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Supporting Information Text 15 

1. Gas supply, storage, and consumption 16 

The gas supply-consumption source for the EU27&UK was estimated in our previous study, and 17 

we provide the daily country- and sector-specific natural gas consumption dataset, EUGasSC (1). 18 

This open dataset is developed with a gas network flow simulation based on mass flow balance 19 

using ENTSO-G (European Network of Transmission System Operators for Gas) and other open 20 

gas data platforms, and it estimates the “real” supply sources by considering the intra-EU 21 

transmissions and storage supplies. EUGasSC quantifies daily gas consumption into five sectors 22 

(household heating, public heating, power, industrial, and others), and separates the supply 23 

sources into four major parts, pipeline imports from Russia, imports from LNG, EU local gas 24 

production, and pipeline imports from other countries (including Norway, Algeria, Azerbaijan, 25 

Libya, Serbia, and Turkey), which allows us to compare the supply and sector-specific gas 26 

consumption changes in winters. EUGasSC is used for the daily gas supply-consumption data 27 

with specified sources and sectors in this study. Note that the pipeline flow and import data 28 

collections have been included in the workflows of generating the EUGasSC dataset; they were 29 

extracted in this study to perform the net flow change analysis for the gas network. 30 

Our previous study also predicted potential solutions, the EUGasRP dataset, to fill the gas supply 31 

gap caused by the cut-off of the Russian gas supply (1).  In EUGasRP, we qualify the amount of 32 

Russian gas gap that can be resolved by gas saving in the heating sector, switching from gas-33 

powered electricity to other sources, and gas supply increment by seeking potential boosting of 34 

gas supplies. We also estimate how the intra-EU transmission limits (if not well addressed) could 35 

result in relatively large gas shortages. EUGasRP is used in this study for comparing with the 36 

observed sectoral gas consumption changes to evaluate how the crisis was addressed during the 37 

winter of 2022-2023 and the future opportunities and challenges. 38 



 39 

Fig S1. Post-invasion and pre-invasion comparisons in EU27&UK for 1) differences in Russian 40 

supply (top panel), 2) differences in intra-EU transmissions (middle panel), and 3) differences in 41 

flow to storage (bottom panel). The differences are calculated by subtracting the annual average 42 

of the pre-invasion period (2019-04-01 to 2022-03-3) values from the post-invasion period (2022-43 

04-01 to 2023-03-31) values. The consumption supply from Russia is from the EUGasSC dataset 44 

(estimated with the gas network simulation). The supply from intra-EU transmissions (net inflow) 45 

is calculated by subtracting the total inflow from the total outflow.  46 



 47 

Fig S2. Mean daily gas consumption for a) residential heating, b) power, and c) industrial sectors 48 

in the pre-invasion periods (2019 to 2021) and the post-invasion periods (2022 to 2023). The 49 

periods with a blue background are non-heating seasons. 50 



 51 

Fig S3. Map of gas supply-consumption status. The red circles indicate the gas supply gap caused 52 

by the reduction of Russian supply, while the blue circles indicate the consumption reduction 53 

between post-invasion and pre-invasion winter. The differences between the supply gap and 54 

consumption are presented by the map colors. If the differences were negative (red on the map), 55 

the countries require extra gas imports. If the differences were positive(green on the map), the 56 

countries can export extra gas to other countries.  57 



 58 

Fig S4. Monthly gas supply from storage and gas flow to storage facilities from 2019-04 to 2023-59 

04 in EU27&UK. The supply source is from the EUGasSC dataset (estimated with the gas 60 

network simulation based on flow mass balance).  61 



Table S1. Gas exports from Russia to EU27&UK during the post-invasion winters. 62 

Country The last date of direct 

flow from Russia 

Flow from Russia in 

post-invasion winters 

(TWh) 

Flow to Russia  in 

post-invasion winters 

(TWh) 

