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The dual action of Capital Markets transforms the 
Net Zero cost curve  

In this report we examine how capital markets' deep engagement in sustainability 
is driving de-carbonization through a divergence in the cost of capital of high 

carbon vs. low carbon investments. This is having a dual impact on the Carbonomics 
cost curve, lowering the cost of capital for low carbon developments with good 
regulatory visibility (driving c.1/3 of renewable power cost deflation over the past 
decade), while increasing the cost of capital for high-carbon sectors. We identify a 

clear mismatch between the limited reach and coordination of carbon prices 
(rising from US$2.2/ton in 2020 to US$4.5/ton at present on a global weighted-average 
basis) and the implied carbon prices charged by investors through higher cost of 
capital for long-term hydrocarbon investments (US$40-80/ton, on our estimates). In 
our view, this mismatch between global policies and capital allocation is driving a 
disjointed de-carbonization process that leads to structural underinvestment in 

key energy, materials, and heavy transport sectors (reinvesting on average c.40% 
less of their cash flow vs. 10-year average). This could drive higher commodity prices 

in the long term, raising affordability concerns, but also making de-carbonization 
technologies comparatively more attractive. The current increases in oil, gas and coal 
prices (vs. 2020 average) imply an increase of US$80/ton for full-cycle CO2e 
emissions from hydrocarbons and have driven two-thirds of the 12% flattening of the 

2021 Carbonomics cost curve, compared to 2020. We believe ‘the revenge of the 
old carbon economy’ this year is driving de-carbonization more forcefully than Clean 
Tech innovation. 

Carbonomics
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Carbonomics in 12 charts 

Exhibit 1: Capital markets’ engagement in climate change keeps 
rising.. 
Number of climate-related shareholder proposals and % vote in favour 

Exhibit 2: ...driving a divergence in the cost of capital of low vs. 
high-carbon investments... 
Top Projects IRR for oil & gas and renewable projects by year of project 
sanction 
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Exhibit 3: ...implying a US$40-80/ton long-term carbon price for new 
hydrocarbon developments 
Carbon price implied by the IRR premium for offshore oil/LNG projects 
compared with renewables (US$/tnCO2) 

Exhibit 4: Shareholder pressure and lack of policy coordination 
engenders structural underinvestment in carbon intensive 
industries... 
Reinvestment Ratio % (2022E vs. 10-yr average) vs. carbon intensities 
(Scope 1,2,3 emissions intensity per revenue (tnCO2eq/US$mn)) 
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Exhibit 5: ...leading to structurally higher commodity prices, 
impacting consumer behaviours much more deeply than carbon 
prices... 
Carbon price implied by commodity benchmarks vs. ETS markets 
($/tnCO2eq) 

Exhibit 6: ...and fostering rising investments in industries with clear 
regulatory frameworks (e.g. renewable power) 
LCOE % reduction from 2010 split between operational and financial 
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Exhibit 7: The Carbonomics cost curve shifted and flattened for the 
third consecutive year... 
Carbon abatement cost curve for anthropogenic GHG emissions, based 
on current technologies and associated costs 

Exhibit 8: ...with higher commodity prices contributing c.2/3 of the 
flattening 
Change in cost curve carbon abatement price of 2021 curve vs. 2020 
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Exhibit 9: The incremental cost of net zero carbon continues to 
improve, lowering the cost of 75% de-carbonization by $0.6 tn pa. 
Carbon abatement cost curve for anthropogenic GHG emissions and 
associated costs for different levels of de-carbonization 

Exhibit 10: Renewable power is vital to the de-carbonization of 
c.38% of global emissions across sectors... 
2021 de-carbonization cost curve with technologies relying on 
renewable power indicated 
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Exhibit 11: ...and clean hydrogen has emerged as a key technology, 
required to de-carbonize c.15% of global emissions across 
sectors... 
2021 de-carbonization cost curve with technologies relying on clean 
hydrogen indicated 

Exhibit 12: ...with battery energy storage and CCS also required 
2021 de-carbonization cost curve with technologies relying on CCS and 
battery technologies indicated 
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Capital markets are taking a leading role in the climate change debate 
driving de-carbonization through cost of capital divergence  

The number of climate-related shareholder proposals continues to increase, with c.40% 
of investor votes now in support, having more than tripled since 2011 
With global GHG emissions on a persistent upward trajectory over the past few years, 
investors have emerged with a leading role in driving the climate change debate, 
pushing corporate managements towards incorporating climate change into their 
business plans and strategies. The number of climate-related shareholder proposals (as 
shown by data from ProxyInsight) has almost doubled since 2011 and the percentage of 

investors voting in favour has more than tripled over the same period. So far, 2021 
has been another year of strong shareholder engagement on climate change, with 
year-to-date climate-related shareholder resolutions exceeding last year’s on an 
annualized basis while the percentage vote in favour has shown a major increase yoy, 
currently at c.39%, as shown in Exhibit 13. While the 2020 increase in the number of 
climate-related shareholder resolutions was primarily attributed to the Europe region, 
2021 has seen a notable acceleration in the number of these resolutions in North 
America as well as Asia.  

This investor pressure, however, is not uniformly distributed across sectors and shows a 
clear bias towards energy producers vs. energy consumers, with data since 2014 
showing >50% of proposals targeting energy producers (oil & gas, utilities) while only 
30% of the proposals target the sectors that account for most of the final energy 
consumption. As such, the energy sector is one of the most susceptible to the capital 
markets’ focus on the topic of climate change and is one where the largest divergence 
and impacts can be observed, therefore the sections that follow in this report use it as a 
primary example.  

Exhibit 13: The number of climate-related shareholder resolutions 
and % vote in favour continues to gain momentum so far in 2021 
reaching c.39% globally... 
Number of climate-related shareholders’ proposals vs. % vote in favour 

Exhibit 14: ...with a targeted focus on energy producers (oil & gas, 
utilities) 
% of climate-related shareholder proposals, split by industry, 2014-21 
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The capital markets’ increasing engagement on the topic of climate change is having a 
dual impact on the cost of de-carbonization and our Carbonomics cost curve 
Today >$100 tn of global assets under management have signed up to UN PRI and are 
implementing ESG metrics as part of their investment process. This wave of “green” 
investments is driving capital towards de-carbonization technologies through a 
divergence in the cost of capital of high-carbon vs. low-carbon investments. We view 
capital markets’ increasing engagement on climate change as having a dual 

impact on the cost of de-carbonization: 

(a) Higher cost of capital and regulatory uncertainty in more carbon intensive
industries is leading to underinvestment and the revenge of the old economy. This
drives structurally higher commodity prices which can be viewed as an additional

carbon tax, encouraging consumer shift into cleaner alternatives.

(b) Lower cost of capital and wider access to cheap financing is leading to higher

investments in clean technologies ultimately driving further technological innovation

and cost deflation.

Exhibit 15: Schematic diagram summarizing capital markets’ dual impact on the cost of de-carbonization 

Source: Goldman Sachs Global Investment Research
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Looking at the energy sector, we estimate that the spread in the cost of capital of 
hydrocarbon vs. renewable developments has widened by > ten percentage points over 
the last five years. This is equivalent, on our estimates, to a global carbon tax of 
$80/tnCO2eq, and is driving a historical turning point in energy investment, with global 
renewable power spend overtaking oil & gas developments for the first time in history. 
Uncertainty around future carbon regulation and the lack of global coordination on 
carbon pricing are impacting investment in several sectors, mostly in energy, materials 
and heavy transport. On our estimates, there has been a decline in the re-investment 
ratio (10-year average vs. 2022E) of c.40% in Oil & Gas, Steel, Mining and Marine 
Shipping: global carbon intensive sectors which suffer from a lack of clear policies 
around de-carbonization. In contrast, Electric Utilities is an example of a sector where 
clear de-carbonization incentives and strategies are actually leading to higher investment 
than in the past, as shown in Exhibit 18. We believe that the continued lack of 
coordination runs the risk of severe underinvestment in core parts of the ‘Old Carbon 
Economy’ that could lead to supply tightness, as we already are starting to experience 
in parts of the materials, oil & gas and transport industries. 

Exhibit 16: Looking at the energy sector, the bifurcation in the cost 
of capital for hydrocarbon vs. renewable energy developments is 
widening, on the back on investor pressure for de-carbonization... 
Top Projects IRR for oil & gas and renewable projects by year of project 
sanction 

Exhibit 17: ...implying a carbon price range of US$80/40 per tn CO2 
for offshore oil and LNG projects... 
Carbon price implied by the IRR premium for offshore oil and LNG 
projects compared with renewables (US$/tn CO2) 
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Exhibit 18: High cost of capital and regulatory uncertainty have led 
to underinvestment in investment in carbon intensive sectors 
throughout energy, materials and heavy transport... 
Reinvestment Ratio % (2022E vs. 10-year average) vs. carbon intensities 
(Scope 1,2,3 emissions intensity per revenue (tnCO2eq/US$mn)) 

Exhibit 19: ...yet higher investments in sectors like utilities where 
we estimate that lower cost of capital and financial innovation 
have driven 1/3 of the cost deflation in renewables since 2010 
LCOE % reduction from 2010 split between operational and financial 

Aerospace & Defense

Alcohol & Tobacco

Auto Parts

Auto ManufacturersBrands
Capital Goods

Chemicals
Construction Materials

Consumer Durables

Distributors

E&C

Food & Beverage

Hospitality

IT Services

Insurance

Internet

Marine Shipping

Med Tech

Media

Mining & Metals
Oil & Gas Producers

Oil Refiners
Pharma & Biotech

Professional ServicesRestaurants

Retail - Multiline & Specialty

Retail - Staples
Semiconductors

Steel

Tech Hardware

Telecom Services

Utilities - Electric

-50%

-40%

-30%

-20%

-10%

0%

10%

20%

0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

Reinvestment Ratio % vs Carbon intensities (tnCO2eq/US$mn) 
High regulatory calrity and price 
support globally

