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Abstract  9 

In this commentary, we provide additional context for Ocko and Hamburg (2022) related to the 10 

climate consequences of replacing fossil fuels with clean hydrogen alternatives. To develop a 11 

better understanding of the climate impact from atmospheric hydrogen additions, we first 12 

provide a step-by-step tutorial for the derivations of underlying differential equations that 13 

describe radiative forcing of hydrogen emissions, which differ slightly from equations relied on 14 

by previous studies. Ocko and Hamburg (2022) used a time-integrated metric on radiative 15 

forcing and considered a continuous emission scenario, while we present both the time-evolving 16 

radiative forcing and global mean temperature response results under a unit pulse and continuous 17 

emissions scenarios. Our analysis covers timescales of 500 years and results on short-term 18 

timescales (e.g., 20 years) are qualitatively consistent with previous studies. Some qualitative 19 

results are clear: radiative forcing from hydrogen emission is smaller compared to the same 20 

quantity of methane emission, both of which decay with time and show less long-term influence 21 

than carbon dioxide. On the time scale of a few decades, the radiative forcing from a continuous 22 

emission of hydrogen or methane is proportional to emission rates, whereas the radiative forcing 23 

from a continuous emission of carbon dioxide is closely related to cumulative emissions. After a 24 

cessation of clean hydrogen consumption, the earth cools rapidly, whereas after a cessation of 25 

carbon dioxide emissions, the earth continues to warm somewhat and remains warm for many 26 

centuries. These longer-term differences may be important to consider in a policy context. 27 

Hydrogen leakage has the potential to reduce near-term climate benefits of hydrogen use, but 28 

methane is likely to play a more substantial role. In our analysis, consideration of methane 29 

emission associated with fossil fuel combustion is a critical factor for determining the relative 30 

short-term climate benefits of clean hydrogen alternatives. In the main cases, consideration of 31 

methane leakage substantially increases the climate impacts of fossil fuels and could result in net 32 

climate benefits for blue hydrogen even in the near-term. Regardless, our results support the 33 

conclusion of Ocko and Hamburg (2022) that, if methane were a feedstock for hydrogen 34 

production, any possible near-term consequences will depend critically on the issue of methane 35 

leakage.   36 
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1. Introduction 37 

Hydrogen (H2) may be an important component of a future low-carbon-emission global 38 

economy, especially in hard-to-decarbonize, energy-intensive sectors, and as long-term seasonal 39 

storage to help balance renewable electricity generation and demand (Gielen et al., 2021; 40 

Griffiths et al., 2021; Seck et al., 2022). Meanwhile, the potential climate benefits of large-scale 41 

deployment of clean hydrogen technologies associated with hydrogen and methane emissions 42 

through the value-chain remains a question of study (Derwent et al., 2020; Paulot et al., 2021; 43 

Warwick et al., 2022; Ocko and Hamburg, 2022). In a recent paper, Ocko and Hamburg (2022) 44 

examined the climate consequences of replacing fossil fuel technologies with clean hydrogen 45 

alternatives using published data. The paper accounted for a range of hydrogen and methane 46 

emission rates for two types of clean hydrogen production pathways, i.e., green hydrogen 47 

produced via renewables and water, and blue hydrogen produced via steam methane reforming 48 

with carbon capture, usage, and storage (CCUS). They calculated the time-integrated radiative 49 

forcing using equations derived recently for hydrogen based on sophisticated chemistry-climate 50 

modeling experiments (Warwick et al., 2022). Ocko and Hamburg (2022) found that the climate 51 

effect of hydrogen depends strongly on timescales and emission rates. High emission rates of 52 

hydrogen could diminish net climate benefits for clean hydrogen technologies across different 53 

timescales, and high emissions of methane might lead to net climate disbenefits for blue 54 

hydrogen in the near terms (e.g., 20-year timescale). 55 

Here we provide context for understanding the results of Ocko and Hamburg (2022) in three 56 

different ways: (1) We present equations underlying the time evolution of hydrogen and its 57 

radiative and thermal consequences, and solve them analytically for a unit pulse and continuous 58 

hydrogen emissions scenarios. Our equations differ slightly from equations developed by 59 

Warwick et al. (2022), which are used in Ocko and Hamburg (2022). (2) We present radiative 60 

forcing in the time domain instead of the integrated metrics presented by Ocko and Hamburg 61 

(2022). The radiative forcing function can also be combined with a climate response function 62 

(Gasser et al., 2017) to calculate global mean surface temperature response across different 63 

timescales. (3) We discuss alternative scenarios that may be applied to understand the climate 64 

effects of different choices. In our analysis, we examine three emission scenarios, including a 65 

unit pulse emission, continuous emissions for a fraction of the time period under consideration, 66 

and continuous emissions for the entire time period under consideration. We focus on a wide 67 
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range of timescales covering 500 years. To facilitate comparisons, we apply the parameter values 68 

used by Ocko and Hamburg (2022) in our calculations.  69 

Ocko and Hamburg (2022) focused on the short-term climate impact and emphasized that there 70 

could be net warming effect in the first few decades after replacing fossil fuels with clean 71 

hydrogen alternatives under high leakage rate assumptions. Our results, using newly developed 72 

equations for impulse and continuous hydrogen perturbations, confirm their results under 73 

consistent assumptions. Meanwhile, we show the impact of various uncertainties and distinct 74 

features in long-term climate impacts between fossil fuel and clean hydrogen sources. We argue 75 

that both short-term (e.g., a few decades) and long-term (e.g., more than a hundred year) 76 

timescales are important as they represent different aspects of potential risks (e.g., wildfire 77 

events in the short-term and glacier melting in the long-term), and it is valuable to make them 78 

clear to facilitate the decision-making process. Our aim here is to complement Ocko and 79 

