surged in new territories, more and more fossil fuels were
consumed.

After the 1973 oil shock, a movement towards reconsidering renewable sources of energy
began, particularly in energy-intensive industries that had opportunities easily within reach,
such as the pulp and paper industry, which manipulates large amounts of biomaterials. This
movement especially gained momentum at the beginning of the twenty-first century, when
onshore wind turbines became able to cost-effectively provide electricity to some industrial
facilities, notably in the extractive industries unconnected or weakly connected to the power
grid, or connected to grids delivering intermittent and low-quality electricity. More recently,
the search for renewable energy procurement has accelerated, driven particularly by
“brand” companies in the information and communications industry, as decision makers’
motives broaden from techno-economic rationales to willingness to participate in global or
local efforts to clean the air, conserve exhaustible resources, develop local or national
resources and job opportunities, and mitigate climate change.

In the industry sector, the current pace of securing renewable energy, together with
deploying other technologies or actions to reduce greenhouse gas (GHG) emissions — such as
energy efficiency improvements and carbon capture and storage (CCS) — is far from being on
track to achieve the United Nations Framework Convention on Climate Change (UNFCCC)
Paris Agreement objectives. Global direct carbon dioxide (CO2) emissions from the industry
sector (which include energy-related emissions and CO2 emissions from industrial processes)
are projected to grow by 24% from 2014 to 2050 in the latest International Energy Agency
(IEA) Reference Technology Scenario (RTS) (IEA, 2017a).*

Global CO2 emissions from industry decrease in absolute terms in the 2°C Scenario (2DS) as
well as in the Beyond 2°C Scenario (B2DS), but their relative share of total emissions

 All numbers reported from Energy Technology Perspectives (ETP) publications refer to its definition of industry, which
does not include oil and gas extraction. However, this report looks more broadly at all sorts of industrial activities.
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increases, and they progressively become the primary source of CO, emissions. This trend
would be compatible with the international community’s objective to limit global climate
change to manageable levels only if “negative emissions” were eventually deployed on a
large scale.

The need for near-zero net emission levels

The ultimate objective of Article 2 of the UNFCCC is to “achieve stabilisation of GHG
concentrations in the atmosphere at a level that would prevent dangerous anthropogenic
interference with the climate system.” This level, which the Convention does not determine,
“should be achieved within a time frame sufficient to allow ecosystems to adapt naturally to
climate change, to ensure that food production is not threatened and to enable economic
development to proceed in a sustainable manner.”

Stabilisation of concentrations is generally understood to mean that the CO,-equivalent
concentration reaches a specific level and then remains at that level indefinitely until the
global carbon and other cycles come into a new equilibrium. In any case, stabilisation of GHG
concentrations in the atmosphere can only be achieved if gross emissions do not exceed
natural removals: that is, net GHG emissions must reach zero. More specifically, the
Intergovernmental Panel on Climate Change has warned, “concentrations of CO, in the
atmosphere can only be stabilised if global (net) CO, emissions peak and decline toward zero
in the long term” (Edenhofer et al., 2014).

Figure 1. Indicative global energy sector CO, emission trajectories for different decarbonisation
pathways

&5 35
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1.5°C case 450 Scenario

5
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Source: IEA (2016), World Energy Outlook 2016.
Key message e CO, emissions must reach zero net levels in any case to stabilise concentrations, but
the time for achieving this is much shorter if climate change is to be limited to below 2°C.

The objectives of the Paris Agreement, signed by over 190 countries, are to restrict the
increase in average global temperature to “well below 2 degrees Celsius” above the pre-
industrial level and to pursue efforts to limit it to 1.5°C. Achieving these objectives requires a
rapid decline in emissions: energy sector emissions in particular need to become net-zero by
around 2060 to be consistent with the “well below 2°C” objective, while reaching net-zero
emissions as early as 2040 is needed to hold the increase in temperature to 1.5°C (Figure 1).
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The growing role of industrial emissions

All climate-friendly scenarios — including those of the IEA — show deep GHG emissions
reductions from the power sector, resulting primarily from a massive shift from fossil fuels to
renewables. Direct emissions from buildings decrease thanks to better insulation, solar
contributions of various types, and electrification of heat with heat pumps. The transport
sector is often discussed in great detail, and the key roles of efficiency and electrification are
clear, except for some important segments (long-haul freight and aviation). Still, the roles of
various options remain very much under discussion among experts (e.g. Teske et al., 2017).