RO 2022-04-01 / 1.5 

LV-EE 2023-07-24 0.0 / 

FI 2022-05-21 / / 

DE 2022-09-01 / / 

PL 2024-03-30 19.0 5.1 

HU 2024-01-18 0.19 16.8 

LT 2024-03-31 25.4 / 

SK 2024-03-31 236.1 / 

Total 280.7 23.4 

Net total 257.3 

  63 



Table S2. LNG for intra-EU transmission (exports to other EU countries) and local consumption 64 

in the major LNG import countries. 65 

Country Transmission over 

consumption ratio for the pre-

invasion periods* 

Transmission over 

consumption ratio for the 

post-invasion periods* 

BE-LU 2.14 5.53 

NL 2.29 3.40 

UK 0.28 0.68 

FR 0.25 0.58 

PT 0.06 0.21 

ES 0.03 0.14 

Overall 0.36 1.08 

* Transmission over consumption ratio is estimated with EUGasSC and EUGasNet for the local 66 

LNG consumption and LNG transmission, respectively.  67 



Table S3. Current and planned LNG facilities in EU27&UK. The country order is based on the 68 

current LNG capacity. The data is collected from https://www.gem.wiki/Kiyanly_LNG_Terminal 69 

Country 

Current LNG terminal capacity 

(bcm/yr) * 

Planned LNG terminal capacity 

(bcm/yr) 

ES 67.1 / 

UK 48.3 / 

FR 34.5 5.0 

NL 21.5 / 

IT 16.2 8.0 

DE 12.0 5.0 

BE 11.4 / 

PL 8.3 / 

PT 7.6 / 

GR 7.0 13.5 

LT 4.0 / 

HR 2.6 / 

FI 0.6 / 

Total  241.1 31.5 

* bcm/yr is billion cubic meter LNG per year  70 



2. Economic 71 

With the profound structural change in EU gas supply, the Dutch TTF (Title Transfer Facility) 72 

natural gas price (Fig. S5) reached its peak when Russia completely halted the Nord Stream in 73 

2022-08 with several critical events, such as when Russia invaded Ukraine in 2022-02 and started 74 

to reduce its Nord Stream supply in 2022-06. (2) (3) Nevertheless, the EU gas price was gradually 75 

back to the pre-invasion levels probably because the intra-EU transmission “bottlenecks” were 76 

resolved. The “bottlenecks” involved addressing gas transmission from France to Germany and 77 

developing German LNG facilities, which will be discussed later. Based on the price trends, we 78 

classified the counties into four different groups (Fig S6).  79 

 80 

Fig S5. Dutch TTF (Title Transfer Facility) natural gas price from 2019 to 2023 and the stock 81 

price of LNG industrial.  82 



 83 

Fig S6. Time series of household energy price index (HEPI) in EU27 (a), gas price in capital 84 

cities (b), and electricity price in capital cities (c). The group “Sharp Peak” includes Austria, 85 

Bulgaria, Denmark, Estonia, Greece, Germany, Italy, and the Netherlands. The group “moderate 86 

peak” includes Belgium, Czechia, Ireland, France, Portugal, Poland, Spain, Sweden, and the UK. 87 

The group “slow increase” includes Latvia, Lithuania, Luxembourg, and Slovenia. The group 88 

“keep low price” includes Croatia, Hungary, and Slovakia. 89 



3. Intra-EU gas transportation 90 

The intra-EU gas transmissions graph network was developed with the ENTSO-G physical 91 

pipeline flow from 2019-04-01 to 2023-03-31 by aggregating the bi-directional flow data and 92 

LNG import data (Fig. S7 b and c), as follows: 93 

𝐸𝑖,𝑗 = ∑ 𝑓𝑙𝑜𝑤𝑓𝑟𝑜𝑚 𝑖 𝑡𝑜 𝑗,𝑑𝑎𝑡𝑒𝑑𝑎𝑡𝑒                                                                                                (1) 94 