Hamburg (2022)’s analysis, which emphasizes the near term, with an analysis that places greater 80 

emphasis on long-term outcomes.  81 

2. Methods and Equations 82 

2.1. Indirect forcing from hydrogen 83 

The system that describes the radiative forcing for hydrogen emissions, as modeled by Warwick 84 

et al. (2022) and Ocko and Hamburg (2022), is a representation of the following underlying 85 

differential equations.  86 

The change of H2 molar mass relative to an unperturbed background condition is represented by 87 

a source function 𝑓!!(𝑡) and a decay term ""!
#"!

, where 𝑚!! is the molar mass of hydrogen and 88 

𝜏!! is the lifetime of H2: 89 

𝑑𝑚!!
𝑑𝑡 = 𝑓!!(𝑡) −

𝑚!!
𝜏!!

(1) 90 

The presence of additional hydrogen in the atmosphere changes the decay of atmospheric 91 

methane (CH4), and also results in the production of ozone (O3) and stratospheric water vapor 92 

(H2O). Underlying equations for perturbations to atmospheric molar masses of CH4, O3, and 93 

stratospheric H2O induced from additional atmospheric H2 (denoted by superscribe) are:  94 
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𝑑𝑚$!#
!!

𝑑𝑡
= 𝑎$!#𝑚!! −

𝑚$!#
!!

𝜏$!#
(2𝑎) 95 

𝑑𝑚%$
!!

𝑑𝑡
= 𝑎%$𝑚!! −

𝑚%$
!!

𝜏%$
(2𝑏) 96 

𝑑𝑚!!%
!!

𝑑𝑡
= 𝑎!!%𝑚!! −

𝑚!!%
!!

𝜏!!%
(2𝑐) 97 

 98 

where 𝑚$!#
!! , 𝑚%$

!!, and 𝑚!!%
!!  are molar masses of CH4, O3, and H2O resulting from additional 99 

atmospheric H2, 𝑎$!#, 𝑎%$, and 𝑎!!% are factors representing the impact of remaining hydrogen 100 

in the atmosphere on the atmospheric molar mass of different species, and 𝜏$!#, 𝜏%$, and 𝜏!!% 101 

are lifetimes of these species.  102 

For the special case of a unit pulse perturbation of hydrogen into an unperturbed background 103 

condition at time zero, these equations can be solved analytically. The solutions to equations (1) 104 

and (2) under the following conditions 𝑚!!(0) = 1, 𝑓!!(𝑡) = 0, 𝑚$!#
!! (0) = 0, 𝑚%$

!!(0) = 0, and 105 

𝑚!!%
!! (0) = 0 are: 106 

𝑚!!(𝑡) = 𝑒
& '
#"! (3) 107 

𝑚$!#
!! (𝑡) =

𝑎$!#
2 1𝜏!!

3 − 2 1
𝜏$!#

3
4𝑒

& '
#%"# − 𝑒

& '
#"!5 (4𝑎) 108 

𝑚%$
!!(𝑡) =

𝑎%$
2 1𝜏!!

3 − 2 1𝜏%$
3
4𝑒

& '
#&$ − 𝑒

& '
#"!5 (4𝑏) 109 

𝑚!!%
!! (𝑡) =

𝑎!!%

2 1𝜏!!
3 − 2 1

𝜏!!%
3
4𝑒

& '
#"!& − 𝑒

& '
#"!5 (4𝑐) 110 

and the corresponding instantaneous radiative forcing is the product of resulted molar mass and 111 

scaling factors 𝐴$!#, 𝐴%$, and 𝐴!!% that convert molar mass to 𝑊	𝑚&(. Ocko and Hamburg 112 
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(2022) considered adjusted radiative forcing, 𝐴$!#
∗ , from methane forcing using factors 𝑓* and 𝑓(, 113 

which can be represented as:  114 

𝐴$!#
∗ = (1 + 𝑓* + 𝑓()𝐴$!# (5) 115 

The indirect radiative forcing from a unit pulse emission of hydrogen, 𝑅!!, is thus the sum of 116 

radiative forcing from all three radiatively active perturbations:  117 

𝑅!!(𝑡) = 𝐴$!#
∗ 𝑚$!#

!! (𝑡) + 𝐴%$𝑚%$
!!(𝑡) + 𝐴!!%𝑚!!%

!! (𝑡) (6𝑎) 118 

Inserting equation (4) we have:  119 

𝑅!!(𝑡) =
𝐴$!#
∗ 𝑎$!#

2 1𝜏!!
3 − 2 1

𝜏$!#
3
4𝑒

& '
#%"# − 𝑒

& '
#"!5 120 

+
𝐴%$𝑎%$

2 1𝜏!!
3 − 2 1𝜏%$

3
4𝑒

& '
#&$ − 𝑒

& '
#"!5 +

𝐴!!%𝑎!!%

2 1𝜏!!
3 − 2 1

𝜏!!%
3
4𝑒

& '
#"!& − 𝑒

& '
#"!5 (6𝑏) 121 

For a 1 kg unit pulse emission case, the time-integrated radiative forcing to a specified time 122 

horizon, 𝐻, is defined to be the Absolute Global Warming Potential (AGWP) (Myhre et al., 123 

2014). Thus, AGWP can be represented as:   124 

𝐴𝐺𝑊𝑃!!(𝐻) = A 𝑅!!(𝑡)	𝑑𝑡
!

