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‘lumpy’
large unit size
high unit cost

indivisible
* up-scaling*

‘granular’
small unit size
low unit cost

modular
* replication *



More granular technologies

... deploy faster

... are less risky

... learn quicker

... offer more efficiency gains

... are less susceptible to lock-in

... are more equitably accessible

... create more net jobs

... yield higher social returns

Innovation and investment strategies weighted towards 
granular technologies support accelerated decarbonisation

Progress towards
net-zero

Source: Wilson, Grubler et al. (2020). Science 368(6486): 36-39.
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input costs have proven less salient than for 

industrial users of more-lumpy technologies 

(see figure panel E and SM-6). Improving the 

efficiency of end-use technologies leverages 

more than proportionate improvements in 

overall system efficiency. Currently, one unit 

of energy saved through end-use efficiency 

avoids the need for 3.2 units of primary en-

ergy resource (SM-6).

SOCIAL LEGITIMACY
Widespread support for political leadership 

on climate change enables the stringent pol-

icies required to incentivize decarbonization 

and overcome system inertia. Social legiti-

macy of accelerated low-carbon transforma-

tion depends on more equitable access to 

technologies and infrastructures for raising 

living standards, on job creation benefits 

from low-carbon technologies, and on social 

returns from public resources invested in in-

novation (see the figure, green panels). The 

political feasibility of expanding public fund-

ing for low-carbon R&D is strengthened by re-

sulting societal benefits of employment, secu-

rity, health, and a more productive economy. 

Jobs can be created by investments in new 

energy facilities. However, these potential 

benefits of low-carbon transformation can be 

distant from lower-income households, par-

ticularly in developing economies. Widening 

affordable access to modern energy systems 

is critical for raising living standards. 

Access to technologies and infrastructures 
Unit investment costs of end-use technolo-

gies range along a granular-lumpy contin-

uum (see figure panel A), as do the unit costs 

of incrementally extending service infra-

structures providing electricity, broadband, 

clean water, and sanitation to households 

previously without access. More-granular 

technologies and infrastructure extensions 

are widely accessible (see figure panel H and 

SM-7). Lower investment barriers promote 

more equity in raising living standards.

Net job creation
We draw on three metastudies that synthe-

sized evidence from over 80 discrete studies 

of direct (construction and operation) and 

indirect (supply chain) employment effects 

of power generation and energy-efficiency 

investments (7). We find that energy facilities 

for more-granular technologies create more 

jobs over their lifetimes (see figure panel I 

and SM-8). We reason that more granularity 

is linked to greater breadth and diversity of 

application, which increase labor-capital ra-

tios relative to large technological units.

Social returns on public R&D investments
The U.S. National Research Council quanti-

fied the wider economic, environmental, and 
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Characteristics of accelerated low-carbon 
transformation on the granular-lumpy continuum
Data points in each panel represent an energy technology. Unit size 
and unit cost correlate strongly (panel A) and are used interchangeably 
as measures of granularity on log horizontal axes (B) to (J). Vertical 
axes show measures of rapid technology deployment (red panels), 
escaping lock-in (blue panels), and social legitimacy (green panels). Dt, 
the time period over which a technology diffuses from 1 to 50% market 
share. Conventional learning rate, % cost reduction per doubling 
of cumulative capacity, conflates two drivers of cost reduction: unit 
scale economies (more capacity per unit) and experience (more 
units). Descaled “true” learning rate, % cost reduction per doubling 
of cumulative numbers of units, strips out the effects of unit scale 
economies on cost trends. Gini coefficients measure (in)equality on a 
scale from 0 denoting perfect equality (every household has the same 
access) to 1 denoting perfect inequality (one household has all the 
access). R2 and p values denoted by asterisks describe simple bivariate 
model fits (*p < 0.05, **p < 0.01, ***p < 0.001 ). See supplementary 
materials for details on data and methods.
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Historical analysis of different energy technologies shows:
(1) more granular technologies ... deploy faster

Source: Wilson, Grubler et al. (2020). Science 368(6486): 36-39.
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input costs have proven less salient than for 

industrial users of more-lumpy technologies 

(see figure panel E and SM-6). Improving the 

efficiency of end-use technologies leverages 

more than proportionate improvements in 

overall system efficiency. Currently, one unit 

of energy saved through end-use efficiency 

avoids the need for 3.2 units of primary en-

ergy resource (SM-6).