Where 𝐸𝑖,𝑗 is the graph edge between country (or supply source, i.e., LNG) i and j, which 95 

indicates the annual physical flow from country i to country j, and 𝑓𝑙𝑜𝑤𝑓𝑟𝑜𝑚 𝑖 𝑡𝑜 𝑗,𝑑𝑎𝑡𝑒 is the daily 96 

physical flow from country i. 97 

The annual flow differences (Fig. S7 a) were then compared between the post-invasion period 98 

(from 2022-04-01 to 2023-03-31) and the pre-invasion period (from 2019-04-01 to 2022-03-31), 99 

as follows: 100 

𝛥𝐸𝑖,𝑗 = 𝐸𝑖,𝑗,𝑝𝑜𝑠𝑡−𝑤𝑎𝑟 − 𝐸𝑖,𝑗,𝑝𝑟𝑒−𝑤𝑎𝑟                                                                                      (2) 101 

Where 𝛥𝐸𝑖,𝑗 is the edge of the flow difference graph. As mentioned above, we use the annual 102 

flow differences to include the flow difference caused by storage.  103 

Finally, the graph of the net flow difference of the intra-EU transmissions and imports (Fig. 2) 104 

can be developed by aggregating the bi-directional flow differences, as follows: 105 

𝐸𝑛𝑒𝑡,𝑖,𝑗 = 𝛥𝐸𝑖,𝑗 − 𝛥𝐸𝑗,𝑖                                                                                                              (3) 106 

𝑁𝑛𝑒𝑡,𝑖 = ∑ 𝐸𝑖,𝑛,𝑝𝑜𝑠𝑡−𝑤𝑎𝑟𝑛 − ∑ 𝐸𝑖,𝑛,𝑝𝑟𝑒−𝑤𝑎𝑟𝑛                                                                              (4) 107 

Where 𝐸𝑛𝑒𝑡,𝑖,𝑗 is the edge of the net flow difference graph, 𝑁𝑛𝑒𝑡,𝑖 is the node of the graph, which 108 

indicates the outgoing flow difference of country i, and n is a list of countries that are connected 109 

to country i.  110 



 111 

Fig S7. Bi-directional intra-EU transmission flow network: a) net flow changes between post-112 

invasion (2022-04-01 to 2023-03-31) and pre-invasion (2019-04-01 to 2022-03-3), b) the annual 113 

averaged physical flow in pre-invasion periods (2019-04-01 to 2022-03-31), and c) physical flow 114 

in post-invasion periods (2022-04-01 to 2023-03-31). The differences are calculated by 115 

subtracting the annual average of pre-invasion from post-invasion values. The red arrows indicate 116 

the changes were negative, and the green arrows indicate the changes were positive. The width of 117 

the arrows indicates the amount of the flow changed.  118 



 119 

Fig S8. The daily net flow of several important intra-EU connections. The negative netflow 120 

indicates the reversed transmission between the connections. For example, the negative flow from 121 

PL to DE indicates the transmission from DE to PL (top panel). 122 



Consumption reduction attributions 123 

The discrepancy between the decreased Russian gas supply and the increment of supplies from 124 

other sources is defined as the “Russian gas gap”, which caused the consumption reduction for 125 

the post-invasion winter: 126 

𝛥𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝛥𝑅𝑢𝑠𝑠𝑖𝑎𝑛 𝑖𝑚𝑝𝑜𝑟𝑡𝑠 − ∑ 𝛥𝑆𝑢𝑝𝑝𝑙𝑦𝑠𝑜𝑢𝑟𝑐𝑒𝑠𝑜𝑢𝑟𝑐𝑒                                             (5) 127 

Where 𝛥𝑅𝑢𝑠𝑠𝑖𝑎𝑛 𝑖𝑚𝑝𝑜𝑟𝑡𝑠, and 𝛥 𝑆𝑢𝑝𝑝𝑙𝑦𝑠𝑜𝑢𝑟𝑐𝑒 were estimated with gas supply differences 128 

between the post-invasion winter and the mean gas supply of the pre-invasion winters for Russian 129 

imports, LNG imports, pipeline imports from other countries, and the EU local gas productions. 130 