+
(7𝑎) 125 

which can be rewritten as: 126 

𝐴𝐺𝑊𝑃!!(𝐻) =
𝐴$!#
∗ 𝑎$!#𝜏!!𝜏$!# C𝜏$!# 41 − 𝑒

& !
#%"#5 − 𝜏!! 41 − 𝑒

& !
#"!5D

𝜏$!# − 𝜏!!

+
𝐴%$𝑎%$𝜏!!𝜏%$ C𝜏%$ 41 − 𝑒

& !
#&$5 − 𝜏!! 41 − 𝑒

& !
#"!5D

𝜏%$ − 𝜏!!

+
𝐴!!%𝑎!!%𝜏!!𝜏!!% C𝜏!!% 41 − 𝑒

& !
#"!&5 − 𝜏!! 41 − 𝑒

& !
#"!5D

𝜏!!% − 𝜏!!

(7𝑏) 127 

https://doi.org/10.5194/acp-2022-810
Preprint. Discussion started: 19 December 2022
c© Author(s) 2022. CC BY 4.0 License.



 7 

Equation (7) is the response to a unit pulse emission of hydrogen taking into consideration 128 

radiative forcing adjustments to methane as in Ocko and Hamburg (2022). Because we are 129 

considering a linear system, we can use this impulse response function to derive the radiative 130 

forcing from an arbitrary hydrogen emission function 𝑓!!:  131 

𝑅!!E (𝑡) = A 𝑓!!(𝜏)
'

+
𝑅!!(𝑡 − 𝜏)𝑑𝜏 (8) 132 

Considering a continuous unit emission scenario where: 133 

𝑓!!(𝑡) = 1 (9) 134 

which leads to radiative forcing under a continuous emission scenario: 135 

𝑅!!,-./'(𝑡) =
𝐴$!#
∗ 𝑎$!#𝜏!!𝜏$!# C𝜏!! 4𝑒

& '
#"! − 15 − 𝜏$!# 4𝑒

& '
#%"# − 15D

𝜏$!# − 𝜏!!

+
𝐴%$𝑎%$𝜏!!𝜏%$ C𝜏!! 4𝑒

& '
#"! − 15 − 𝜏%$ 4𝑒

& '
#&$ − 15D

𝜏%$ − 𝜏!!

+
𝐴!!%𝑎!!%𝜏!!𝜏!!% C𝜏!! 4𝑒

& '
#"! − 15 − 𝜏!!% 4𝑒

& '
#"!& − 15D

𝜏!!% − 𝜏!!

(10) 136 

In a linear system, the time-integrated radiative forcing from a unit pulse emission to some time 137 

horizon 𝑡+ is mathematically equivalent to the instantaneous radiative forcing at time 𝑡+ from a 138 

sustained unit emission: 139 

𝐴𝐺𝑊𝑃!!(𝑡+) = 𝑅!!,-./'(𝑡+) (11) 140 

Therefore, Ocko and Hamburg (2022) used a metric that is equal to the time integrated radiative 141 

forcing of sustained emission to time horizon H. Since AGWP has been defined as the time-142 

integrated radiative forcing from the instantaneous release of 1 kg of a trace substance (Myhre et 143 

al., 2014), here we define the time-integrated radiative forcing under a continuous emission 144 

scenario as CAGWP:  145 

𝐶𝐴𝐺𝑊𝑃!!(𝐻) = A 𝑅!!,-./'(𝑡)𝑑𝑡
!

+
(12𝑎) 146 
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= A A 𝑅!!(𝜏)	𝑑𝜏
'

+
𝑑𝑡

!

+
(12𝑏) 147 

= A 𝐴𝐺𝑊𝑃!!(𝑡)𝑑𝑡
!

+
(12𝑐) 148 

= A (𝐻 − 𝑡)𝑅!!(𝑡)𝑑𝑡
!

+
(12𝑑) 149 

Comparing Equation (12) with Equation (7a), we can see that the CAGWP metric is equivalent 150 

to the AGWP metric, except that the radiative forcing at time 0 is weighted by H, and the 151 

radiative forcing at time H is weighted at 0, with a linear ramping of weights in-between by the 152 

number of years to the end of the time horizon. 153 

Expanding Equation (12), we have: 154 

𝐶𝐴𝐺𝑊𝑃!!(𝐻) =
𝐴$!#
∗ 𝑎$!#𝜏!!𝜏$!# C𝜏!!

( 41 − 𝑒
& !
#"!5 − 𝜏$!#

( 41 − 𝑒
& !
#%"#5 + 𝐻I𝜏$!# − 𝜏!!JD

𝜏$!# − 𝜏!!
 155 

+
𝐴%$𝑎%$𝜏!!𝜏%$ C𝜏!!

( 41 − 𝑒
& !
#"!5 − 𝜏%$

( 41 − 𝑒
& !
#&$5 + 𝐻I𝜏%$ − 𝜏!!JD

𝜏%$ − 𝜏!!