SOCIAL LEGITIMACY
Widespread support for political leadership 

on climate change enables the stringent pol-

icies required to incentivize decarbonization 

and overcome system inertia. Social legiti-

macy of accelerated low-carbon transforma-

tion depends on more equitable access to 

technologies and infrastructures for raising 

living standards, on job creation benefits 

from low-carbon technologies, and on social 

returns from public resources invested in in-

novation (see the figure, green panels). The 

political feasibility of expanding public fund-

ing for low-carbon R&D is strengthened by re-

sulting societal benefits of employment, secu-

rity, health, and a more productive economy. 

Jobs can be created by investments in new 

energy facilities. However, these potential 

benefits of low-carbon transformation can be 

distant from lower-income households, par-

ticularly in developing economies. Widening 

affordable access to modern energy systems 

is critical for raising living standards. 

Access to technologies and infrastructures 
Unit investment costs of end-use technolo-

gies range along a granular-lumpy contin-

uum (see figure panel A), as do the unit costs 

of incrementally extending service infra-

structures providing electricity, broadband, 

clean water, and sanitation to households 

previously without access. More-granular 

technologies and infrastructure extensions 

are widely accessible (see figure panel H and 

SM-7). Lower investment barriers promote 

more equity in raising living standards.

Net job creation
We draw on three metastudies that synthe-

sized evidence from over 80 discrete studies 

of direct (construction and operation) and 

indirect (supply chain) employment effects 

of power generation and energy-efficiency 

investments (7). We find that energy facilities 

for more-granular technologies create more 

jobs over their lifetimes (see figure panel I 

and SM-8). We reason that more granularity 

is linked to greater breadth and diversity of 

application, which increase labor-capital ra-

tios relative to large technological units.

Social returns on public R&D investments
The U.S. National Research Council quanti-

fied the wider economic, environmental, and 
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Characteristics of accelerated low-carbon 
transformation on the granular-lumpy continuum
Data points in each panel represent an energy technology. Unit size 
and unit cost correlate strongly (panel A) and are used interchangeably 
as measures of granularity on log horizontal axes (B) to (J). Vertical 
axes show measures of rapid technology deployment (red panels), 
escaping lock-in (blue panels), and social legitimacy (green panels). Dt, 
the time period over which a technology diffuses from 1 to 50% market 
share. Conventional learning rate, % cost reduction per doubling 
of cumulative capacity, conflates two drivers of cost reduction: unit 
scale economies (more capacity per unit) and experience (more 
units). Descaled “true” learning rate, % cost reduction per doubling 
of cumulative numbers of units, strips out the effects of unit scale 
economies on cost trends. Gini coefficients measure (in)equality on a 
scale from 0 denoting perfect equality (every household has the same 
access) to 1 denoting perfect inequality (one household has all the 
access). R2 and p values denoted by asterisks describe simple bivariate 
model fits (*p < 0.05, **p < 0.01, ***p < 0.001 ). See supplementary 
materials for details on data and methods.
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Historical analysis of different energy technologies shows:
(2) more granular technologies ... improve quicker

FGD: flue gas 
desulphurisation

Source: Wilson, Grubler et al. (2020). Science 368(6486): 36-39.



Historical analysis of different energy technologies shows:
(3) more granular technologies ... offer more efficiency gains
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input costs have proven less salient than for 

industrial users of more-lumpy technologies 

(see figure panel E and SM-6). Improving the 

efficiency of end-use technologies leverages 

more than proportionate improvements in 

overall system efficiency. Currently, one unit 

of energy saved through end-use efficiency 

avoids the need for 3.2 units of primary en-

ergy resource (SM-6).

SOCIAL LEGITIMACY
Widespread support for political leadership 

on climate change enables the stringent pol-

icies required to incentivize decarbonization 

and overcome system inertia. Social legiti-

macy of accelerated low-carbon transforma-

tion depends on more equitable access to 

technologies and infrastructures for raising 

living standards, on job creation benefits 

from low-carbon technologies, and on social 

returns from public resources invested in in-

novation (see the figure, green panels). The 

political feasibility of expanding public fund-

ing for low-carbon R&D is strengthened by re-

sulting societal benefits of employment, secu-

rity, health, and a more productive economy. 