In the 2DS, by 2060 the power sector is already virtually decarbonised, while the industry
and transport sectors become the largest source of CO, emissions. Over the period to 2060,
the greatest cumulative emissions in the 2DS are from industry (32%), power (27%) and the
transport (27%) (Figure 2).

Figure 2. Remaining CO, emissions in the 2DS
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Note: Solid lines represent net energy sector CO, emissions for each scenario.

Source: IEA (2017a), Energy Technology Perspectives 2017.

Key message ¢ In the 2DS, the power and refining sectors should achieve zero and even negative
emission levels to compensate for CO, emissions from industry and transport.

Industry, however, has not yet attracted the same level of attention. While emissions would
grow from about 8.5 gigatonnes of CO, (GtCO,) per year to 10.3 GtCO, under the RTS, in
2060 they would shrink to about 5.2 GtCO, under the 2DS, and to 2.1 GtCO, under the B2DS.

However, the share of direct CO, emissions from industry increases considerably in the 2DS,
from 24% in 2014 to 44% in 2050 Three industries delivering basic materials — cement, iron
and steel, and chemicals — are responsible for 70% of all global direct industrial CO,
emissions today (75% with the addition of the aluminium and pulp and paper industries).

These emissions result from the combustion of fossil fuels for energy purposes and from
process emissions, notably from hydrogen manufacturing, limestone calcination in cement
production, and iron ore reduction in steelmaking.

These emissions result from the combustion of fossil fuels for energy purposes and from
process emissions, notably from hydrogen manufacturing, limestone calcination in cement
production, and iron ore reduction in steelmaking.
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Three-quarters of the energy used in industry is process heat: the rest is for mechanical work
and electricity (computers, lighting, etc.). About 30% of process heat is “low-temperature”
(below 150°C), 22% is “medium-temperature” (150°C-400°C) and 48% is “high temperature”
(above 400°C) (Figure 3). About 10% of process heat is estimated to be electricity-based.

Figure 3. Share and breakdown of heat demand in industry
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Source: Solar Payback (2017), based on IEA statistics and calculations by IRENA.

Key message ¢ Heat represents three-quarters of industrial energy demand worldwide, and half of it
is of low to medium-high temperature.

The need for innovation

Fossil fuel use in industry and its associated CO, emissions can be reduced by various means,
from improved energy efficiency to carbon capture and reuse or storage, as well as by novel
manufacturing processes and ultimately by using different materials in industry and other
end-use sectors — for example, more wood in construction. However, increased uptake of
energy from renewables appears to be an ideal means to reduce fossil fuel consumption and
emissions in a variety of industrial sectors of growing relevance.

Various renewable sources, such as bioenergy, solar radiation, and geothermal energy, can
be used to produce heat for industrial purposes, but the availability of these resources is
neither spatially nor temporally uniform. For example, in both temperate and hot but humid
areas, the opportunities to cost-effectively collect solar heat at temperatures beyond ~150°C
are scarce, but biomass resources can be important. Conversely, in hot and arid areas
biomass resources are usually scarce, but concentrating solar power systems are able to
efficiently collect the sun’s energy at high temperatures.

The energy used in industry can also be sourced from renewables through electricity
generation, either from dedicated facilities or from the grid, or any combination of both. For
remote, off-grid industrial facilities, these sources can replace the fossil fuels used to
generate power or mechanical force. Furthermore, heat can be generated from electricity
using a variety of technologies.

The pillars of industrial emissions reductions in the ETP scenarios are energy efficiency,
(especially as best available technologies [BATs] become disseminated worldwide),
innovative processes and CCS. Fuel and feedstock switching, and material efficiency,
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combining manufacturing material efficiency, inter-industry material synergies, decreased
end-use material intensity, and post-consumer recycling, also make small contributions.