(13) 156 

+
𝐴!!%𝑎!!%𝜏!!𝜏!!% C𝜏!!

( 41 − 𝑒
& !
#"!5 − 𝜏!!%

( 41 − 𝑒
& !
#"!&5 + 𝐻I𝜏!!% − 𝜏!!JD

𝜏!!% − 𝜏!!
 157 

Equations (10) and (13) consider continuous emissions through the whole period. Equations 158 

considering a continuous emission to time 𝑡𝑝 are shown in Supplementary Information Text 159 

S1. Reproductions of the three components in Warwick et al. (2022) and Ocko and Hamburg 160 

(2022) are shown in Supplementary Text S2. We believe these equations better reflect the 161 

underlying conceptual model, but numerical differences between our equations and equations 162 

presented by Warwick et al. (2022) are small and are unlikely to make a material difference.  163 

2.2. Forcing from CO2 and CH4 164 
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Here we show radiative forcing and time-integrated radiative forcing functions for carbon 165 

dioxide (CO2) and methane emissions (CH4). Radiative forcing for a unit pulse emission of CO2 166 

and CH4 is represented as (Myhre et al., 2014): 167 

𝑅$%!(𝑡) = 𝐴$%! C𝑎+ +L𝑎0𝑒
& '#'

1

02*

D (14) 168 

𝑅$!#(𝑡) = (1 + 𝑓* + 𝑓()𝐴$!#𝑒
& '
#%"# (15) 169 

And AGWP for a unit pulse emission is: 170 

𝐴𝐺𝑊𝑃$%!(𝐻) = 𝐴$%! C𝑎+𝐻 +L𝑎0𝜏0 41 − 𝑒
&!#'5

1

02*

D (16) 171 

𝐴𝐺𝑊𝑃$!#(𝐻) = (1 + 𝑓* + 𝑓()𝐴$!#𝜏$!#(1 − 𝑒
& !
#%"#) (17) 172 

Radiative forcing for continuous emissions of CO2 and CH4 can be represented as: 173 

𝑅$%!,-./'(𝑡) = 𝐴$%! C𝑎+𝑡 +L𝑎0𝜏0 21 − 𝑒
& '#'3

1

02*

D (18) 174 

𝑅$!#,-./'(𝑡) = (1 + 𝑓* + 𝑓()𝐴$!#𝜏$!#(1 − 𝑒
& '
#%"#) (19) 175 

And corresponding CAGWP is: 176 

𝐶𝐴𝐺𝑊𝑃$%!(𝐻) = 𝐴$%! C
𝑎+𝐻(

2
+L𝑎0𝜏0 C𝐻 + 𝜏0 4𝑒

&!#' − 15D
1

02*

D (20) 177 

𝐶𝐴𝐺𝑊𝑃$!#(𝐻) = (1 + 𝑓* + 𝑓()𝐴$!#𝜏$!# C𝐻 + 𝜏$!# 4𝑒
& !
#%"# − 15D (21) 178 

2.3. The global mean temperature response  179 

For a linear system, the absolute global temperature change potential (AGTP), defined as change 180 

of global mean surface temperature realized at a given time horizon from a pulse or continuous 181 

emission of any gas 𝑖, can be represented as a convolution function (Myhre et al., 2014; Gasser 182 

et al., 2017): 183 
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𝐴𝐺𝑇𝑃0(𝐻) = A 𝑅0(𝑡)𝑇(𝐻 − 𝑡)𝑑𝑡
!

+
(22) 184 

In equation (22), 𝑅0(𝑡) is the radiative forcing for a unit pulse or continuous emission of gas 𝑖, 185 

and 𝑇(𝑡) indicates the temperature response to a unit forcing that can be represented as a sum of 186 

exponentials: 187 

𝑇(𝑡) = 𝜆L
𝑐3
𝑑3

4

32*

𝑒
& '
5( (23) 188 

Where 𝜆 is a constant that corresponds to the equilibrium climate sensitivity, ∑ 𝑐34
32* = 1, and 𝑑3 189 

is the response time. Two exponential terms (𝑀 = 2) are normally used in previous studies, with 190 

the first term be associated with the response of the ocean mixed layer and the higher order be 191 

associated with the response of the deep ocean (Gasser et al., 2017). In our central cases, we 192 

focus on using the equation from Geoffroy et al. (2013): 193 

𝑇(𝑡) = 0.885 ∗ 2
0.587
4.1 ∗ 𝑒&

'
6.* +

0.413
249 ∗ 𝑒&

'
(683 (24) 194 

We compare results of equation (24) with results of the following: equation from Boucher and 195 

Reddy (2008): 196 

𝑇(𝑡) = 1.06 ∗ 2
0.595
8.4 ∗ 𝑒&

'
9.6 +

0.405
409.5 ∗ 𝑒

& '
6+8.:3 (25) 197 

OSCAR v2.2 (average of ensemble): 198 

𝑇(𝑡) = 0.852 ∗ 2
0.572
3.50 ∗ 𝑒&

'
1.:+ +

0.428
166 ∗ 𝑒&

'
*;;3 (26) 199 

and equation from Caldeira and Myhrvold (2013) using CMIP5 ensemble results: 200 

𝑇(𝑡) = 0.987 ∗ 2
0.551
3.62 ∗ 𝑒&

'
1.;( +

0.449
219 ∗ 𝑒&

'
(*83 (27) 201 

2.4. Climate impact of hydrogen and fossil fuels 202 

As in Ocko and Hamburg (2022), we focus on comparing the climate impact of replacing fossil 203 

fuel technologies with clean hydrogen alternatives. Climate impacts from hydrogen or fossil 204 
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fuels are the summation of climate impacts of one or more components in a linear system. For 205 

green hydrogen, radiative forcing and temperature response from hydrogen emissions (𝐿!!) are: 206 