Jobs can be created by investments in new 

energy facilities. However, these potential 

benefits of low-carbon transformation can be 

distant from lower-income households, par-

ticularly in developing economies. Widening 

affordable access to modern energy systems 

is critical for raising living standards. 

Access to technologies and infrastructures 
Unit investment costs of end-use technolo-

gies range along a granular-lumpy contin-

uum (see figure panel A), as do the unit costs 

of incrementally extending service infra-

structures providing electricity, broadband, 

clean water, and sanitation to households 

previously without access. More-granular 

technologies and infrastructure extensions 

are widely accessible (see figure panel H and 

SM-7). Lower investment barriers promote 

more equity in raising living standards.

Net job creation
We draw on three metastudies that synthe-

sized evidence from over 80 discrete studies 

of direct (construction and operation) and 

indirect (supply chain) employment effects 

of power generation and energy-efficiency 

investments (7). We find that energy facilities 

for more-granular technologies create more 

jobs over their lifetimes (see figure panel I 

and SM-8). We reason that more granularity 

is linked to greater breadth and diversity of 

application, which increase labor-capital ra-

tios relative to large technological units.

Social returns on public R&D investments
The U.S. National Research Council quanti-

fied the wider economic, environmental, and 
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Characteristics of accelerated low-carbon 
transformation on the granular-lumpy continuum
Data points in each panel represent an energy technology. Unit size 
and unit cost correlate strongly (panel A) and are used interchangeably 
as measures of granularity on log horizontal axes (B) to (J). Vertical 
axes show measures of rapid technology deployment (red panels), 
escaping lock-in (blue panels), and social legitimacy (green panels). Dt, 
the time period over which a technology diffuses from 1 to 50% market 
share. Conventional learning rate, % cost reduction per doubling 
of cumulative capacity, conflates two drivers of cost reduction: unit 
scale economies (more capacity per unit) and experience (more 
units). Descaled “true” learning rate, % cost reduction per doubling 
of cumulative numbers of units, strips out the effects of unit scale 
economies on cost trends. Gini coefficients measure (in)equality on a 
scale from 0 denoting perfect equality (every household has the same 
access) to 1 denoting perfect inequality (one household has all the 
access). R2 and p values denoted by asterisks describe simple bivariate 
model fits (*p < 0.05, **p < 0.01, ***p < 0.001 ). See supplementary 
materials for details on data and methods.
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Source: Wilson, Grubler et al. (2020). Science 368(6486): 36-39.



Historical analysis of different energy technologies shows:
(4) more granular technologies ... have lower lock-in risks
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input costs have proven less salient than for 

industrial users of more-lumpy technologies 

(see figure panel E and SM-6). Improving the 

efficiency of end-use technologies leverages 

more than proportionate improvements in 

overall system efficiency. Currently, one unit 

of energy saved through end-use efficiency 

avoids the need for 3.2 units of primary en-

ergy resource (SM-6).

SOCIAL LEGITIMACY
Widespread support for political leadership 

on climate change enables the stringent pol-

icies required to incentivize decarbonization 

and overcome system inertia. Social legiti-

macy of accelerated low-carbon transforma-

tion depends on more equitable access to 

technologies and infrastructures for raising 

living standards, on job creation benefits 

from low-carbon technologies, and on social 

returns from public resources invested in in-

novation (see the figure, green panels). The 

political feasibility of expanding public fund-

ing for low-carbon R&D is strengthened by re-

sulting societal benefits of employment, secu-

rity, health, and a more productive economy. 

Jobs can be created by investments in new 

energy facilities. However, these potential 

benefits of low-carbon transformation can be 

distant from lower-income households, par-

ticularly in developing economies. Widening 

affordable access to modern energy systems 

is critical for raising living standards. 

Access to technologies and infrastructures 
Unit investment costs of end-use technolo-

gies range along a granular-lumpy contin-

uum (see figure panel A), as do the unit costs 

of incrementally extending service infra-

structures providing electricity, broadband, 

clean water, and sanitation to households 

previously without access. More-granular 

technologies and infrastructure extensions 

are widely accessible (see figure panel H and 

SM-7). Lower investment barriers promote 

more equity in raising living standards.