Low regulatory clarity and poor global coordination

-77%

-36%

-32%

-53%

-33%

-90%

-80%

-70%

-60%

-50%
-40%

-30%

-20%

-10%

0%

10%

20%

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

E

R
en

ew
ab

le
s 

LO
C

E 
%

 re
du

ct
io

n 
(fr

om
 

20
10

 b
as

e)
 s

pl
it 

be
tw

ee
n

op
er

at
io

na
l 

an
d 

fin
an

ci
al

 

Solar PV- operational reduction Solar PV - financial reduction
Onshore wind - operational reduction Onshore wind - financial reduction

Source: Company data, Goldman Sachs Global Investment Research Source: Goldman Sachs Global Investment Research

10 November 2021   6

Goldman Sachs Carbonomics



Structural underinvestment in carbon intensive sectors leads to higher 
commodity prices and indirectly taxes emissions 

Carbon pricing a key ingredient for de-carbonization, yet global coordination has so far 
failed with a global average carbon price of only $5/tnCO2... 
We believe that carbon pricing will be a critical part of any effort to move to net zero 
emissions, while incentivizing technological innovation and progress in de-carbonization 
technologies. The very steep carbon abatement cost curve calls for a growing need for 
technological innovation, sequestration technologies deployment and effective carbon 
pricing. The abatement weighted average carbon price implied by our Carbonomics cost 
curve lies in the range of $100-200/tnCO2 and we believe that carbon prices should be 

sufficiently high to incentivize innovation and healthy competition between 

conservation and sequestration technologies shown on the cost curve, while in the 
longer term, such an equilibrium price of carbon is likely to decline on the back of 
technological innovation and economies of scale. 

At present, 65 carbon pricing initiatives have been implemented or are scheduled for 
implementation, covering 45 national jurisdictions worldwide, according to the World 
Bank Group, mostly through cap-and-trade systems. These initiatives are gaining 
momentum, with China, the world’s largest CO2 emitter, launching the initial phase of its 
own ETS roadmap in 2021. These carbon pricing systems have shown varying degrees 
of success in reducing carbon emissions; yet together, according to the World Bank 
Group, all of these initiatives (including China) cover only 12 GtCO2eq, representing 
c.22% of the world’s total GHG emissions.

Exhibit 20: The carbon prices associated with global national and 
sub-national carbon price initiatives (carbon taxes & ETS) show a 
wide regional variability... 
Carbon prices through taxes and ETS (mid 2021) 

Exhibit 21: ...and carbon pricing initiatives cover only up to 25% of 
global GHG emissions, even with the addition of China by 2021 
Carbon pricing initiatives’ share of global GHG emissions covered (%) 
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...yet structurally higher commodity prices resulting from higher cost of capital and 
underinvestment are acting as another potentially more effective form of carbon pricing 
globally 
Despite the lack of global coordination in establishing a global carbon pricing market, 
with the current global average carbon price being only around $5/tnCO2eq and well 
below what is required to incentivize a switch to cleaner alternatives, the impact of 

capital markets on the old economy, as described previously, through a higher cost of 
capital leading to structural underinvestment, is creating a new form of implied 

carbon pricing - structurally higher commodity prices. In the charts that follow we 
show the carbon price implied by the various commodity price benchmarks globally 
(Brent oil price, Henry Hub and European TTF natural gas prices, coal prices). This 
analysis is done by considering the current commodity price environment and the 
well-to-wheel carbon intensity of the different commodities. 

Our results indicate that whilst the global average carbon price is only $5/tnCO2 and the 
European ETS carbon price around $60/tnCO2, the carbon price implied by the current 
commodity price environment are well above those levels with Brent and European gas 
prices (TTF) currently implying a carbon price >$160/tnCO2eq. Moreover, ytd the carbon 
price implied by commodity price benchmarks has risen by more than $50/tnCO2eq 
across commodities compared to a c.US$30/tnCO2eq increase in the EU ETS price and 
c.$1/tnCO2eq change in the global average carbon price.  

Exhibit 22: The carbon price implied by the various commodity 
benchmarks is well above the current global and EU ETS carbon 
price... 
Carbon price implied by various commodity benchmarks and carbon ETS 
schemes (US$/tnCO2eq) 

Exhibit 23: ...having increased by >$50/tnCO2 ytd across 
commodities, vs. a c.US$30/tnCO2 increase in the carbon price of 
the EU ETS and c.$1-2/tnCO2 increase in the global average carbon 
price 
Ytd change in the carbon price implied by various commodity 
benchmarks and carbon ETS schemes (US$/tnCO2eq, rebased to 1 Jan 
2021) 
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High commodity prices and clean tech investments flatten the 
Carbonomics cost curve  

 
 

In our first deep-dive de-carbonization report, Carbonomics: The future of energy in the 
Age of Climate Change in 2019, we introduced our inaugural estimate of the carbon 
abatement cost curve. The Carbonomics cost curve shows the reduction potential for 
anthropogenic GHG emissions relative to the latest reported global anthropogenic GHG 
emissions. It comprises de-carbonization technologies that are currently available at 
commercial scale (commercial operation & development), presenting the findings at the 
current costs associated with each technology’s adoption. We include conservation 
technologies and process specific sequestration technologies (process specific carbon 
capture) across all key emission-contributing industries globally: power generation, 
industry and industrial waste, transport, buildings and agriculture. In this report, we 

update our Carbonomics cost curve of de-carbonization, encompassing >100 

different applications of GHG conservation technologies across all key emitting 
sectors globally. The newly updated de-carbonization cost curve is shown in Exhibit 26 
and the transformation of the 2021 Carbonomics cost curve and the comparison to the 
2020/2019 comparable Carbonomics cost curves is shown in Exhibit 24.  
 

Exhibit 24: The 2021 Carbonomics cost curve flattened for the third consecutive year and shows a notable 
shift lower for the more costly technologies (upper end of the cost curve) driven by higher commodity 
pricing and rising clean tech investments 
2021 vs 2020/2019 restated carbon abatement cost curves for anthropogenic GHG emissions, based on current 
technologies and costs, assuming economies of scale for technologies in pilot phase 
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Exhibit 25: Summary of key technologies considered in the construction of the carbonomics cost curve 

%

TRANSPORTATION POWER GENERATION BUILDINGSAFOLU

• Aviation: The switch to a  
more efficient aircraft model is 
considered a viable option for 
partial de-carbonization in the 
near-term. Sustainable aviation 
fuels (SAFs) remain the sole 
commercially available de-
carbonization route longer term. 

• Shipping: LNG ships a
technological option for ships 
meeting a threshold size,
marine biofuels another viable 
technology, with clean ammonia  
ships the key potential de-
carbonization technology 
longer-term.

• Road short-haul transport: 
EVs the key technology for road 
passenger transport, with a 
small proportion of de-
carbonization achieved through 
road biofuels for places with 
constrained electrification 
infrastructure.

• Road long-haul transport: 
Electrification of short and 
medium haul trucks and buses 
a viable option. Hydrogen 
FCEVs the most promising de-
carbonization option for long-
haul heavy truck routes and 
forklifts.

• Rail: Electrification and 
hydrogen the key technologies 
considered with FC trains likely 
to be key for long-haul heavy 
rail. 

• Switch from coal to gas: 
Natural gas a key transition 
fuel for the near term, 
particularly in heavily coal-
reliant power generation 
systems globally. Biogas and 
clean hydrogen co-firing in 
power plants is another 
possible technology 
considered longer-term.

• Switch to renewables: The 
ultimate de-carbonization 
route for power generation, 
which could unlock the full de-
carbonizaation potential in the 
presence of energy storage.

• Energy storage: Batteries a 
key technology for intraday 
storage with clean hydrogen 
the ultimate solution for 
seasonal storage enabling the 
full uptake of renewables in 
the power generation system. 
both have been considered 
and added in our cost curve.

• Carbon capture: Carbon 
capture for natural gas and 
coal plants a de-carbonization 
technology that can be 
particularly useful in regions 
with young asset life of plants 
avoiding stranded assets. 

• Nuclear: Another viable 
technology present in our 
Carbonomics cost curve. 

De-carbonization
technologies

• Improved land (cropland,
grazing land) and livestock 
management practices:
Improved cropland, grazing 
land and livestock 
management practices can 
help to optimize resource use  
for the agriculture sector. 

• Precision agriculture: The 
use of technology to optimize 
crop yields, minimize excess 
use of nutrients and 
pesticides could all potentially 
contribute to reduced raw 
material and energy needs 
for the sector. 

• Reduction of deforestation, 
forest degradation, 
conversion of savvanas and 
natural grasslands, 
conversion, draining and 
burning of peatlands.

De-carbonization 
technologies

• Heating fuel switch:
Hydrogen and clean 
power-run heat pumps are 
the two key technologies 
currently commercially 
available for de-
carbonization of buildings. 
We consider both in our 
cost curve, both for new 
developments and 
retrofits, for commercial 
and residential buildings.

• Efficiency: Efficiency 
improvements can reduce 
the energy needs for 
heating and electricity and 
are thus viable options for 
de-carbonization. Switch to 
LED lighting, addition of 
cavity wall insulation, use 
of thermostats and highest 
efficiency HVAC systems 
can all contribute to 
efficiency improvements. 