𝑅<=>>/&?@5=.<>/ = 𝑅!! ∗ 𝐿!! (28𝑎) 207 

𝐴𝐺𝑇𝑃<=>>/&?@5=.<>/ = 𝐴𝐺𝑇𝑃!! ∗ 𝐿!! (28𝑏) 208 

For blue hydrogen, both hydrogen and methane leakages (𝐿!! and 𝐿$!#) are included, and 209 

radiative forcing and temperature response are represented as:  210 

𝑅ABC>&?@5=.<>/ = 𝑅!! ∗ 𝐿!! + 𝑅$!# ∗ 𝐿$!# (29𝑎) 211 

𝐴𝐺𝑇𝑃ABC>&?@5=.<>/ = 𝐴𝐺𝑇𝑃!! ∗ 𝐿!! + 𝐴𝐺𝑇𝑃$!# ∗ 𝐿$!# (29𝑏) 212 

For fossil fuel, we only consider the avoided CO2 emissions (𝐸$%!) in our central cases in line 213 

with Ocko and Hamburg (2022):  214 

𝑅D.EE0B&DC>B = 𝑅$%! ∗ 𝐸$%! (30𝑎) 215 

𝐴𝐺𝑇𝑃D.EE0B&DC>B = 𝐴𝐺𝑇𝑃$%! ∗ 𝐸$%! (30𝑏) 216 

and we compared results with those that included both CO2 and methane emissions:  217 

𝑅D.EE0B&DC>B = 𝑅$%! ∗ 𝐸$%! + 𝑅$!# ∗ 𝐿$!# (31𝑎) 218 

𝐴𝐺𝑇𝑃D.EE0B&DC>B = 𝐴𝐺𝑇𝑃$%! ∗ 𝐸$%! + 𝐴𝐺𝑇𝑃$!# ∗ 𝐿$!# (31𝑏) 219 

We quantify ratios between clean hydrogen and fossil fuels for different time horizons. Results 220 

for 20-, 100-, 500-year horizons are summarized in Table S1 to S4.  221 

Results 222 

Climate impact of individual gases. Before comparing the climate impact of hydrogen and 223 

fossil fuels, we first examine the climate impact from emissions of carbon dioxide (CO2), 224 

methane (CH4), and hydrogen (H2), respectively. We focus on the time-evolving changes in 225 

radiative forcing and global mean temperature response, and we consider three emission 226 

scenarios: a 1 kg pulse emission, a 0.01 kg yr-1 continuous emission lasting for 100 years, and a 227 

0.01 kg yr-1 continuous emission lasting for 500 years. To facilitate comparisons with Ocko and 228 

Hamburg (2022), our calculations of radiative forcing use the same parameter values from their 229 

paper.  230 
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Figure 1 shows the climate impact of individual species under various emission scenarios. 231 

Results showing ratios of methane and hydrogen to CO2 are plotted in Figure S1. For the 1 kg 232 

pulse emission scenario, all species produce the largest climate impacts (i.e., radiative forcing 233 

and temperature rise) within the first few years and decay over time. Methane and hydrogen 234 

show orders of magnitude larger impacts at the very beginning of emission compared to CO2. 235 

Note that the global warming potential is typically defined for a 1 kg pulse emission of gas  236 

(Myhre et al., 2014), which will lead to different immediate changes in their atmospheric 237 

concentration when viewed on a molar basis. Figure S2 shows that when considering the same 1 238 

ppb increase of these gases, methane will still generate a much larger warming potential, whereas 239 

hydrogen and CO2 show the same order of magnitude impacts on radiative forcing and 240 

temperature response in the first decade.  241 

The climate impacts of methane and hydrogen decay substantially faster as their atmospheric 242 

concentrations decrease (lifetime is 11.8 years for methane and 1.9 years for hydrogen). For 243 

example, the radiative forcing of methane and hydrogen for 1 kg pulse emission scenarios is 244 

smaller than that of CO2 after about 65 and 50 years, and approaches zero after 100 years. Note 245 

that we do not consider conversions of the decayed CH4 to CO2, which will add more long-term 246 

climate impacts for CH4 emissions as shown in Fig.S3. This conversion should not be considered 247 

in the case of CH4 perturbations brought about by H2 emissions, because there is no net addition 248 

of carbon to the atmosphere in this case. In contrast, the radiative forcing of CO2 is still 28% of 249 

its maximum value at the 500-year time horizon. Temperature response behaves similarly to 250 

radiative forcing, but at a slower rate due to the inertia of the climate system, such as the deep 251 

ocean circulation. Impacts of considering different hydrogen lifetimes (i.e., 1.4 and 2.5 years) are 252 

shown in Figure S4.  253 

For 0.01 kg yr-1 continuous emission cases, there is an accumulation of CO2 concentration in the 254 

atmosphere, leading to monotonic increases in radiative forcing and temperature rise. If 255 

emissions stop abruptly after 100 years, the climate impacts of CO2 slowly converge with those 256 

under the 1 kg emission case and stay roughly stable, because effects of atmospheric 257 