The gas supply source data is from the EUGasSC dataset. 131 

We then disaggregated the consumption difference (𝛥𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛) into residential heating, 132 

power, and industrial sectors:  133 

𝛥𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝛥𝐻𝑒𝑎𝑡𝑖𝑛𝑔 + 𝛥𝑃𝑜𝑤𝑒𝑟 + 𝛥𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙                                                 (6) 134 

Where 𝛥𝐻𝑒𝑎𝑡𝑖𝑛𝑔 is the heating consumption changes that can be further attributed to the gas 135 

saving due to the temperature (𝑠𝑎𝑣𝑖𝑛𝑔𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) and the behavior changes (𝑠𝑎𝑣𝑖𝑛𝑔𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟): 136 

𝛥𝐻𝑒𝑎𝑡𝑖𝑛𝑔 = ∑ (𝑠𝑎𝑣𝑖𝑛𝑔𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 + 𝑠𝑎𝑣𝑖𝑛𝑔𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)𝑑𝑎𝑡𝑒                                                         (7) 137 

The 𝛥𝑃𝑜𝑤𝑒𝑟 is the change of gas consumption in power generation, which includes the shifting 138 

to other sources for generating electricity (𝑝𝑜𝑤𝑒𝑟𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑,𝑠𝑜𝑢𝑟𝑐𝑒) and the electricity generation 139 

drop due to the lack of gas (𝑝𝑜𝑤𝑒𝑟𝑑𝑟𝑜𝑝): 140 

𝛥𝑃𝑜𝑤𝑒𝑟 = ∑ (𝑝𝑜𝑤𝑒𝑟𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑,𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑝𝑜𝑤𝑒𝑟𝑑𝑟𝑜𝑝)𝑑𝑎𝑡𝑒,𝑠𝑜𝑢𝑟𝑐𝑒                                                     (8) 141 

And 𝛥𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 is the change of gas consumption in the industrial sector, which can be 142 

separated into the reduction that likely had a negative impact on industrial production 143 

(𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙𝑛𝑜𝑛−𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒) and the reduction that unlikely had a negative impact on industrial 144 

production (𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒) 145 

𝛥𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 = ∑ (𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 + 𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙𝑛𝑜𝑛−𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒)𝑑𝑎𝑡𝑒                                     (9)  146 



Residential heating sector 147 

The gas consumption in the heating sector can be estimated with empirical TGC curves, which 148 

have been discussed in our previous research (1) (4). In this study, we focused on the winter 149 

periods with low temperatures, therefore, the two-segment TGC curves can be simplified by only 150 

considering the segment with temperatures lower than the start-heating temperature: 151 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑑𝑎𝑡𝑒  = 𝑇𝐺𝐶(𝑇𝑑𝑎𝑡𝑒) =  𝑇𝑑𝑎𝑡𝑒 ∗ 𝑎 + 𝑏                                            (10) 152 

Where 𝑇𝑑𝑎𝑡𝑒 is the daily air temperature, 𝑎 and 𝑏 are the coefficients of the linear regression.  153 

The TGC curves of household heating and public heating were fitted for the pre-invasion and 154 

post-invasion winters (Fig S9 a and b). Then the daily gas consumption changes due to the 155 

behavior and temperature can be defined with day-to-day comparisons:  156 

𝑐ℎ𝑎𝑛𝑔𝑒𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟,𝑑𝑎𝑡𝑒  =  𝑇𝐺𝐶𝑝𝑟𝑒(𝑇𝑝𝑜𝑠𝑡_𝑑𝑎𝑡𝑒)  −  𝑇𝐺𝐶𝑝𝑜𝑠𝑡(𝑇𝑝𝑜𝑠𝑡_𝑑𝑎𝑡𝑒)                                      (11) 157 