De-carbonization
technologies

INDUSTRY & WASTE

• Industrial combustion/ 
heating: Across major 
emitting industrial sectors, a 
considerable amount of 
emissions are associated with 
the use of energy, primarily 
through industrial combustion 
(heat) processes. Switch from 
coal, natural gas to biomass, 
biogas, clean hydrogen or 
electrification (in cases of low 
temperature heat) are the key 
technologies in de-carbonizing 
energy-related emissions. 

• Cement: Process emissions 
(c60%) associated with the 
materials involved such as 
clinker. Reducing the ratio of 
clinker to cement a key 
technology, along with CCUS.

• Iron & Steel: The switch from 
BF-BOF process to natural 
gas or hydrogen based DIR-
EAF a possible near term de-
carbonization option. Scrap 
DRI-EAF and circular 
economy also have a role to 
play. CCS for younger plants 
has also been considered.

• Petrochemicals: Clean
hydrogen could aid the de-
carbonization of process/raw 
material-related emissions. 
This can be in the form of blue 
(CCS), green electrolytic 
hydrogen or biogas. Circular 
economy and other efficiency 
gains also important.

De-carbonization
technologies

De-carbonization 
technologies
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The Carbonomics cost curve is updated for the third consecutive year, and this year 
shows a notable shift lower for the higher-cost de-carbonization technologies (upper 
end of the curve) 
Exhibit 24 shows the comparison between the 2021 Carbonomics cost curve and the 
2020/2019 comparable cost curves. We note that the 2019 and 2020 published 
Carbonomics cost curves were re-stated to include process specific carbon capture 
across both, making them directly comparable with our 2021 cost curve which includes 
process specific sequestration technologies. As shown in the exhibit, the 2021 
Carbonomics cost curve remains broadly similar in level for its lower half (low-cost 50% 
de-carbonization), yet shows a notable shift lower for the higher-cost de-carbonization 
technologies (upper 50% of the curve) primarily attributed to the lower abatement 
carbon cost for transport and industry. This is driven by the dual impact of capital 
markets outlined in the previous sections of this report with contributions from (a) 
higher long-term commodity prices (oil, natural gas, coal) reducing the implied cost of 
the switch to cleaner alternative technologies and (b) the continuation of clean tech cost 
reduction for existing technologies (such as battery costs) and further de-carbonization 
additions. Amongst the technologies added in this year’s de-carbonization cost curve are 
FC hydrogen trains in transport, nuclear and hydroelectric plants in power generation, 
waste heat recovery, scrap steel DRI-EAF and electrification of low temperature heat in 
industry. These further increase the total potential abatement achievable as shown by 
the moderate shift of the curve to the right.  

 

Exhibit 26: Capital markets’ focus on climate change continues to transform the cost curve of 
de-carbonization through the dual effect of higher old economy costs and further technological innovation 
and cost deflation in low carbon technologies. 
2021 carbon abatement cost curve for anthropogenic GHG emissions, based on current technologies and current 
costs, assuming economies of scale for technologies in the pilot phase 
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Our dynamic Carbonomics cost curve is expected to continue transform this decade, 
driven by cost deflation (especially for batteries, clean hydrogen and CCS) 
Our Carbonomics cost curve is dynamic in nature and evolves as the cost underpinning 
the underlying clean technologies evolve over time. We expect that the shape of the 
cost curve will transform in a manner similar to what is shown in Exhibit 29 with a 
notable reduction in the average abatement carbon price for the upper half of the cost 
curve. This is driven by technological innovation and benefits of scale, particularly for 
energy storage (batteries and clean hydrogen) as well as carbon capture technologies. 
This shift in the cost curve should improve further the affordability of net zero by the end 
of the decade. 

 

Exhibit 27: Transport and industry are the sectors showing the yoy 
largest reduction in the emissions weighted average carbon 
abatement cost on our 2021 cost curve... 
Average carbon abatement price based on our Carbonomics cost 
curves ($/tnCO2eq) 

 

Exhibit 28: ...as they benefit from both higher commodity prices 
encouraging low carbon alternatives switch and ongoing 
technological innovation and economies of scale 
Change in Carbonomics cost curve average carbon abatement price 
2021 vs. 2020 attributed to commodity price changes and technological 
cost changes 
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Exhibit 29: We estimate that the upper half of the Carbonomics cost curve can continue to transform and fall by 2030, driven by 
technological innovation and the benefits of scale, mostly in energy storage and carbon capture technologies 
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Evolution of the cost curve improves affordability of net zero 
 
 

The evolution of the Carbonomics cost curve results, on our estimates, in a c.US$0.5 tn 
pa reduction in the global cost to reach 75% de-carbonization  
The transformation of the cost curve brings with it a meaningful reduction in the 

global annual cost to achieve de-carbonization from existing, large-scale 
commercially available technologies. As shown in Exhibit 30, the initial c.50% of global 
anthropogenic GHG emissions, what we classify as ‘low-cost de-carbonization’, can 
be abated at an annual cost that is broadly similar yoy, at c.US$1.1 tn pa based on 
the 2021 cost curve vs. US$1.2 tn pa based on 2020. Nonetheless, as we move towards 
70%-75% de-carbonization, we enter into the ‘high-cost de-carbonization’ spectrum, 
with the three curves – and subsequently the annual cost required to achieve 
de-carbonization – diverging significantly; we estimate c.12% global annual cost 

reduction in the upper part of the cost curve, from US$4.6 tn in our 2020 cost curve 
to US$4.0 tn in our updated 2021 cost curve. Overall, this implies c.US$0.6 tn of 

annual savings as we approach net zero. Moreover, for the same total global annual 
investment, the evolved cost curve results in c.85% abatement of global GHG 

emissions (including LULUCF) and c.93% abatement of global CO2 emissions with 
the remaining 7% CO2 emissions abatement required for net zero to be achieved 
through the use of non-specific carbon sequestration - natural sinks and DACCS 

offsets.  

 

Exhibit 30: Evolution of the de-carbonization cost curve results in c.$0.6 tn annual savings on the path to net zero based  
2021 vs. 2020/2019 Carbonomics cost curve for anthropogenic GHG emissions - comparison of the cumulative area under each curve, based on 
current technologies, assuming economies of scale for technologies in pilot phase 
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A deep dive into the four key transformational technologies reshaping the 
cost dynamics of de-carbonization  

 
 

Looking at the transformation of our conservation de-carbonization cost curve, we note 
that the de-carbonization process is evolving from one dimensional (renewable 

power) to a multi-dimensional ecosystem. Four technologies are emerging as 
transformational, having a leading role in the evolution of the cost curve and the path to 
net zero emissions. Notably, all of these technologies are interconnected: 

(1) Renewable power: The technology that dominates the ‘low-cost de-carbonization’ 
spectrum today and has the potential to support the de-carbonization of c.40% of total 
global anthropogenic GHG emissions, supporting a number of sectors that require 
electrification, as well as being critical for the production of clean hydrogen longer term 
(‘green’ hydrogen). 

(2) Clean hydrogen: A transformational technology for long-term energy storage 
enabling increasing uptake of renewables in power generation, as well as aiding the 
de-carbonization of some of the harder-to-abate sectors (iron & steel, long-haul 
transport, heating, petrochemicals). 

(3) Battery energy storage: Extends energy storage capabilities, and critical in the 
de-carbonization of short-haul transport through electrification. 

(4) Carbon capture technologies: Vital for the production of clean (‘blue’) hydrogen in 
the near term, while also aiding the de-carbonization of industrial sub segments with 
emissions that are currently non-abatable under alternative technologies.  

 

We identify four transformation technologies that we expect to lead the evolution of the Carbonomics cost 
curve 

De-carbonization
cost curve

Transformational
technologies

Clean Hydrogen

Batteries

Low carbon 
electricity

Carbon sequestration
(CCUS, natural sinks)

 
 

Source: Goldman Sachs Global Investment Research

10 November 2021   14

Goldman Sachs Carbonomics



1) Renewable power: The low-carbon technology dominating ‘low-cost 
de-carbonization’  
Renewable power has transformed the landscape of the energy industry and represents 
one of the most economically attractive opportunities in our de-carbonization cost curve 
on the back of lower technology costs observed over the past decade as the 
industry benefits from economies of scale and lower cost of capital. We estimate that 
c.38% of the de-carbonization of global anthropogenic GHG emissions is reliant on 

access to clean power generation (as shown in Exhibit 10), including electrification of 
transport and various industrial processes, electricity used for heating and more. The 
power generation system is facing a dual challenge on the path to net zero: 
de-carbonization of its existing mix whilst also growing three-fold on our estimates.  