Net job creation
We draw on three metastudies that synthe-

sized evidence from over 80 discrete studies 

of direct (construction and operation) and 

indirect (supply chain) employment effects 

of power generation and energy-efficiency 

investments (7). We find that energy facilities 

for more-granular technologies create more 

jobs over their lifetimes (see figure panel I 

and SM-8). We reason that more granularity 

is linked to greater breadth and diversity of 

application, which increase labor-capital ra-

tios relative to large technological units.

Social returns on public R&D investments
The U.S. National Research Council quanti-

fied the wider economic, environmental, and 
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Characteristics of accelerated low-carbon 
transformation on the granular-lumpy continuum
Data points in each panel represent an energy technology. Unit size 
and unit cost correlate strongly (panel A) and are used interchangeably 
as measures of granularity on log horizontal axes (B) to (J). Vertical 
axes show measures of rapid technology deployment (red panels), 
escaping lock-in (blue panels), and social legitimacy (green panels). Dt, 
the time period over which a technology diffuses from 1 to 50% market 
share. Conventional learning rate, % cost reduction per doubling 
of cumulative capacity, conflates two drivers of cost reduction: unit 
scale economies (more capacity per unit) and experience (more 
units). Descaled “true” learning rate, % cost reduction per doubling 
of cumulative numbers of units, strips out the effects of unit scale 
economies on cost trends. Gini coefficients measure (in)equality on a 
scale from 0 denoting perfect equality (every household has the same 
access) to 1 denoting perfect inequality (one household has all the 
access). R2 and p values denoted by asterisks describe simple bivariate 
model fits (*p < 0.05, **p < 0.01, ***p < 0.001 ). See supplementary 
materials for details on data and methods.
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Source: Wilson, Grubler et al. (2020). Science 368(6486): 36-39.
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input costs have proven less salient than for 

industrial users of more-lumpy technologies 

(see figure panel E and SM-6). Improving the 

efficiency of end-use technologies leverages 

more than proportionate improvements in 

overall system efficiency. Currently, one unit 

of energy saved through end-use efficiency 

avoids the need for 3.2 units of primary en-

ergy resource (SM-6).

SOCIAL LEGITIMACY
Widespread support for political leadership 

on climate change enables the stringent pol-

icies required to incentivize decarbonization 

and overcome system inertia. Social legiti-

macy of accelerated low-carbon transforma-

tion depends on more equitable access to 

technologies and infrastructures for raising 

living standards, on job creation benefits 

from low-carbon technologies, and on social 

returns from public resources invested in in-

novation (see the figure, green panels). The 

political feasibility of expanding public fund-

ing for low-carbon R&D is strengthened by re-

sulting societal benefits of employment, secu-

rity, health, and a more productive economy. 

Jobs can be created by investments in new 

energy facilities. However, these potential 

benefits of low-carbon transformation can be 

distant from lower-income households, par-

ticularly in developing economies. Widening 

affordable access to modern energy systems 

is critical for raising living standards. 

Access to technologies and infrastructures 
Unit investment costs of end-use technolo-

gies range along a granular-lumpy contin-

uum (see figure panel A), as do the unit costs 

of incrementally extending service infra-

structures providing electricity, broadband, 

clean water, and sanitation to households 

previously without access. More-granular 

technologies and infrastructure extensions 

are widely accessible (see figure panel H and 

SM-7). Lower investment barriers promote 

more equity in raising living standards.

Net job creation
We draw on three metastudies that synthe-

sized evidence from over 80 discrete studies 

of direct (construction and operation) and 

indirect (supply chain) employment effects 

of power generation and energy-efficiency 

investments (7). We find that energy facilities 

for more-granular technologies create more 

jobs over their lifetimes (see figure panel I 

and SM-8). We reason that more granularity 

is linked to greater breadth and diversity of 

application, which increase labor-capital ra-

tios relative to large technological units.