𝑐ℎ𝑎𝑛𝑔𝑒𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒,𝑑𝑎𝑡𝑒  =  𝑇𝐺𝐶𝑝𝑜𝑠𝑡(𝑀𝑒𝑎𝑛(𝑇𝑝𝑟𝑒𝑣_𝑑𝑎𝑡𝑒))  −  𝑇𝐺𝐶𝑝𝑜𝑠𝑡(𝑇𝑝𝑜𝑠𝑡_𝑑𝑎𝑡𝑒)                    158 

(12) 159 

Where 𝑐ℎ𝑎𝑛𝑔𝑒𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟,𝑑𝑎𝑡𝑒 and 𝑐ℎ𝑎𝑛𝑔𝑒𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒,𝑑𝑎𝑡𝑒 are the daily gas changes due to the 160 

behavior and the temperature (positive values means gas consumption is reduced in the post-161 

invasion winter),  𝑇𝐺𝐶𝑝𝑟𝑒𝑣 and 𝑇𝐺𝐶𝑝𝑜𝑠𝑡 are the country-based TGC curved fitted for the pre-162 

invasion and post-invasion winters, 𝑇𝑝𝑜𝑠𝑡_𝑑𝑎𝑡𝑒  and 𝑀𝑒𝑎𝑛 (𝑇𝑝𝑟𝑒𝑣_𝑑𝑎𝑡𝑒) are the daily air 163 

temperature in the post-invasion winter and the daily mean temperature in the pre-invasion 164 

winters for a particular date, respectively. This dual approach allowed us to isolate and quantify 165 

the distinct impacts of behavioral shifts and temperature changes on residential gas consumption. 166 



 167 

Fig S9 a. Temperature-gas-consumption (TGC) curves for household heating in the pre-invasion 168 

winters (2019-2022) in blue and post-invasion winter (2022-2023) in orange.  169 



 170 

Fig S9 b. Temperature-gas-consumption (TGC) curves for public heating in the pre-invasion 171 

winters (2019-2022) in blue and post-invasion winter (2022-2023) in orange.  172 



 173 

Fig S10. Correlation between (a) monthly household heating reduction vs. temperature difference, 174 

and (b) monthly household heating reduction vs. absolute temperature.  175 



 176 

Fig S11. Map of temperature importance for consumption change in the heating sector, 177 

choropleth maps indicate the ratios of temperature change compared with the behavior change, 178 

and the number shows the changed amount (TWh) because of the temperature change. The 179 

temperature changes are negative (more consumption due to the temperature) for the countries 180 

with blue contours.  181 



Power sector 182 

The power structure changes after the cut-off of the Russian gas supply were analyzed based on 183 

daily power generations with different sources from the Carbon Monitor Power dataset (5). To 184 

avoid the weekly variation, we performed 7-day aggregated difference comparisons for power 185 

generated by different energy sources including gas, coal, oil, nuclear, wind, solar, hydro, and 186 

others in the EU27&UK as follows: 187 

𝛥𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒,𝑑𝑎𝑡𝑒  = (∑ 𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒,𝑝𝑜𝑠𝑡_𝑑𝑎𝑡𝑒−𝑖
6
𝑖=0 −  ∑ 𝑀𝑒𝑎𝑛(𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒,𝑝𝑟𝑒𝑣_𝑑𝑎𝑡𝑒−𝑖)6

𝑖=0 )/188 

7  (13) 189 

Where 𝛥𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒,𝑑𝑎𝑡𝑒 is the daily electricity generation changes for particular date-source 190 

combinations, 𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒,𝑝𝑜𝑠𝑡_𝑑𝑎𝑡𝑒  and 𝑀𝑒𝑎𝑛(𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒,𝑝𝑟𝑒𝑣_𝑑𝑎𝑡𝑒) are the daily electricity 191 

generation in the post-invasion winter and the daily electricity generation in the pre-invasion 192 

winters for the corresponding date and source, respectively. 193 

Then the reduction of gas-powered electricity that would probably be replaced by other energy 194 

sources (𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑑𝑎𝑡𝑒) and probably not be replaced by other energy sources 195 