 

 

Exhibit 31: De-carbonization through renewable power generation 
is among the lowest-cost technologies on our de-carbonization 
cost curve, even when energy storage (batteries and hydrogen) is 
needed... 
Power generation switch from natural gas to renewables (and storage) 
de-carbonization cost curve 

 

Exhibit 32: ...while access to low-carbon power more broadly is 
vital for the de-carbonization of c.38% of the global anthropogenic 
GHG emissions across sectors (such as electrification of transport, 
industry, buildings) 
2021 carbon abatement cost curve for anthropogenic GHG emissions, 
with orange indicating renewable power-reliant technologies 

-100

-50

0

50

100

150

200

250

300

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

C
ar

bo
n 

ab
at

em
en

t c
os

t (
U

S$
/tn

C
O

2e
q)

solar Onshore wind Offshore wind
Solar + battery Wind + battery Offshore wind + battery
Solar + hydrogen storage Onshore wind + hydrogen storage Offshore wind + hydrogen storage
H2 GCCT Hydroelectric Nuclear
NG CCS

GHG emissions abatement through renewables in power generation (GtCO2eq)

-200
-100

0
100
200
300
400
500
600
700
800
900

1,000
1,100

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56

C
ar

bo
n 

ab
at

em
en

t c
os

t 
(U

S$
/tn

C
O

2e
q)

GHG emissions abatement potential  (Gt CO2eq)

De-carbonization technologies relying on renewable power Other de-carbonization technologies

 
 

Source: Goldman Sachs Global Investment Research

 
 

Source: Goldman Sachs Global Investment Research

 

Exhibit 33: Renewable power LCOEs have decreased by >70% on 
aggregate across technologies... 
LCOE for solar PV, wind onshore and wind offshore for select regions in 
Europe (EUR/MWh) 

 

Exhibit 34: ...on the back of ongoing operational cost reduction from 
economies of scale and a reduction in the cost of capital for these 
clean energy developments, contributing c.1/3 of the cost reduction 
since 2010 
Renewables LCOE % reduction from 2010 base, split between 
operational and financial (cost of capital) 
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Power generation is the most vital component for any net zero scenario, with the sector 
currently accounting for c.32% of global anthropogenic CO2 emissions (incl. AFOLU), 
making it the most critical area of focus to tackle the net zero challenge. The role of 
power generation is, in our view, only likely to increase in the coming decades, as the 
penetration and pace of electrification is rapidly increasing across sectors as these 
progressively follow their own de-carbonization path (including amongst others road 
transport, building heating, industrial manufacturing processes and low-temperature 
industrial heat). Overall, in our GS net zero models, we expect total demand for power 
generation in a global net zero scenario by 2050 to increase three-fold (vs. that of 

2019) and surpass 70,000 TWh as the de-carbonization process unfolds. We believe 
that power generation will likely be the first sector to de-carbonize in our GS 1.5° path, 
reaching carbon neutrality earlier than other harder-to-abate sectors.  

 

 

Exhibit 35: Based on our global net zero by 2050 path, power 
generation demand increases three-fold to 2050... 
Global electricity generation (TWh) 

 

Exhibit 36: ...as it forms a critical part of the de-carbonization route 
for other sectors such as the electrification of transport, buildings, 
heat in industry, production of green hydrogen and more 
Global electricity generation bridge to 2050E (TWh) 
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Exhibit 37: A path consistent with net zero by 2050 requires 
transformational changes to the global power generation mix, with 
the non-fossil fuel share in our GL0S path rising from c.36% 
currently to >95% by 2050... 
Global power generation fuel mix (%) 

 

Exhibit 38: ...leading to >15,000 GW of solar and 10,000 GW of wind 
net power generation capacity additions to 2050 
Global net power generation capacity bridge to 2050 (GW) 
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2) Clean hydrogen: The emerging technology that can transform multiple 
parts of the Carbonomics cost curve 
Hydrogen has a critical role to play in any aspiring path targeting carbon neutrality by 
2050 in our view, with a wide range of applications across sectors including but not 
limited to its potential use as an energy storage (seasonal) solution that can extend 
electricity’s reach, industrial energy source and industrial process feedstock including its 
potential use in replacing coal in steel mills, serving as a building block for some primary 
chemicals and providing an additional clean fuel option for high temperature heat, and 
long-haul heavy transport. Clean hydrogen is a fuel, but as an energy vector can also be 
produced by increasingly abundant technologies such as renewables and carbon 
capture. While the basic scientific principles behind clean hydrogen are well understood, 
most of these technologies applied in their respective industrial sectors are still at the 
demonstration or pilot stage. We estimate that clean hydrogen can contribute to c.15% 

of current global GHG emissions abatement with its addressable market growing 

7x from c.75 Mt in 2019 to c.520 Mtpa on the path to global net zero by 2050.  

 

 

Exhibit 39: We estimate that c.15% of global GHG emissions could 
be abated through technologies that rely on clean hydrogen... 

 

Exhibit 40: ...with hydrogen forming a key connecting pillar 
between renewable power and carbon capture 
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Exhibit 41: Our GS 1.5 global net zero by 2050 path sees total 
hydrogen demand increasing seven-fold (7x) to 2050... 
Global clean hydrogen addressable market for net zero by 2050 (Mtpa) 

 

Exhibit 42: ...with contribution across most key emitting sectors 
(transport, power generation, industry, buildings) 
Total global hydrogen demand (MtH2) 

75
88 

151 

63 
92 74 

516 

0

100

200

300

400

500

600

Dedicated
hydrogen
demand
(2019)

Refining
(oil,

biofuels)

Power
generation

(energy
storage,
buffer)

Transport
(heavy
trucks,
trains)

Industrial
eneryy

(ie. heat)

Industrial
feedstock
(ammonia,
methanol

etc)

Buildings
heating
& blend
in grid

Potential
hydrogen
demand
 (2050)

Current
global

Net zero by 2050 path

Pu
re

 h
yd

ro
ge

n 
de

m
an

d 
br

id
ge

 to
 n

et
 

ze
ro

 b
y 

20
50

c. 7x potential 
increase in 

global demand

 -

 100

 200

 300

 400

 500

 600

20
21

20
22

20
23

20
24

20
25

20
26

20
27

20
28

20
29

20
30

20
31

20
32

20
33

20
34

20
35

20
36

20
37

20
38

20
39

20
40

20
41

20
42

20
43

20
44

20
45

20
46

20
47

20
48

20
49

20
50

H
yd

ro
ge

n 
de

m
an

d 
(M

tH
2)

Buildings heat
Industrial feedstock
Industrial energy
Power generation (energy storage, buffering)
Transport (heavy duty vehicles, long-haul rail etc)
Base hydrogen demand

 
 

Source: Goldman Sachs Global Investment Research

 
 

Source: Goldman Sachs Global Investment Research

10 November 2021   17

Goldman Sachs Carbonomics



The revival of hydrogen: A new wave of support and policy action 
As highlighted in our primer report Carbonomics: The rise of clean hydrogen, hydrogen 
as a fuel screens attractively among other conventionally used fuels for its low weight 
(hydrogen is the lightest element) and high energy content per unit mass, >2.5x the 
energy content per unit mass of both natural gas and gasoline.  

While hydrogen has gone through several waves of interest in the past 50 years, none 
has translated into sustainably rising investment and broader adoption in energy 
systems. Nonetheless, the recent focus on de-carbonization and the scaling up and 
accelerated growth of low-carbon technologies such as renewables have sparked a new 
wave of interest in the properties and the supply chain scale-up of hydrogen. Over the 
past few years, the intensified focus on de-carbonization and climate change solutions 
has led to renewed policy action aimed at the wider adoption of clean hydrogen. Policy 
support and economic considerations, and the acceleration of low-cost renewables and 
electrification infrastructure, seem to be converging to create unprecedented 

momentum in the use of hydrogen and paving the way for potentially more rapid 

deployment and investment in hydrogen technologies and the required infrastructure. 

Clean hydrogen could be the key missing piece of the puzzle to reach net zero, 
connecting two critical components of the de-carbonization technological ecosystem: 
carbon sequestration and clean power generation 
The low-carbon intensity pathways for hydrogen production and what makes the fuel 
uniquely positioned to benefit from two key technologies in the clean tech 

ecosystem – carbon capture and renewable power generation – are ‘blue‘ and 
‘green‘ hydrogen. ‘Blue’ hydrogen refers to the conventional natural gas-based hydrogen 
production process (SMR or ATR) coupled with carbon capture, while ‘green’ hydrogen 
refers to the production of hydrogen from water electrolysis whereby electricity is 
sourced from zero carbon (renewable) energies. 

While ‘blue’ and ‘green’ hydrogen are the lowest-carbon-intensity hydrogen production 
pathways, our hydrogen cost of production analysis, shown in Exhibit 43, suggests that 
both of these technologies are more costly when compared with the traditional 
hydrocarbon-based ‘grey’ hydrogen production. For ‘blue’ hydrogen, the cost of 
production is dependent on a number of technological and economics factors, the price 
of natural gas being the most critical followed by the additional cost for carbon capture 
technology integration with the SMR plant.  
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Exhibit 43: ‘Blue’ and ‘green’ hydrogen set the stage for de-carbonization, with ‘blue’ currently having a lower cost of production compared 
with ‘green’ hydrogen, but both being more costly than traditional ‘grey’ hydrogen 
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Exhibit 44: A LCOE of $5-25/MWh is required for ‘green’ hydrogen to 
be at cost parity with the high-cost ‘blue’ hydrogen scenario for an 
alkaline electrolyzer efficiency of 55%-75% (assuming electrolyzer 
capex and cost of carbon capture remain at current levels)... 
Hydrogen cost of production ($/kg H2) vs LCOE ($/MWh) 

 

Exhibit 45: ...but the cost of the electrolyzer also impacts the overall 
cost of producing ‘green’ hydrogen, with a LCOE of <$35/MWh 
required for electrolyzers with capex exceeding $500/kWe to reach 
cost parity with high-cost ‘blue’ hydrogen 
Hydrogen cost of production ($/kg H2) vs. LCOE ($/MWh) 
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3) Batteries: A key energy storage technology with a critical role to play in 
transforming mobility and power grid management 
Battery technology and its evolution play a key role in aiding de-carbonization of both 
transport and power generation. The high focus on electric batteries over the past 
decade has helped to reduce battery costs by over c.50% in the past five years alone 
(Exhibit 46) owing to the rapid scale-up of battery manufacturing for passenger electric 
vehicles (EVs). Nonetheless, the technology is currently not readily available at large, 
commercial scale for long-haul transport trucks, shipping and aviation, and it remains at 
early stages for long-term battery storage for renewable energy. Notably, the majority of 
the reduction in battery cost emissions has come from the battery pack, but c.80% of 
the remaining cost is dominated by the battery cell, where cost reduction requires 
further technological innovation. 