Social returns on public R&D investments
The U.S. National Research Council quanti-

fied the wider economic, environmental, and 
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Characteristics of accelerated low-carbon 
transformation on the granular-lumpy continuum
Data points in each panel represent an energy technology. Unit size 
and unit cost correlate strongly (panel A) and are used interchangeably 
as measures of granularity on log horizontal axes (B) to (J). Vertical 
axes show measures of rapid technology deployment (red panels), 
escaping lock-in (blue panels), and social legitimacy (green panels). Dt, 
the time period over which a technology diffuses from 1 to 50% market 
share. Conventional learning rate, % cost reduction per doubling 
of cumulative capacity, conflates two drivers of cost reduction: unit 
scale economies (more capacity per unit) and experience (more 
units). Descaled “true” learning rate, % cost reduction per doubling 
of cumulative numbers of units, strips out the effects of unit scale 
economies on cost trends. Gini coefficients measure (in)equality on a 
scale from 0 denoting perfect equality (every household has the same 
access) to 1 denoting perfect inequality (one household has all the 
access). R2 and p values denoted by asterisks describe simple bivariate 
model fits (*p < 0.05, **p < 0.01, ***p < 0.001 ). See supplementary 
materials for details on data and methods.
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Historical analysis of different energy technologies shows:
(5) more granular technologies ... are more widely accessible



Source: Wilson, Grubler et al. (2020). Science 368(6486): 36-39.
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input costs have proven less salient than for 

industrial users of more-lumpy technologies 

(see figure panel E and SM-6). Improving the 

efficiency of end-use technologies leverages 

more than proportionate improvements in 

overall system efficiency. Currently, one unit 

of energy saved through end-use efficiency 

avoids the need for 3.2 units of primary en-

ergy resource (SM-6).

SOCIAL LEGITIMACY
Widespread support for political leadership 

on climate change enables the stringent pol-

icies required to incentivize decarbonization 

and overcome system inertia. Social legiti-

macy of accelerated low-carbon transforma-

tion depends on more equitable access to 

technologies and infrastructures for raising 

living standards, on job creation benefits 

from low-carbon technologies, and on social 

returns from public resources invested in in-

novation (see the figure, green panels). The 

political feasibility of expanding public fund-

ing for low-carbon R&D is strengthened by re-

sulting societal benefits of employment, secu-

rity, health, and a more productive economy. 

Jobs can be created by investments in new 

energy facilities. However, these potential 

benefits of low-carbon transformation can be 

distant from lower-income households, par-

ticularly in developing economies. Widening 

affordable access to modern energy systems 

is critical for raising living standards. 

Access to technologies and infrastructures 
Unit investment costs of end-use technolo-

gies range along a granular-lumpy contin-

uum (see figure panel A), as do the unit costs 

of incrementally extending service infra-

structures providing electricity, broadband, 

clean water, and sanitation to households 

previously without access. More-granular 

technologies and infrastructure extensions 

are widely accessible (see figure panel H and 

SM-7). Lower investment barriers promote 

more equity in raising living standards.

Net job creation
We draw on three metastudies that synthe-

sized evidence from over 80 discrete studies 

of direct (construction and operation) and 

indirect (supply chain) employment effects 

of power generation and energy-efficiency 

investments (7). We find that energy facilities 

for more-granular technologies create more 

jobs over their lifetimes (see figure panel I 

and SM-8). We reason that more granularity 

is linked to greater breadth and diversity of 

application, which increase labor-capital ra-

tios relative to large technological units.

Social returns on public R&D investments
The U.S. National Research Council quanti-

fied the wider economic, environmental, and 
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Characteristics of accelerated low-carbon 
transformation on the granular-lumpy continuum
Data points in each panel represent an energy technology. Unit size 
and unit cost correlate strongly (panel A) and are used interchangeably 
as measures of granularity on log horizontal axes (B) to (J). Vertical 
axes show measures of rapid technology deployment (red panels), 
escaping lock-in (blue panels), and social legitimacy (green panels). Dt, 
the time period over which a technology diffuses from 1 to 50% market 
share. Conventional learning rate, % cost reduction per doubling 
of cumulative capacity, conflates two drivers of cost reduction: unit 
scale economies (more capacity per unit) and experience (more 
units). Descaled “true” learning rate, % cost reduction per doubling 
of cumulative numbers of units, strips out the effects of unit scale 
economies on cost trends. Gini coefficients measure (in)equality on a 
scale from 0 denoting perfect equality (every household has the same 
access) to 1 denoting perfect inequality (one household has all the 
access). R2 and p values denoted by asterisks describe simple bivariate 
model fits (*p < 0.05, **p < 0.01, ***p < 0.001 ). See supplementary 
materials for details on data and methods.
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Historical analysis of different energy technologies shows:
(6) more granular technologies ... create more net jobs