Innovative processes account for 19% of cumulative CO, reductions in the 2DS and 37% in
the B2DS. These processes, not yet fully commercialised, include new steelmaking processes,
inert anodes for aluminium smelting, oxy-fuelling kilns for clinker production in cement
manufacturing, enhanced catalytic and biomass-based processes for chemical production,
and integration of CCS in energy-intensive industrial processes (IEA, 2017a).

The pace of development, demonstration and deployment of innovative processes cannot be
precisely known in advance, so that while some industrial sectors may achieve the required
emissions reductions through process changes within the anticipated time frame, or even
more rapidly, others may fail to. It is therefore important to examine alternative options, as
well as options that could favour more rapid emissions reductions in the industry sector, in
case reductions in other sectors (power, buildings or transport) — or relative to other GHGs —
fall short of scenario projections.

Climate-friendly scenarios rely particularly on ambitious development of bioenergy
resources, CCS and carbon capture and use (CCU) technologies, or on the combination of
both technology families — bioenergy with carbon capture and storage (BECCS). Bioenergy is
sourced from organic material that stores sunlight as chemical energy as it grows through
photosynthesis, which removes CO, from the atmosphere; therefore, capturing and storing
the CO, that is emitted when the bioenergy is consumed could possibly make the life-cycle
emissions of BECCS negative. For this to happen, the combined amount of GHGs present in
the entire supply chain (for example, from the use of fertilisers) and the GHGs that cannot be
captured by CCS must total less than the amount that is captured and permanently stored.

Achieving negative emissions in some sectors (e.g. power, biofuels production and industry)
could compensate for temporary “overshoots” in emissions or for lingering, particularly
hard-to-suppress emissions from other sectors (e.g. transport and industry), or both.

However, CCS is proving slow and difficult to deploy, and it clearly does not reduce reliance
on fossil fuels. Economic conditions for other low-carbon technologies may improve more
rapidly than expected. Furthermore, BECCS is as yet an unproven technology at scale and
there is a great degree of uncertainty surrounding its viability, although the uncertainties do
not necessarily pertain to the CCS technology itself. Another question is what level of
bioenergy resources might be sustainably available for use on a large scale by the energy
sector (IEA, 2017a, 2017c, 2016), as all studies lead to the conclusion that the extensive
application of BECCS needed to achieve Paris Agreement objectives would stretch the
possibilities offered by bioenergy to their maximum. The supply of sustainable bioenergy will
need to grow from today’s 63 EJ to around 145 EJ under the 2DS and the B2DS, and even
though this figure falls at the lower end of the range identified by many global estimates of
available resources, mobilising this quantity sustainably will be a major challenge.

The role of renewables in the power sector, and to some extent in the buildings sector, has
been investigated extensively. This is less the case for industry, for which renewables have
been the topic of only a limited number of studies. To date, most energy-related innovation
in the industry has been to improve energy efficiency rather than to reduce GHG emissions,
as energy has always had a cost whereas emissions have not. Dennis, Colburn and Lazar
(2016) coined the term “emiciency” (or “emissions efficiency”), to underline the shift in
drivers from reducing energy costs to reducing polluting emissions.

Moreover, industries have considered electricity a costly source of heat, and rightly so, as
electricity has been produced mostly in thermal plants from combusting fossil fuels at an
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efficiency rarely exceeding 50%. Electricity could thus compete with fossil fuels only if it were
running more efficient devices such as heat pumps, or if it were provided through affordable
hydro generation. However, recent and rapid cost reductions in some renewable electricity-
generating technologies have led to the emergence of new, affordable options that have not
been considered in many studies.

Most energy models also have intrinsic limitations: for example, they do not consider the
possibility of relocating activities from one country to another as international trade
develops. Relocation can either be beneficial or detrimental for GHG emissions, depending
on the situation. Therefore, most models may have missed potential carbon leakage; they
may also miss new opportunities to find global solutions, such as relocating some industrial
activities to where there are abundant renewable resources.

The first chapter of this report briefly reviews current technologies in bioenergy, solar heat
and electricity from renewables. In the second chapter, emerging potential for more
innov