 

Solving the energy storage challenge in power generation: Batteries vs. clean hydrogen 
To reach full de-carbonization of power markets, we believe both batteries and hydrogen 
will play a complementary role to address different challenges. While batteries are 
currently the most developed technology for intraday power generation storage, we 
consider hydrogen as a more relevant technology for seasonal storage, implying the 
need for innovation and development of both technologies. Batteries, for instance, are 
particularly suited to sunny climates, where solar PV production is largely stable 
throughout the year and can be stored for evening usage of up to 4-6 hours. Hydrogen 
on the other hand, and the process of storing energy in chemical form and reconverting 
it back to power through fuel cells, could be used to offset the seasonal mismatch 
between power demand and renewable output. Yet, with fuel cells overall currently 
having efficiencies that vary between 50% and 65%, the overall efficiency of energy 
storage becomes a weak point for hydrogen, where we estimate the lifecycle of energy 
storage efficiency to be in the range of c.25%-40% overall, compared with c.70%-90% 
for batteries, as shown in Exhibit 48. 

 

Exhibit 46: Battery pack costs have fallen materially over the past 
few years, primarily from battery pack cost reductions... 
Lithium-ion battery pack and cell price (US$/kWh, LHS) 

 

Exhibit 47: ...with the remaining cost reductions required to come 
from the cell 
Battery pack and cell cost breakdown 
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Solving the energy storage challenge in transport: Batteries vs clean hydrogen  
Hydrogen’s key attributes (low weight and high energy per unit mass, short refueling 
time, zero direct emissions when sourced from renewable energy sources) make it an 
attractive candidate as a transportation fuel. For all hydrogen applications, the volume 

requirement for on-board storage remains, along with the comparatively low overall 

well-to-wheel (or power generation to wheel) efficiency, the two key challenges 
for the use of hydrogen. Hydrogen in ambient conditions (1 bar atmospheric pressure) 
has eight times lower energy density than conventional fuels such as natural gas under 
equivalent conditions, which typically creates the need for compression for use in 
on-board storage such as in FCEVs.  

The exhibits that follow present our comparative analysis for hydrogen fuel cell 
electric vehicles compared to battery electric vehicles (BEVs) and gasoline internal 
combustion engine vehicles (ICE). Exhibit 50 shows that for a fully loaded (or fully 
charged) average passenger vehicle, compressed hydrogen FCEVs screen attractively 
compared with Li-battery EVs on a weight per unit of output energy basis 
(tank-to-wheel). The cost per unit energy output however for FCEVs, as well as the 
comparatively low energy efficiency of fuel cell systems remain the two key 
disadvantages for hydrogen. The cost per unit of energy output for FCEVs becomes 
more competitive when considering long-haul heavy transport, as their long range 
implies less frequent refueling is required and as large capacity (>350kWh) batteries in 
EVs remain costly and still in early development. This makes FCEVs attractive for 

long-haul transport applications such as buses and trucks yet battery EVs remain 

the clear preferred choice for LDVs.  

 

Exhibit 48: While hydrogen could be the key to solving the seasonal storage challenge in power 
generation, overall energy efficiency remains the weak spot of hydrogen, at c.25%-40% compared with 
c.70%-90% for batteries 
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Exhibit 49: Hydrogen provides both faster refueling times and a 
range advantage, particularly useful for long-haul truck 
applications, less so for short-haul passenger transport  
ZEV Class 8 trucks and range (km) 

 

Exhibit 50: FCEVs (average passenger vehicle) using compressed 
hydrogen screen attractively on a weight per unit of output energy 
basis when compared with Li-battery EVs 
Weight per unit of output energy (tank-to-wheel basis, kg/MJ) for 
average passenger vehicle and % increase in average vehicle weight 
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Exhibit 51: While FCEVs are not cost competitive for short-haul 
passenger vehicles, on our estimates they become more 
competitive in long-haul heavy transport  
Cost per unit of output energy (tank-to-wheel, $/MJ) 

 

Exhibit 52: However, the low overall efficiency of FCEVs remains 
their key weakness when compared with electric vehicles 
Well-to-wheel (or renewable-to-wheel) energy efficiency (%) 
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4) Carbon capture: A largely under-invested technology coming back after 
a ‘lost decade’ 
CCUS technologies can be an effective route to global de-carbonization for 

industrial and power sources: they can be used to reduce emissions from coal and 
gas power generation particularly for young assets, as well as across industrial 
processes with emissions characterized as ‘harder to abate’ such as iron & steel, 
cement and chemicals. CCUS encompass a range of technologies and processes that 
are designed to capture the majority of CO2 emissions from large industrial point 
sources and then to provide long-term storage solutions or utilization.  

We have incorporated process-specific carbon capture technologies in our Carbonomics 
cost curves. According to our GS paths for carbon neutrality by 2050, CCUS across 

sectors can contribute to annual CO2 abatement of c.7.2 GtCO2 by 2050, as shown 
in Exhibit 54 below. The single largest contributor to CCUS abatement is industry, with 
sectors such as cement, steel, non-ferrous metals, fugitive and waste emissions all in 
need of carbon sequestration technologies in the absence of technological 
breakthroughs.  

Despite its critical role to any aspirational path aiming to reach net zero by 2050, carbon 
capture technologies have been to date largely under-invested. We nonetheless believe 
interest has returned in the technology following a lost decade with more projects under 
development. Currently, we identify more than 20 large-scale CCS facilities operating 
globally (mostly in the US, Canada and Norway), with a total capacity exceeding 40 
Mtpa, as shown in Exhibit 53. 

 

Exhibit 53: The pipeline of large-scale CCS facilities is regaining 
momentum after a ‘lost decade’ 
Annual CO2 capture & storage capacity from large-scale CCS facilities 

 

Exhibit 54: Our GS 1.5 path highlights the importance of CCUS, with 
annual CCUS abatement reaching c.7.2 GtCO2 by 2050 with 
industrial sources the key contributor 
Global CO2 emissions captured by source in our GS GL0S (MtCO2) 
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The importance of carbon offsets: The last key component to full emissions abatement 
We consider carbon offsets (natural sinks and non-process specific carbon capture - 
direct air carbon capture known as DACCS) as a critical tool for net zero to be plausible, 
as shown in Exhibit 55. 

We also incorporate natural sinks and DACCS into our global net zero models (GS 1.5, 
GS<2.0 and GS 2.0). This is particularly the case for the path to global net zero for 
harder-to-abate sectors in the absence of further technological innovation. We estimate 
that natural sinks and DACCS’ contribution to the de-carbonization of harder-to-abate 
sector emissions (defined as the CO2 emissions with a carbon abatement cost above 
US$100/tnCO2 in our cost curve) is around 15% by 2050 as shown in the exhibit below. 
Voluntary offsets remain one of the only global carbon markets today offering useful tool 
for global collaboration of the de-carbonization challenge. 

 

Exhibit 55: Carbon offsets (natural sinks and DACCS) are the key 
remaining component for global net zero across GHG emissions... 
Carbon abatement cost curve for anthropogenic GHG emissions, based 
on current technologies and associated costs 

 

Exhibit 56: ...which we estimate are particularly important for 
harder-to-abate sector emissions 
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Taking the Temperature of European Corporates: An Implied Temperature 
Rise (ITR) toolkit
27 Oct 2021

In this report we leverage our Carbonomics Net Zero Paths to gauge the implied temperature rise (ITR) of corporate de-
carbonization strategies through the lenses of >110 corporates in the 15 most carbon intensive sectors of the European market. In 
collaboration with GS SUSTAIN, we test different ITR tools in order to determine a methodology that takes into account each 
corporate’s growth outlook, technological readiness and positioning on the de-carbonization cost curve. 

Five themes of progress for COP26
24 Sep 2021

COP26, scheduled to be held in the UK between Oct 31 and Nov 12, is a historical opportunity to accelerate the de-carbonization 
pledges laid out by COP21 (the Paris agreement) in 2015. The negotiations are likely to focus on climate change-related topics, 
including ambitious emission reduction targets by country to keep 1.5 degrees of global warming within reach, a framework for
global carbon markets including the implementation of Article 6 (Article 6 of the Paris Climate Agreement is designed to enable 
voluntary international co-operation on climate action.

Introducing the GS net zero carbon models and sector frameworks
23 Jun 2021

We present our modeling of the paths to net zero carbon, with two global models of de-carbonization by sector and technology, 
leveraging our Carbonomics cost curve. We present a scenario consistent with the Paris Agreement’s goal to keep global warming 
well below 2°C (GS <2.0°), and a more aspirational path, aiming for global net zero by 2050, consistent with limiting global 
warming to 1.5°C (GS 1.5°). 

China net zero: The clean tech revolution
20 Jan 2021

China’s pledge to achieve net zero carbon by 2060 represents two-thirds of the c.48% of global emissions from countries that have 
pledged net zero, and could transform China's economy, starting with the 14th Five-Year Plan. We model the country's potential 
path to net zero by sector and technology, laying out US$16 tn of clean tech infrastructure investments by 2060 that could create 
40 mn net new jobs and drive economic growth.

Innovation, Deflation and Affordable De-carbonization
13 Oct 2020

Net zero is becoming more affordable as technological and financial innovation, supported by policy, are flattening the de-
carbonization cost curve. We update our 2019 Carbonomics cost curve to reflect innovation across c.100 different technologies to
de-carbonize power, mobility, buildings, agriculture and industry.