concentration decrease are approximately offset by effects of ocean warming. Due to the shorter 258 

lifetime of methane and hydrogen, their atmospheric concentrations reach equilibrium under 259 

continuous emission scenarios with magnitudes depending on the emission rates, and radiative 260 

forcing reaches a stable level after a few decades. Global mean temperature continues to increase 261 
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slowly due to the thermal inertia of the climate system. If emissions of methane and hydrogen 262 

stop abruptly after 100 years, their atmospheric concentrations would decrease rapidly, and reach 263 

zero within decades. Temperatures would also begin to decrease rapidly, but over a longer time 264 

scale, due to the thermal inertia in the climate system. The longer atmospheric lifetime of CO2 265 

results in more prominent longer-term climate impacts under both pulse and continuous emission 266 

scenarios.  267 

Climate impact of hydrogen and fossil fuels. In this section, we analyze the climate impact per 268 

1 kg consumptions of green and blue hydrogen, and the corresponding climate impacts from the 269 

avoided CO2 emissions. We consider consistent assumptions as in Ocko and Hamburg (2022). 270 

For example, the kg amount of methane required to produce blue hydrogen is 3 times the kg 271 

amount of hydrogen used; 1 kg consumption of hydrogen would avoid 11 kg of CO2 emissions 272 

(additional cases, i.e., 5 kg or 15 kg of avoided CO2 emissions, are examined as well); and 273 

burning 1 kg of natural gas or methane would emit 2.75 kg of CO2. Also, we take the same 274 

emission rates for methane and hydrogen to generate two central cases: a low leakage case with a 275 

1% hydrogen and a 1% methane leakage rate, and a high leakage case with a 10% hydrogen and 276 

a 3% methane leakage rate (see detailed discussion regarding these assumptions in their paper). 277 

We analyze three emission scenarios: a 1 kg pulse consumption, a 0.01 kg yr-1 continuous 278 

consumption lasting for 100 years, and a 0.01 kg yr-1 continuous consumption lasting for 500 279 

years.  280 

Under the low leakage scenario considered (i.e., 1% hydrogen and 1% methane leakage rate), 281 

both green and blue hydrogen produce smaller radiative forcing and global mean temperature 282 

increases compared to the avoided CO2 emissions (Fig. 2 and 3). This indicates net climate 283 

benefits of replacing fossil fuels with clean hydrogen alternatives. Compared to green hydrogen 284 

produced via renewables and water, leakages of methane from blue hydrogen adds substantial 285 

additional warming within the first few decades. For the 1 kg pulse consumption scenario, the 286 

climate impact of both green and blue hydrogen sources decays rapidly to zero within the first 287 

few decades (conversion of decayed CH4 to CO2 not included), whereas the climate impact of 288 

avoided CO2 emissions becomes roughly stable with time. Continuous consumptions of 289 

hydrogen would lead to stable radiative forcing and temperature change at longer timescales with 290 

magnitudes depending on emission rates, due mainly to the short lifetimes of methane and 291 

hydrogen, and such climate impacts will adjust quickly if future emission rates change. 292 

https://doi.org/10.5194/acp-2022-810
Preprint. Discussion started: 19 December 2022
c© Author(s) 2022. CC BY 4.0 License.



 14 

Meanwhile, continuous consumption of fossil fuels leads to accumulation of CO2 concentration 293 

and increasing climate responses. Even if CO2 emission is ceased, its impacts would last for 294 

hundreds of years and keep affecting the climate.  295 

Under the high leakage scenario, the additional leakage of hydrogen (i.e., 10% vs. 1% hydrogen 296 

leakage rate) reduce the short-term climate benefits of green hydrogen, and the additional 297 

leakage of methane (i.e., 3% vs. 1% methane leakage rate) further lead to net disbenefits for blue 298 

hydrogen in the first few years, when compared to avoided CO2 emissions. In both the lowest 299 

and highest leakage cases, methane adds more warming than does hydrogen (Fig. S5). Because 300 

of the shorter lifetimes of hydrogen and methane, net climate benefits for blue hydrogen are 301 

observed after ~ 12 and 20 years under different emission scenarios for the high leakage case. 302 

The climate impacts of the avoided CO2 emissions become orders of magnitude larger than those 303 

of hydrogen as time evolves.  304 

In our central cases, we do not include methane leakages when calculating climate impacts for 305 

the avoided CO2 emissions. But methane leakages are added for blue hydrogen. Under all 306 

emission scenarios, considering the same methane leakage rates (Fig. S6 and S7) substantially 307 

increases the warming potentials from the avoided CO2 emissions, especially for the short-term 308 

responses, leading to net benefits of replacing fossil fuels with both clean hydrogen alternatives. 309 

Consideration of the decayed methane to CO2 further increases the long-term climate impacts for 310 

both blue hydrogen and the avoided CO2 emissions cases that contain methane leakage (Fig. S6 311 

and S7). As examined in Ocko and Hamburg (2022), considering different amounts of avoided 312 

CO2 emission for per kg hydrogen consumption (e.g., 5 or 15 kg CO2 avoided per kg hydrogen 313 

consumption) can affect both short-term and long-term climate impacts (Fig. S8). In contrast, 314 

considering different hydrogen lifetimes or climate response functions has only minor impacts 315 