(𝑝𝑜𝑤𝑒𝑟 𝑑𝑟𝑜𝑝𝑝𝑒𝑑𝑑𝑎𝑡𝑒) can be estimated as follows: 196 

𝑝𝑜𝑤𝑒𝑟 𝑑𝑟𝑜𝑝𝑝𝑒𝑑𝑑𝑎𝑡𝑒  = 0 𝑖𝑓 (𝛥𝑝𝑜𝑤𝑒𝑟𝑔𝑎𝑠,𝑑𝑎𝑡𝑒 + 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑑𝑎𝑡𝑒 > 0)                                             197 

                                       𝑒𝑙𝑠𝑒 − (𝛥𝑝𝑜𝑤𝑒𝑟𝑔𝑎𝑠,𝑑𝑎𝑡𝑒 + 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑑𝑎𝑡𝑒)                      (14) 198 

𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑑𝑎𝑡𝑒  = ∑ 𝛥𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒,𝑑𝑎𝑡𝑒  𝑖𝑓 (𝛥𝑝𝑜𝑤𝑒𝑟𝑠𝑜𝑢𝑟𝑐𝑒,𝑑𝑎𝑡𝑒 > 0) 𝑠𝑜𝑢𝑟𝑐𝑒≠𝑔𝑎𝑠 𝑒𝑙𝑠𝑒 0      199 

(15) 200 

When the increment of daily electricity generation from other sources exceeds the decrement of 201 

gas-powered electricity generation (𝛥𝑝𝑜𝑤𝑒𝑟𝑔𝑎𝑠,𝑑𝑎𝑡𝑒 + 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑑𝑎𝑡𝑒 > 0), 202 

𝑝𝑜𝑤𝑒𝑟 𝑑𝑟𝑜𝑝𝑝𝑒𝑑𝑑𝑎𝑡𝑒 will be set to 0, and the supply source shares in 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑑𝑎𝑡𝑒 will 203 

be maintained. This approach allowed us to assess the daily potential for alternative energy 204 

sources to replace gas-powered electricity and the risk of electricity supply shortages due to 205 

reduced gas usage. 206 



 207 
Fig S12. Pre-invasion (a) and post-invasion (b) energy structure in power generation for pre-invasion and 208 

post-invasion periods. 209 



 210 

Fig S13. Monthly power generation in the pre-invasion and post-invasion winters in each energy 211 

sector (from the Carbon Monitor power dataset). The color bands in represent the standard 212 

deviation (SD).213 



 214 

 215 

Fig S14. Day-to-day power generation changes in the post-invasion and pre-invasion winters 216 

(from the Carbon Monitor power dataset).  217 



 218 

Fig S15. Daily power generation changes based on sources, a) gas, b) renewable, c) oil+coal, d) 219 

nuclear, and e) other resources in EU27&UK. The renewable include hydro, wind, and solar 220 

electricity. The periods with orange backgrounds indicate that gas-powered electricity was not 221 

able to be replaced by renewable electricity.   222 



Industrial sector 223 

The gas consumption in the industrial sector can be divided into energy use and non-energy use 224 

(6). In energy use, gas is mainly used for heating and electricity generation, and in non-energy 225 

use, gas is mainly used as chemical feedstocks or as raw materials (7).  226 

Similar as the power sector, 7-day aggregated difference comparisons are used for industrial gas 227 

consumption and total electricity generation comparison as well. The potential impact of 228 

industrial gas change on industrial production can be estimated (Fig S16): 1) low possibility of 229 

having negative impacts if the industrial gas change is positive (post-invasion consumed more gas 230 

in the industrial sector), 2) low possibility of having negative impacts if the industrial gas change 231 

is negative, and the positive electricity change can cover the decrement with a low conversion 232 

efficiency (0.3), 3) medium possibility of having negative impacts if the industrial gas change is 233 

negative, and the positive electricity change cannot cover the decrement with a medium 234 

conversion efficiency (0.3~0.7), 4) high possibility to have a negative impact if the industrial gas 235 

change is negative, and the positive electricity change cannot cover the decrement with a high 236 

conversion efficiency (0.7), 5) high possibility to have a negative impact if both the industrial gas 237 

change and electricity generation are negative. Then the amount of industrial gas reduction 238 

(𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝑑𝑟𝑜𝑝𝑝𝑒𝑑𝑑𝑎𝑡𝑒) that would potentially have negative impacts on industrial production 239 

can be estimated: 240 

𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝑑𝑟𝑜𝑝𝑝𝑒𝑑𝑑𝑎𝑡𝑒  = 𝛥𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙𝑑𝑎𝑡𝑒  + 𝛥𝑝𝑜𝑤𝑒𝑟𝑑𝑎𝑡𝑒/𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  241 

𝑖𝑓 𝛥𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙𝑑𝑎𝑡𝑒  < 0 𝑎𝑛𝑑  𝛥𝑝𝑜𝑤𝑒𝑟𝑑𝑎𝑡𝑒 > 0                           (16) 242 

Where 𝛥𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙𝑑𝑎𝑡𝑒 and 𝛥𝑝𝑜𝑤𝑒𝑟𝑑𝑎𝑡𝑒 are the 7-day aggregated differences between industrial 243 

gas consumption and total electricity generations. 244 



 245 

Fig S16. Concept figure of the estimation of the potential impact of industrial gas change on 246 

industrial production.  247 



GHG emission related 248 

CO2 emission estimations for the power sector 249 

We estimate the CO2 emission changes from the coal-fired and gas-powered power plants based 250 

on emission factors from the US EPA report (8), the emission factor for coal-fired power plants 251 

and gas-fired power plants is 2180 pound CO2/MWh and 898 pound CO2/MWh, respectively. 252 

Despite the CO2 emission in production, we assume the CO2 emission from solar, wind, hydro, 253 

and nuclear is zero. 254 

The CO2 emission from the electricity generation can be estimated as follows: 255 

𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = ∑𝑠𝑜𝑢𝑟𝑐𝑒 𝑝𝑜𝑤𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠𝑜𝑢𝑟𝑐𝑒 × 𝐸𝑚𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟                                           256 

(1) 257 

Therefore, we estimated, that in the EU27&UK, the CO2 emission from power generation for the 258 

pre-invasion and post-invasion winters are 294 Mt CO2 /yr and  283Mt CO2/yr, and the carbon 259 

density for the pre-invasion and post-invasion winters are 0.233 and 0.237 Kg CO2/MWh. 260 

The CO2 emission reduction caused by replacing gas-powered electricity in the post-invasion 261 

winter is 8.5 Mt CO2, estimated as follows:𝛥𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = ∑𝑠𝑜𝑢𝑟𝑐𝑒 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑠𝑜𝑢𝑟𝑐𝑒 ×262 

(𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟𝑠𝑜𝑢𝑟𝑐𝑒 − 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟𝑔𝑎𝑠)         (2) 263 

Where the 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑠𝑜𝑢𝑟𝑐𝑒 is the reduction of gas-powered electricity that would probably be 264 

replaced by other energy sources (see method).  265 

Based on equation (2), we estimate 16.3 Mt CO2 emission can be reduced if French Nuclear 266 

power generation is back to the pre-invasion levels to replace the gas-powered electricity.  267 



CO2 emission estimations for gas transportation 268 

We estimate the CO2 emission from the LNG and pipeline transportation based on the Global 269 