The Rise of Clean Hydrogen
8 Jul 2020

Clean hydrogen is gaining strong political and business momentum, emerging as a major component in governments' net zero 
plans such as the European Green Deal. This is why we believe that the hydrogen value chain deserves serious focus after three 
false starts in the past 50 years. In this report we analyze the clean hydrogen company ecosystem, the cost competitiveness of 
green and blue hydrogen in key applications and its key role in Carbonomics: the green engine of economic recovery.

The Net Zero Guide: Transition tools for corporates and investors
15 Oct 2021

Net zero commitments from corporates and investors have rapidly increased in recent years, with two-thirds of the largest 167 
global emitting corporates (responsible for over 80% of global industrial emissions) (CA100+) and over US$88tn in assets having 
committed to net zero. Despite significant pressure to develop a net zero transition strategy continuing to mount, particularly in 
the lead up to the 26th UN Climate Change Conference (COP26) this year, existing frameworks are nascent and still evolving.

Green Capex: Making infrastructure happen
11 Oct 2021

We believe Green Capex will be the dominant driver of global infrastructure over the next decade, with $6 trillion of investment 
needed annually to decarbonize the world, address water needs and shore up transportation and other critical systems.

Stock Implications:
Investing in Green Capex: Themes and stocks to own (Oct 11 2021)

Related Research



Appendix: De-carbonization cost curve in detail 
 
 

 

Exhibit 57: 2021 Carbonomics cost curve with carbon abatement price range (US$/tnCO2eq) and abatement potential (GtCO2eq) by 
technology in each sector 

2021 Carbonomics cost curve - carbon abatement technologies Industry

Carbon 
abatement

price - base 
case

Carbon 
abatement
price - low 

case

Carbon 
abatement
price - high 

case

Carbon
 abatement 

potential 

Power generation - switch from coal to gas (US$/tnCO2 eq) (US$/tnCO2 eq) (US$/tnCO2 eq) (GtCO2eq)

Switch from coal to gas - North America (ex-US) Power generation -39 -49 -29 0.04
Switch from coal to gas - US Power generation -12 -14 -9 0.40
Switch from coal to gas -CIS Power generation -12 -14 -9 0.24
Switch from coal to gas -Middle East Power generation 60 45 74 0.01
Switch from coal to gas -Asia Pacific (low gas price) Power generation 60 45 74 1.20
Switch from coal to gas -Latin America Power generation 60 45 74 0.05
Switch from coal to gas -Europe Power generation 60 45 74 0.26
Switch from coal to gas -Africa Power generation 80 60 100 0.17
Switch from coal to gas -Other Europe Power generation 80 60 100 0.14
Switch from coal to gas -Asia Pacific (high gas price) Power generation 81 61 101 2.74
Coal CCS Power generation 109 85 135 0.70
Power generation - switch from gas to renewables and other clean tech
Solar low cost scenario, high gas price Power generation -68 -82 -55 0.07
Solar low cost scenario, medium gas price Power generation -55 -66 -44 0.36
Solar base cost scenario, high gas price Power generation -52 -62 -41 0.07
Onshore wind low cost scenario, high gas price Power generation -50 -60 -40 0.05
Onshore base low cost scenario, high gas price Power generation -39 -46 -31 0.05
Solar base cost scenario, medium gas price Power generation -38 -46 -31 0.36
Onshore wind low cost scenario, medium gas price Power generation -36 -44 -29 0.25
Nuclear, high gas price Power generation -26 -32 -21 0.05
Onshore wind medium cost scenario, medium gas price Power generation -25 -30 -20 0.25
Offshore wind low cost scenario, high gas price Power generation -23 -27 -18 0.04
Hydroelectric, high gas price Power generation -22 -27 -18 0.09
Solar+battery low cost scenario, high gas price Power generation -19 -23 -15 0.01
Onshore high low cost scenario, high gas price Power generation -15 -18 -12 0.05
Nuclear, medium gas price Power generation -13 -15 -10 0.27
Offshore wind low cost scenario, medium gas price Power generation -9 -11 -8 0.20
Hydroelectric, medium gas price Power generation -9 -10 -7 0.47
Solar low cost scenario, low gas price Power generation -8 -9 -6 0.29
Offshore wind high cost scenario, high gas price Power generation -6 -8 -5 0.04
Solar + hydrogen storage low cost scenario, medium gas price Power generation -5 -6 -4 0.05
Onshore wind high cost scenario, medium gas price Power generation -2 -2 -1 0.25
Onshore wind +battery low cost scenario, high gas price Power generation 0 0 0 0.01
Solar high cost scenario, high gas price Power generation 4 3 5 0.07
Offshore wind high cost scenario, medium gas price Power generation 7 6 8 0.20
Solar base cost scenario, low gas price Power generation 9 7 11 0.29
Onshore wind low cost scenario, low gas price Power generation 11 9 13 0.20
Onshore wind +battery low cost scenario, medium gas price Power generation 13 10 16 0.04
Solar high cost scenario, medium gas price Power generation 17 14 21 0.36
Solar + hydrogen storage low cost scenario, high gas price Power generation 18 15 22 0.02
Onshore base low cost scenario, low gas price Power generation 22 17 26 0.20
Solar + hydrogen storage low cost scenario, medium gas price Power generation 32 25 38 0.08
Nuclear, low gas price Power generation 34 27 41 0.22
Onshore wind + hydrogen storage low cost scenario, high gas price Power generation 37 29 44 0.01
Offshore wind low cost scenario, low gas price Power generation 38 30 45 0.16
Hydroelectric, low gas price Power generation 38 31 46 0.37
Solar+battery low cost scenario, low gas price Power generation 42 33 50 0.04
Offshore wind +battery low cost scenario, high gas price Power generation 42 34 51 0.00
Onshore high low cost scenario, low gas price Power generation 45 36 54 0.20
Onshore wind + hydrogen storage low cost scenario, medium gas price Power generation 50 40 60 0.06
Offshore wind high cost scenario, low gas price Power generation 54 43 65 0.16
Offshore wind +battery low cost scenario, medium gas price Power generation 56 44 67 0.02
Onshore wind +battery low cost scenario, low gas price Power generation 60 48 72 0.03
Solar high cost scenario, low gas price Power generation 64 51 77 0.29
Offshore wind + hydrogen storage low cost scenario, high gas price Power generation 67 53 80 0.01
Solar + hydrogen storage low cost scenario, low gas price Power generation 79 63 94 0.07
Offshore wind + hydrogen storage low cost scenario, medium gas price Power generation 80 64 96 0.03
Onshore wind + hydrogen storage low cost scenario, low gas price Power generation 97 78 117 0.04
Offshore wind +battery low cost scenario, low gas price Power generation 103 82 123 0.02
Onshore wind +battery high cost scenario, high gas price Power generation 108 87 130 0.01
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2021 Carbonomics cost curve - carbon abatement technologies Industry