Source: Wilson, Grubler et al. (2020). Science 368(6486): 36-39.
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input costs have proven less salient than for 

industrial users of more-lumpy technologies 

(see figure panel E and SM-6). Improving the 

efficiency of end-use technologies leverages 

more than proportionate improvements in 

overall system efficiency. Currently, one unit 

of energy saved through end-use efficiency 

avoids the need for 3.2 units of primary en-

ergy resource (SM-6).

SOCIAL LEGITIMACY
Widespread support for political leadership 

on climate change enables the stringent pol-

icies required to incentivize decarbonization 

and overcome system inertia. Social legiti-

macy of accelerated low-carbon transforma-

tion depends on more equitable access to 

technologies and infrastructures for raising 

living standards, on job creation benefits 

from low-carbon technologies, and on social 

returns from public resources invested in in-

novation (see the figure, green panels). The 

political feasibility of expanding public fund-

ing for low-carbon R&D is strengthened by re-

sulting societal benefits of employment, secu-

rity, health, and a more productive economy. 

Jobs can be created by investments in new 

energy facilities. However, these potential 

benefits of low-carbon transformation can be 

distant from lower-income households, par-

ticularly in developing economies. Widening 

affordable access to modern energy systems 

is critical for raising living standards. 

Access to technologies and infrastructures 
Unit investment costs of end-use technolo-

gies range along a granular-lumpy contin-

uum (see figure panel A), as do the unit costs 

of incrementally extending service infra-

structures providing electricity, broadband, 

clean water, and sanitation to households 

previously without access. More-granular 

technologies and infrastructure extensions 

are widely accessible (see figure panel H and 

SM-7). Lower investment barriers promote 

more equity in raising living standards.

Net job creation
We draw on three metastudies that synthe-

sized evidence from over 80 discrete studies 

of direct (construction and operation) and 

indirect (supply chain) employment effects 

of power generation and energy-efficiency 

investments (7). We find that energy facilities 

for more-granular technologies create more 

jobs over their lifetimes (see figure panel I 

and SM-8). We reason that more granularity 

is linked to greater breadth and diversity of 

application, which increase labor-capital ra-

tios relative to large technological units.

Social returns on public R&D investments
The U.S. National Research Council quanti-

fied the wider economic, environmental, and 
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Characteristics of accelerated low-carbon 
transformation on the granular-lumpy continuum
Data points in each panel represent an energy technology. Unit size 
and unit cost correlate strongly (panel A) and are used interchangeably 
as measures of granularity on log horizontal axes (B) to (J). Vertical 
axes show measures of rapid technology deployment (red panels), 
escaping lock-in (blue panels), and social legitimacy (green panels). Dt, 
the time period over which a technology diffuses from 1 to 50% market 
share. Conventional learning rate, % cost reduction per doubling 
of cumulative capacity, conflates two drivers of cost reduction: unit 
scale economies (more capacity per unit) and experience (more 
units). Descaled “true” learning rate, % cost reduction per doubling 
of cumulative numbers of units, strips out the effects of unit scale 
economies on cost trends. Gini coefficients measure (in)equality on a 
scale from 0 denoting perfect equality (every household has the same 
access) to 1 denoting perfect inequality (one household has all the 
access). R2 and p values denoted by asterisks describe simple bivariate 
model fits (*p < 0.05, **p < 0.01, ***p < 0.001 ). See supplementary 
materials for details on data and methods.
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Historical analysis of different energy technologies shows:
(7) more granular technologies ... yield higher social returns

FGD



More granular technologies

... deploy faster

... are less risky

... learn quicker

... offer more efficiency gains

... are less susceptible to lock-in

... are more equitably accessible

... create more net jobs

... yield higher social returns

The advantages of granularity are contingent on ...
substitutability, system integration and standardisation

substitutability

system 
integration

standardisation



More granular technologies

... deploy faster

... are less risky

... learn quicker

... offer more efficiency gains

... are less susceptible to lock-in

... are more equitably accessible

... create more net jobs

... yield higher social returns
Source: Wilson, Grubler et al. (2020). Science 368(6486): 36-39.