(Fig. S6, S7, and S9). Here we do not cover all possible uncertainties, but give some first-level 316 

impressions of how different parameters can affect results presented in this analysis.  317 

Finally, Ocko and Hamburg (2022) quantified the net climate benefits of consuming hydrogen 318 

compared to the avoided CO2 emissions by comparing the time-integrated radiative forcing from 319 

continuous emissions of both gases. This metric over-predicts the amount of warming that would 320 

be produced by methane and hydrogen leakage relative to the warming that would have been 321 

caused by the avoided CO2 emissions over time (Fig. S10). This result is similar to that of (Allen 322 

et al., 2016) showing that, for pulse emissions and any time horizon longer than a decade, the 323 
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global mean relative temperature response metric (i.e., GTP) would be lower than values of the 324 

time-integrated relative radiative forcing (i.e., GWP).   325 

Discussion 326 

While we confirm the results presented in Ocko and Hamburg (2022), it is clear that over longer 327 

time horizons (e.g., 100 years) substituting blue or green hydrogen for fossil fuels will result in 328 

much less climate change.  329 

Many important uncertainties persist. For example, we considered fast adjustments to radiative 330 

forcing for methane, as considered by Ocko and Hamburg (2022). Carbon dioxide, ozone and 331 

other radiatively active gases may also have substantial fast radiative forcing adjustments (Smith 332 

et al., 2018). The radiative forcing calculations presented here are linear approximations, with 333 

radiative forcing increasing linearly with concentration, when in fact absorption bands become 334 

increasingly saturated at higher concentrations, and this results in less sensitivity at higher 335 

concentrations. These radiative forcing calculations assume an unchanging background 336 

atmospheric composition, whereas it is likely that the radiative and temperature effects of an 337 

emission will depend on the background state of the climate system (Duan et al., 2019; Robrecht 338 

et al., 2019). For instance, the indirect radiative forcing of hydrogen through its effect on 339 

methane’s lifetime might depend on the background methane concentration. The effectiveness of 340 

radiative forcing at effecting temperature change can vary substantially from gas to gas (Hansen 341 

et al., 1997; Modak et al., 2018). Despite the large number of uncertainties, none of these 342 

considerations are expected to be of sufficient magnitudes to qualitatively alter key conclusions 343 

presented here. 344 

Ocko and Hamburg (2022) proposes a metric, which we call CAGWP, that involves the integral 345 

of radiative forcing for a sustained emission, which differs from the standard GWP metric based 346 

on a unit emission of 1 kg of gas. While the Global Warming Potential metric (GWP) has been 347 

widely used to compare the climate impact of different greenhouse gases, it may not be the best 348 

predictor of climate impacts. For example, Allen et al. (2016) have argued that the GWP metric 349 

over-emphasizes the long-term climate effect of short-lived gases such as methane. The CAGWP 350 

metric proposed by Ocko and Hamburg (2022) emphasizes short-lived gases to an even greater 351 

extent than the customary GWP metrics. We have shown that the CAGWP metric is equivalent 352 

to a double-integral of a pulse emission, equivalent to the integral of the AGWP of a pulse 353 
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emission, and equivalent to a front-loaded weighted integral of a pulse emission. The 100-year 354 

CAGWP metric weights the first year after an emission 99 times, whereas it weights the 99th year 355 

after an emission only once. Metrics that emphasize near-term outcomes may be useful for 356 

addressing near-term concerns, and metrics that emphasize longer-term outcomes may be more 357 

useful for addressing longer-term concerns.  358 

There are different motivations for reducing warming at various timescales. One motivation is to 359 

avoid near-term climate damage that might come, for example, from increasing storm or drought 360 

intensity. Another motivation is to avoid long-term climate damage that might come, for 361 

example, from the melting of the large ice sheets (Pattyn et al., 2018) or making parts of the 362 

tropics effectively uninhabitable (Dunne et al., 2013; Sun et al., 2019). Decision-making has to 363 

carefully balance addressing near-term and long-term risks, and look for opportunities to address 364 

both kinds of risk simultaneously.   365 

Different climate forcing agents differ in their degree of reversibility. To a close approximation, 366 

on the time scale of decades or more, temperature change from methane or hydrogen emissions 367 

are proportional to rates of emission whereas temperature change from carbon dioxide is 368 

proportional to cumulative emission. This important distinction is not captured by any of the 369 

metrics discussed here. Our analysis compares the climate impact of different hydrogen 370 

technologies, while considering how different market sizes would affect the overall impact of 371 

hydrogen is beyond the scope of this analysis. Blue hydrogen, despite its larger climate impacts, 372 

is currently the dominate way of producing hydrogen. Meanwhile, the additional climate benefits 373 

from green hydrogen have been recognized that will likely play a greater role in some regions 374 

(e.g., EUR-Lex, 2022) in the future. It is clear that electrolytic hydrogen made with carbon-375 

emission-free electricity would produce less climate change than hydrogen made using methane 376 

as a feedstock; people use steam-methane reforming of methane to produce hydrogen typically 377 

because it costs less than electrolysis. 378 

Conclusion 379 

Our analysis confirms the results of Ocko and Hamburg (2022) under consistent assumptions but 380 

complements their presentation with additional uncertainty analysis and a longer-term 381 

perspective. We have developed a step-by-step tutorial for the derivations of underlying 382 

differential equations that describe radiative forcing of hydrogen emissions, which differ slightly 383 

https://doi.org/10.5194/acp-2022-810
Preprint. Discussion started: 19 December 2022
c© Author(s) 2022. CC BY 4.0 License.