Carbon 
abatement

price - base 
case

Carbon 
abatement
price - low 

case

Carbon 
abatement
price - high 

case

Carbon
 abatement 

potential 

NG CCS, low case Power generation 110 88 132 0.05
NG CCS, base case Power generation 120 96 144 0.25
Onshore wind +battery high cost scenario, medium gas price Power generation 122 97 146 0.04
Offshore wind + hydrogen storage low cost scenario, low gas price Power generation 127 102 153 0.02
Solar+battery high cost scenario, high gas price Power generation 127 102 153 0.01
NG CCS, high case Power generation 130 104 156 0.20
Solar+battery high cost scenario, medium gas price Power generation 141 113 169 0.05
Offshore wind +battery high cost scenario, high gas price Power generation 166 133 200 0.00
Hydrogen CGGT, low gas price Power generation 168 135 202 0.08
Onshore wind +battery high cost scenario, low gas price Power generation 169 135 203 0.03
Onshore wind + hydrogen storage high cost scenario, high gas price Power generation 170 136 204 0.01
Offshore wind +battery high cost scenario, medium gas price Power generation 180 144 216 0.02
Offshore wind+ hydrogen storage high cost scenario, medium gas price Power generation 183 147 220 0.06
Solar+battery high cost scenario, low gas price Power generation 188 150 225 0.04
Solar + hydrogen storage high cost scenario, high gas price Power generation 189 151 227 0.02
Hydrogen CGGT, medium gas price Power generation 195 156 234 0.10
Solar + hydrogen storage high cost scenario, medium gas price Power generation 203 162 243 0.08
Offshore wind +battery high cost scenario, low gas price Power generation 227 181 272 0.02
Offshore wind + hydrogen storage high cost scenario, high gas price Power generation 228 182 274 0.01
Onshore wind + hydrogen storage high cost scenario, low gas price Power generation 230 184 277 0.04
Offshore wind + hydrogen storage high cost scenario, medium gas price Power generation 242 193 290 0.03
Solar + hydrogen storage high cost scenario, low gas price Power generation 250 200 299 0.07
Hydrogen CGGT, high gas price Power generation 282 225 338 0.02
Offshore wind + hydrogen storage high cost scenario, low gas price Power generation 289 231 346 0.02
Transport
Switch aircraft to one of highest efficiency Transport -19 -68 54 0.17
City Buses to electric buses Transport 92 77 107 0.33
LNG fuel in shipping Transport 115 68 162 0.17
Switch to electric trucks, short-haul Transport 138 123 153 1.08
Marine biofuels Transport 235 215 254 0.02
Biofuels on road transport Transport 268 179 357 0.10
Switch to electric trucks, medium-haul Transport 291 276 307 0.15
Clean ammonia fuel-run ships Transport 295 226 369 0.34
Hydrogen FCEV truck, heavy long-haul Transport 342 314 383 0.92
Hydrogen FC rail Transport 383 150 615 0.12
Diesel vehicle to EV, urban Transport 652 345 997 0.52
Aviation biofuels Transport 653 594 752 0.62
Gasoline vehicle to EV, urban Transport 662 454 896 0.99
Gasoline vehicle to EV, rural Transport 844 623 1,129 0.94
Diesel vehicle to EV, rural Transport 920 594 1,342 0.50
Industry & industrial waste
Efficiency gains & plastics recycling Industry & waste -119 -143 -95 0.07
Secondary production through scrap/recycling in aluminium Industry & waste -115 -138 -92 0.19
Energy & process efficiency through recycling and BAT in pulp & paper Industry & waste -23 -28 -19 0.10
Efficiency gains in ammonia production Industry & waste 37 29 44 0.06
Ammonia CCS Industry & waste 45 34 60 0.09
Efficiency industrial gains - low cost (incl. waste to heat recovery) Industry & waste 45 32 59 3.61
Steel production switch from BF-BOF to scrap EAF (circular economy) Industry & waste 49 39 59 0.73
Other chemicals CCS Industry & waste 55 0 0 0.00
Other petrochemical process efficiency gains Industry & waste 67 47 87 0.57
Other material & energy efficiency improvements in cement (ie. BAT) Industry & waste 78 62 94 0.15
Cement CCS Industry & waste 85 65 115 1.46
Switch to electrolysis-derived hydrogen process in ammonia production Industry & waste 96 58 135 0.20
Reducing clinker to cement ratio in cement Industry & waste 106 85 127 0.26
Switch to charcoal/biomass as fuel and feedstock in traditional steel process Industry & waste 106 85 128 0.02
Switch to natural gas DIR-EAF in iron & steel (switch from BF-BOF) Industry & waste 112 90 134 0.13
Steel CCS Industry & waste 125 100 150 0.59
Switch to hydrogen or biogas DIR-EAF in iron & steel  (switch from BF-BOF) Industry & waste 164 98 230 0.91
Switch to clean hydrogen as feedstock in petrochemicals Industry & waste 169 135 203 0.25
Industrial manufacturing electrification (ie. electrification of heat) Industry & waste 170 119 221 4.01
Fuel switch to biomass & waste in cement Industry & waste 235 188 282 0.14
Al CCUS Industry & waste 250 175 325 0.03
Efficiency industrial gains other high cost Industry & waste 314 220 408 2.40
Switch to biogas or biomass as a feedstock in ammonia process Industry & waste 559 447 671 0.03
Switch to biogas or biomass as a feedstock in petrochemicals Industry & waste 781 625 938 0.14
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2021 Carbonomics cost curve - carbon abatement technologies Industry

Carbon 
abatement

price - base 
case

Carbon 
abatement
price - low 

case

Carbon 
abatement
price - high 

case

Carbon
 abatement 

potential 

Buildings (US$/tnCO2 eq) (US$/tnCO2 eq) (US$/tnCO2 eq) (GtCO2eq)

LED and increased efficiency - commercial Buildings -77 -96 -58 0.16
LED and increased efficiency, residential Buildings -67 -83 -50 0.13
Insulation (cavity and wall) - commercial buildings Buildings -58 -72 -43 0.09
Insulation (cavity wall) for new residential Buildings -50 -63 -38 0.06
HVAC smart systems/efficiency gains - commercial Buildings -48 -60 -36 0.05
HVAC Systems/thermostat & smart meters for residential new Buildings -42 -52 -31 0.03
HVAC Systems/thermostat & smart meters residential retrofit Buildings -32 -40 -24 0.06
Insulation (cavity wall) - residential retrofit Buildings -20 -25 -15 0.11
Heat pumps - water heating - commercial Buildings 140 105 174 0.15
Renewable heat (solar thermal, PV) - water heating - commercial Buildings 149 112 186 0.07
Heat pumps - commercial buildings Buildings 152 114 190 0.23
BACS systems/efficiency gains/BAT appliances residential Buildings 159 120 199 0.28
Heat pumps - water heating (ground source heat pump), residential Buildings 164 123 205 0.32
Renewable heat (solar thermal, PV) - water heating, residential Buildings 175 131 219 0.14
Heat pumps (air to air), residential, new Buildings 179 134 224 0.14
BACS systems - commercial Buildings 183 138 229 0.08
Heat pumps (air to air),  residencial retrofit Buildings 200 150 249 0.22
Heat pumps running on energy seasonally stored via hydrogen  - commercial Buildings 269 202 336 0.18
Heat pumps running on energy seasonally stored via hydrogen  - residential Buildings 316 237 395 0.11
Heat pumps running on energy seasonally stored via hydrogen  - residential, retrofit Buildings 337 253 421 0.22
Hydrogen boiler (switch from gas boiler) - commercial Buildings 451 338 564 0.36
Hydrogen boiler (switch from gas boiler) - residential Buildings 531 398 663 0.22
Hydrogen boiler (switch from gas boiler) - residential, retrofit Buildings 663 498 829 0.50
Agriculture, Forestry and Other Land uses (AFOLU)
Reduce conversion of savvanas and natural grasslands Agriculture, forestry & other land uses 10 6 14 0.07
Reduce conversion/draining and burning of peatlands Agriculture, forestry & other land uses 35 21 49 0.84
Reduce deforestation, forest degradation Agriculture, forestry & other land uses 37 22 52 3.60
Improved cropland management practices Agriculture, forestry & other land uses 42 25 59 0.88
Improved grazing land management practices Agriculture, forestry & other land uses 58 35 81 1.00
Improved livestock management practices Agriculture, forestry & other land uses 120 72 167 0.80

Non process-specific sequestration routes

Carbon 
abatement

price - base 
case

Carbon 
abatement
price - low 

case

Carbon 
abatement
price - high 

case

Carbon
abatement 
potential 

(US$/tnCO2 eq) (US$/tnCO2 eq) (US$/tnCO2 eq) (GtCO2eq)

Low cost natural sinks (reforestation, afforestation, agroforestry) Natural sinks 13 0 25 2.0
Medium cost natural sinks (reforestation, afforestation, agroforestry) Natural sinks 38 20 55 1.4
High cost natural sinks (reforestation, afforestation, agroforestry) Natural sinks 75 50 100 3.2
DACCS DACCS 287 125 549 almost infinite
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(2016/958) supplementing Regulation (EU) No 596/2014 of the European Parliament and of the Council (including as that Delegated Regulation is 
implemented into United Kingdom domestic law and regulation following the United Kingdom’s departure from the European Union and the European 
Economic Area) with regard to regulatory technical standards for the technical arrangements for objective presentation of investment 
recommendations or other information recommending or suggesting an investment strategy and for disclosure of particular interests or indications of 
conflicts of interest is available at https://www.gs.com/disclosures/europeanpolicy.html which states the European Policy for Managing Conflicts of 
Interest in Connection with Investment Research.   

Japan: Goldman Sachs Japan Co., Ltd. is a Financial Instrument Dealer registered with the Kanto Financial Bureau under registration number Kinsho 
69, and a member of Japan Securities Dealers Association, Financial Futures Association of Japan and Type II Financial Instruments Firms Association. 
Sales and purchase of equities are subject to commission pre-determined with clients plus consumption tax. See company-specific disclosures as to 
any applicable disclosures required by Japanese stock exchanges, the Japanese Securities Dealers Association or the Japanese Securities Finance 
Company.   

Ratings, coverage universe and related definitions 
Buy (B), Neutral (N), Sell (S) Analysts recommend stocks as Buys or Sells for inclusion on various regional Investment Lists. Being assigned a Buy or 
Sell on an Investment List is determined by a stock’s total return potential relative to its coverage universe. Any stock not assigned as a Buy or a Sell on 
an Investment List with an active rating (i.e., a  stock that is not Rating Suspended, Not Rated, Coverage Suspended or Not Covered), is deemed 
Neutral. Each region’s Investment Review Committee manages Regional Conviction lists, which represent investment recommendations focused on 
the size of the total return potential and/or the likelihood of the realization of the return across their respective areas of coverage.  The addition or 
removal of stocks from such Conviction lists do not represent a change in the analysts’ investment rating for such stocks.    

Total return potential represents the upside or downside differential between the current share price and the price target, including all paid or 
anticipated dividends, expected during the time horizon associated with the price target. Price targets are required for all covered stocks. The total 
return potential, price target and associated time horizon are stated in each report adding or reiterating an Investment List membership.  

Coverage Universe: A list of all stocks in each coverage universe is available by primary analyst, stock and coverage universe at 
https://www.gs.com/research/hedge.html.    