Innovation and investment strategies weighted towards 
granular technologies support accelerated decarbonisation

more speed

more legitimacy

more robustness

Progress towards
net-zero

AND
Funding portfolio 

evaluation



more granular more 
lumpy

Job 
Creation

Distributed 
Benefits

Rapid 
Deployment Low Risk

Low-Carbon Technologies & Infrastructures

Objectives of Green Recovery Spending

low unit cost
small unit size

modular
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Analysis of Four Countries’ Green Recovery Funding Programmes (totalling £72.9 bn)
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Icons from: https://pixabay.comSource: Wilson et al (2023). Joule 7(6): 1206-1226.
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Granularity of low-carbon technologies and infrastructures 
targeted by green recovery funding varies widely

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
average unit cost of technologies targeted per funding programme (£/unit)

GRANULARITY OF TECHNOLOGIES TARGETED BY RECOVERY FUNDING

smart meters 
[£230/unit]

solar PV systems
[£4500/unit]

nuclear power
[>£1bn/unit]

large-scale CCS
[>£1bn/unit]
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Source: Wilson et al (2023). Joule 7(6): 1206-1226.

Countries’ green recovery funding programmes have different 
weightings towards granular low-carbon technologies



Source: Wilson et al (2023). Joule 7(6): 1206-1226.
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Funding portfolios are weighted towards economic sectors in 
line with national priorities



Funding portfolios distributed over larger numbers of smaller 
units have numerous advantages

Source: Wilson et al (2023). Joule 7(6): 1206-1226.

Est. # of units funded 2.2m0.4m 3.2m0.8m

Total recovery funding £22bn£19bn £24bn£8bn

- faster deployment
- lower risk
- more direct beneficiaries
- more net jobs

- strategic objectives
- industrial clusters
- unit scale economies
- (no granular alternatives)



Granularity insights for carbon dioxide removal (CDR)



CDR deployment needs to scale by 4-6 orders of magnitude by 
2050 to meet climate targets (>50% annual growth rate)

Source: Smith, Geden, Nemet et al.  (2023). The State of Carbon Dioxide Removal - 1st Edition. DOI: 10.17605/OSF.IO/W3B4Z



Technological CDR units are lumpy: BECCS, DAC

1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
average unit cost of technologies targeted per funding programme (£/unit)

GRANULARITY OF TECHNOLOGIES TARGETED BY RECOVERY FUNDING

‘blue’ H2 production with CCS 
[>£150m/unit]

CO2 DAC
[>£350m/unit]

large-scale CCS
[>£1bn/unit]

habitat restoration
[£450,000/unit]

tree planting
[£5000/unit]



Source: Smith, Geden, Nemet et al.  (2023). The State of Carbon Dioxide Removal - 1st Edition. DOI: 10.17605/OSF.IO/W3B4Z

CDR innovation portfolios are currently weighted towards 
lumpy technologies: BECCS, DAC (exception = biochar).
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Figure ƒĺƑĺ Global increase in Carbon Dioxide Removal (CDR) patenting activity. Total number of patents per year 
for 2000-2020, grouped by patent families (top). Families refer to the same invention files in multiple countries. 
In 2019 and 2020, the data is truncated because of the time it takes to process the application before publishing. 
Percent of individual patent applications per year by the country where the patent was filed (middle). The World 
Intellectual Property Organization (WIPO) is a centralised patent office. Percent of total patent families per year by 
method/component (bottom). Definition: Bioenergy with Carbon capture and Storage (BECCS).
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Granularity insights for carbon dioxide removal (CDR):
- conclusions

R&D portfolios and deployment funding should be distributed over unit scales:
 - land-use CDR outperforms technological CDR on granularity criterion

Rapid cost improvements for lumpy technologies (via learning) are not realistic:
 - negative learning observed in flue gas desulphurisation (FGD) = analogy for CCS

System integration matters:
 - rapid scale-up of granular CO2 capture is constrained by need for lumpy CO2 

transport & storage infrastructure
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