 17 

from equations relied on by previous studies. Our results have shown that on the time scale of a 384 

few decades, both the radiative forcing and global mean temperature response from hydrogen 385 

and methane are proportional to the underlying emission rates, whereas climate impacts from 386 

carbon dioxide are closely related to cumulative emissions. High emission rates of methane 387 

contribute primarily to the high warming potential of methane-derived hydrogen production, 388 

with high hydrogen leakage rates playing a secondary role. When following Ocko and Hamburg 389 

(2022)’s calculations, relative to fossil carbon fuels, blue hydrogen with a methane leakage rate 390 

of 3% and a hydrogen leakage rate of 10% could produce more warming in the first 20 years 391 

after the release. However, even with these high leakage rates, warming from blue hydrogen 100 392 

years later would be only a small portion of the warming from the fossil fuels it replaced. After a 393 

cessation of methane or hydrogen emissions their climate impacts decay rapidly. Whereas after a 394 

cessation of carbon dioxide emissions the climate impacts remain relatively stable for many 395 

centuries due to its long lifetime in the atmosphere.  396 

Our results also indicate that, when assessing relative climate impact of replacing fossil fuel 397 

technologies with clean hydrogen alternatives, the decision whether or not to consider methane 398 

leakage associated with burning natural gas can have a substantial effect on results. Under Ocko 399 

and Hamburg (2022)’s central assumptions, each kg consumption of the blue hydrogen would 400 

need less amount of methane for hydrogen production than that for combustion as fossil fuel 401 

sources. As a result, including the methane leakage associated with fossil fuel combustion would 402 

substantially increase its short-term climate impact and may suggest net climate benefit for blue 403 

hydrogen across all time scales. Other factors, including the hydrogen lifetime and different 404 

climate response functions, are relatively less important. 405 

Ocko and Hamburg (2022) proposes that the climate impact of blue and green hydrogen be 406 

evaluated with the use of a metric that is equivalent to a form of the GWP metric based on 407 

continuous emissions – a metric that strongly weights near-term radiative forcing relative to 408 

long-term radiative forcing from individual emissions. However, Allen et al. (2016) have shown 409 

that the customary GWP metric over-emphasize the climate effect of short-lived gases such as 410 

methane; the metric proposed by Ocko and Hamburg (2022) emphasizes the role of short-lived 411 

gases to an even greater extent. 412 
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We emphasize that to reduce the near-term warming impact of the use of “blue” methane-derived 413 

hydrogen, it is important to address the issue of methane leakage. To attain near-term climate 414 

benefits from “blue” hydrogen that dominates current market depends critically on achieving low 415 

methane leakage rates. “Green” hydrogen produced by electrolysis using carbon-emission-free 416 

electricity has a small climate impact relative to the impact of the fossil fuels that hydrogen 417 

would replace, while very high hydrogen leakage rates could pose some climate concern and 418 

undercut accomplishing net zero emission goals. Safety considerations may motivate reduction 419 

of hydrogen leakage (Nugroho et al., 2022), In all cases considered, relative to fossil fuel 420 

combustion and associated emissions, both “blue” and “green” hydrogen show large long-term 421 

climate benefits even with high leakage rates.  422 
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Figure 1. Climate impact from emissions of different species. Radiative forcing (a-c) and global 506 

mean temperature response (d-f) caused by emissions of methane (CH4), hydrogen (H2), and 507 

carbon dioxide (CO2) under different scenarios. Three emission cases are used: a 1 kg pulse 508 

emission, a 0.01 kg yr-1 continuous emission lasting for 100 years, and a 0.01 kg yr-1 continuous 509 

emission lasting for 500 years. Note that CH4 and H2 share the same y-axis scale, which is 60 510 

times the y-axis of CO2. Radiative forcing from a continuous emission of hydrogen or methane is 511 

proportional to emission rates, and decays rapidly once ceased, whereas radiative forcing from 512 

carbon dioxide is closely related to cumulative emissions and will last for hundreds of years. 513 

Figures showing only the 100-year results are plotted in Figure S12.  514 

  515 
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Figure 2. Radiative forcing from consumption of hydrogen and avoided CO2 emissions. 516 

Radiative forcing for consumption of green hydrogen, blue hydrogen, and from the 517 

corresponding avoided CO2 emissions under different scenarios. Three cases are considered: a 1 518 

kg consumption of hydrogen (a and b), a 0.01 kg yr-1 continuous consumption of hydrogen 519 

lasting for 100 years (c and d), and a 0.01 kg yr-1 continuous consumption of hydrogen lasting 520 

for 500 years (e and f). The left column shows cases under the low leakage rate assumption with 521 

1% hydrogen and 1% methane leakage, and the right column shows cases under the high leakage 522 

rate assumption with 10% hydrogen and 3% methane leakage. Methane leakage contributes 523 

primarily to the warming potential of blue hydrogen consumption, while hydrogen leakage plays 524 

a secondary role. For the longer-term, radiative forcing from carbon dioxide is substantially 525 

larger than that from clean hydrogen alternatives. Figures showing only the 100-year results are 526 

plotted in Figure S13. 527 

 528 

  529 
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Figure 3. Same as Figure 2 but for global mean temperature response. Figures showing only the 530 

100-year results are plotted in Figure S14. 531 

 532 
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