Not Rated (NR). The investment rating, target price and earnings estimates (where relevant) have been suspended pursuant to Goldman Sachs policy 
when Goldman Sachs is acting in an advisory capacity in a merger or in a strategic transaction involving this company, when there are legal, regulatory 
or policy constraints due to Goldman Sachs’ involvement in a transaction, and in certain other circumstances.  Rating Suspended (RS). Goldman 
Sachs Research has suspended the investment rating and price target for this stock, because there is not a sufficient fundamental basis for 
determining an investment rating or target price. The previous investment rating and target price, if any, are no longer in effect for this stock and should 
not be relied upon.  Coverage Suspended (CS). Goldman Sachs has suspended coverage of this company.  Not Covered (NC). Goldman Sachs does 
not cover this company.  Not Available or Not Applicable (NA). The information is not available for display or is not applicable.  Not Meaningful 
(NM). The information is not meaningful and is therefore excluded.   
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Global product; distributing entities 
The Global Investment Research Division of Goldman Sachs produces and distributes research products for clients of Goldman Sachs on a global basis. 
Analysts based in Goldman Sachs offices around the world produce research on industries and companies, and research on macroeconomics, 
currencies, commodities and portfolio strategy. This research is disseminated in Australia by Goldman Sachs Australia Pty Ltd (ABN 21 006 797 897); in 
Brazil by Goldman Sachs do Brasil Corretora de Títulos e Valores Mobiliários S.A.; Public Communication Channel Goldman Sachs Brazil: 0800 727 5764 
and / or contatogoldmanbrasil@gs.com. Available Weekdays (except holidays), from 9am to 6pm. Canal de Comunicação com o Público Goldman Sachs 
Brasil: 0800 727 5764 e/ou contatogoldmanbrasil@gs.com. Horário de funcionamento: segunda-feira à sexta-feira (exceto feriados), das 9h às 18h; in 
Canada by either Goldman Sachs Canada Inc. or Goldman Sachs & Co. LLC; in Hong Kong by Goldman Sachs (Asia) L.L.C.; in India by Goldman Sachs 
(India) Securities Private Ltd.; in Japan by Goldman Sachs Japan Co., Ltd.; in the Republic of Korea by Goldman Sachs (Asia) L.L.C., Seoul Branch; in 
New Zealand by Goldman Sachs New Zealand Limited; in Russia by OOO Goldman Sachs; in Singapore by Goldman Sachs (Singapore) Pte. (Company 
Number: 198602165W); and in the United States of America by Goldman Sachs & Co. LLC. Goldman Sachs International has approved this research in 
connection with its distribution in the United Kingdom.  

Effective from the date of the United Kingdom’s departure from the European Union and the European Economic Area (“Brexit Day”) the following 
information with respect to distributing entities will apply: 

Goldman Sachs International (“GSI”), authorised by the Prudential Regulation Authority (“PRA”) and regulated by the Financial Conduct Authority 
(“FCA”) and the PRA, has approved this research in connection with its distribution in the United Kingdom. 

European Economic Area: GSI, authorised by the PRA and regulated by the FCA and the PRA, disseminates research in the following jurisdictions 
within the European Economic Area: the Grand Duchy of Luxembourg, Italy, the Kingdom of Belgium, the Kingdom of Denmark, the Kingdom of 
Norway, the Republic of Finland, Portugal, the Republic of Cyprus and the Republic of Ireland; GS -Succursale de Paris (Paris branch) which, from Brexit 
Day, will be authorised by the French Autorité de contrôle prudentiel et de resolution (“ACPR”) and regulated by the Autorité de contrôle prudentiel et 
de resolution and the Autorité des marches financiers (“AMF”) disseminates research in France; GSI - Sucursal en España (Madrid branch) authorized in 
Spain by the Comisión Nacional del Mercado de Valores disseminates research in the Kingdom of Spain; GSI - Sweden Bankfilial (Stockholm branch) is 
authorized by the SFSA as a “third country branch” in accordance with Chapter 4, Section 4 of the Swedish Securities and Market Act (Sw. lag 
(2007:528) om värdepappersmarknaden) disseminates research in the Kingdom of Sweden; Goldman Sachs Bank Europe SE (“GSBE”) is a credit 
institution incorporated in Germany and, within the Single Supervisory Mechanism, subject to direct prudential supervision by the European Central 
Bank and in other respects supervised by German Federal Financial Supervisory Authority (Bundesanstalt für Finanzdienstleistungsaufsicht, BaFin) and 
Deutsche Bundesbank and disseminates research in the Federal Republic of Germany and those jurisdictions within the European Economic Area 
where GSI is not authorised to disseminate research and additionally, GSBE, Copenhagen Branch filial af GSBE, Tyskland, supervised by the Danish 
Financial Authority disseminates research in the Kingdom of Denmark; GSBE - Sucursal en España (Madrid branch) subject (to a limited extent) to local 
supervision by the Bank of Spain disseminates research in the Kingdom of Spain;  GSBE - Succursale Italia (Milan branch) to the relevant applicable 
extent, subject to local supervision by the Bank of Italy (Banca d’Italia) and the Italian Companies and Exchange Commission (Commissione Nazionale 
per le Società e la Borsa “Consob”) disseminates research in Italy; GSBE - Succursale de Paris (Paris branch), supervised by the AMF and by the ACPR 
disseminates research in France; and GSBE - Sweden Bankfilial (Stockholm branch), to a limited extent, subject to local supervision by the Swedish 
Financial Supervisory Authority (Finansinpektionen) disseminates research in the Kingdom of Sweden.  

General disclosures 
This research is for our clients only. Other than disclosures relating to Goldman Sachs, this research is based on current public information that we 
consider reliable, but we do not represent it is accurate or complete, and it should not be relied on as such. The information, opinions, estimates and 
forecasts contained herein are as of the date hereof and are subject to change without prior notification. We seek to update our research as 
appropriate, but various regulations may prevent us from doing so. Other than certain industry reports published on a periodic basis, the large majority 
of reports are published at irregular intervals as appropriate in the analyst’s judgment. 

Goldman Sachs conducts a global full-service, integrated investment banking, investment management, and brokerage business. We have investment 
banking and other business relationships with a substantial percentage of the companies covered by our Global Investment Research Division. 
Goldman Sachs & Co. LLC, the United States broker dealer, is a member of SIPC (https://www.sipc.org).  

Our salespeople, traders, and other professionals may provide oral or written market commentary or trading strategies to our clients and principal 
trading desks that reflect opinions that are contrary to the opinions expressed in this research. Our asset management area, principal trading desks and 
investing businesses may make investment decisions that are inconsistent with the recommendations or views expressed in this research. 

The analysts named in this report may have from time to time discussed with our clients, including Goldman Sachs salespersons and traders, or may 
discuss in this report, trading strategies that reference catalysts or events that may have a near-term impact on the market price of the equity securities 
discussed in this report, which impact may be directionally counter to the analyst’s published price target expectations for such stocks. Any such 
trading strategies are distinct from and do not affect the analyst’s fundamental equity rating for such stocks, which rating reflects a stock’s return 
potential relative to its coverage universe as described herein. 

We and our affiliates, officers, directors, and employees, excluding equity and credit analysts, will from time to time have long or short positions in, act 
as principal in, and buy or sell, the securities or derivatives, if any, referred to in this research.  

The views attributed to third party presenters at Goldman Sachs arranged conferences, including individuals from other parts of Goldman Sachs, do not 
necessarily reflect those of Global Investment Research and are not an official view of Goldman Sachs. 

Any third party referenced herein, including any salespeople, traders and other professionals or members of their household, may have positions in the 
products mentioned that are inconsistent with the views expressed by analysts named in this report. 

This research is not an offer to sell or the solicitation of an offer to buy any security in any jurisdiction where such an offer or solicitation would be 
illegal. It does not constitute a personal recommendation or take into account the particular investment objectives, financial situations, or needs of 
individual clients. Clients should consider whether any advice or recommendation in this research is suitable for their particular circumstances and, if 
appropriate, seek professional advice, including tax advice. The price and value of investments referred to in this research and the income from them 
may fluctuate. Past performance is not a guide to future performance, future returns are not guaranteed, and a loss of original capital may occur. 
Fluctuations in exchange rates could have adverse effects on the value or price of, or income derived from, certain investments.  

Certain transactions, including those involving futures, options, and other derivatives, give rise to substantial risk and are not suitable for all investors. 
Investors should review current options and futures disclosure documents which are available from Goldman Sachs sales representatives or at 
https://www.theocc.com/about/publications/character-risks.jsp and 
https://www.fiadocumentation.org/fia/regulatory-disclosures_1/fia-uniform-futures-and-options-on-futures-risk-disclosures-booklet-pdf-version-2018. 
Transaction costs may be significant in option strategies calling for multiple purchase and sales of options such as spreads. Supporting documentation 
will be supplied upon request.  

Differing Levels of Service provided by Global Investment Research: The level and types of services provided to you by the Global Investment 
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Research division of GS may vary as compared to that provided to internal and other external clients of GS, depending on various factors including your 
individual preferences as to the frequency and manner of receiving communication, your risk profile and investment focus and perspective (e.g., 
marketwide, sector specific, long term, short term), the size and scope of your overall client relationship with GS, and legal and regulatory constraints.  
As an example, certain clients may request to receive notifications when research on specific securities is published, and certain clients may request 
that specific data underlying analysts’ fundamental analysis available on our internal client websites be delivered to them electronically through data 
feeds or otherwise. No change to an analyst’s fundamental research views (e.g., ratings, price targets, or material changes to earnings estimates for 
equity securities), will be communicated to any client prior to inclusion of such information in a research report broadly disseminated through electronic 
publication to our internal client websites or through other means, as necessary, to all clients who are entitled to receive such reports. 

All research reports are disseminated and available to all clients simultaneously through electronic publication to our internal client websites. Not all 
research content is redistributed to our clients or available to third-party aggregators, nor is Goldman Sachs responsible for the redistribution of our 
research by third party aggregators. For research, models or other data related to one or more securities, markets or asset classes (including related 
services) that may be available to you, please contact your GS representative or go to https://research.gs.com. 

Disclosure information is also available at https://www.gs.com/research/hedge.html or from Research Compliance, 200 West Street, New York, NY 
10282. 

© 2021 Goldman Sachs.  

No part of this material may be (i) copied, photocopied or duplicated in any form by any means or (ii) redistributed without the prior written 
consent of The Goldman Sachs Group, Inc.  
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