Warming Potential (GWP) of 100-year periods. On-site research estimated that LNG carriers will 270 

emit about 100 Kg CO2 eq/ tonne of LNG transported (9). And the potential leakage of pipeline 271 

transportation is about 1.4%. (10) We use a conversion factor for natural gas at 0.2 Kg CO2 272 

eq/kWh of gas. (10, 11), and the tonne-KWh conversation factor for LNG at 15222 KWh/tonne of 273 

LNG. (12)  274 

The increased LNG supply from this study is 593.3 TWh. 275 

The CO2 emission from LNG transportation is (13): 276 

593.3 TWh * 109 / 15222 KWh/tonne of LNG * 100 Kg CO2 eq/ tonne of LNG = 38.9 Mt CO2 eq 277 

The CO2 emission from the pipeline transportation is:  278 

593.3 TWh * 109  * 1.4% * 0.2 Kg CO2 eq/KWh = 16.6 Mt CO2 eq 279 

The CO2 emission from LNG transportation would be able to allow leakage from pipeline 280 

transportation up to 3.3%.  281 



Table S4. Descriptions of column headers and units of EUGasNet and EUGasImpact. 282 

Dataset Header Description  Unit 

EUGasNet date Transmission date DateTime 

fromCountry Start country key CountryKey 

toCountry End country key CountryKey 

LNG_share Supply ratio from LNG  0-1 

PRO_share Supply ratio from EU 

Production  

0-1 

RU_share Supply ratio from Russian 

Production  

0-1 

AZ_share Supply ratio from Azerbaijan  0-1 

DZ_share Supply ratio from Algeria  0-1 

NO_share Supply ratio from Norway  0-1 

RS_share Supply ratio from Serbia 0-1 

TR_share Supply ratio from Turkey  0-1 

LY_share Supply ratio from Libya  0-1 

TotalFlow Total transmission ammount KWh 

EUGasImpact date date  DateTime 

country country CountryKey 

house_heating Consumption of house heating GWh 

house_heating_diff_total Consumption difference 

compared to pre-invasion 

periods 

GWh 



house_heating_diff_T Consumption differences 

caused by temperature 

GWh 

house_heating_diff_behavio

r 

Consumption differences 

caused by behavior 

GWh 

house_heating_residual Consumption differences  

residual 

GWh 

public_heating Consumption of public 

heating 

GWh 

public_heating_diff_total Consumption difference 

compared to pre-invasion 

periods 

GWh 

public_heating_diff_T Consumption differences 

caused by temperature 

GWh 

public_heating_diff_behavi

or 

Consumption differences 

caused by behavior 

GWh 

public_heating_residual Consumption differences  

residual 

GWh 

power_generated_with_gas Power generated with gas GWh 

power_generated_with_gas

_diff 

Differences in power 

generated  with gas compared 

to pre-invasion periods 

GWh 

power_dorp_filled_with_fo

ssil 

Gas-powered electricity 

reduction (if exists) replaced 

by fossil electricity 

GWh 

power_dorp_filled_with_gr

een 

Gas-powered electricity 

reduction (if exists) replaced 

by green electricity 

GWh 

power_dorp_filled_with_nu

clear 

Gas-powered electricity 

reduction (if exists) replaced 

by nuclear electricity 

GWh 

power_dorp_can_not_filled Gas-powered electricity 

reduction (if exists) can not be 

replaced 

GWh 

industrial Consumption of industrial GWh 

industrial_diff Consumption difference GWh 



compared to pre-invasion 

periods 

reduced_impact_industrial_

production 

Consumption reduction (if 

exists) might reduce industrial 

production 

GWh 

 283 

Table S5. Winter Temperature compare for EU27&UK between pre-invasion winters (2019-284 

2020, 2020-2021, and 2021-2022) and post-invasion winters (2022-2023, 2023-2024). 285 

Country 

Daily mean for pre-

invasion winters 

Daily mean for post-

invasion winters 

Mean of Day-to-day 

difference 

GR 6.8 8.8 2.1 

BG 4.1 5.6 1.5 

RO 2.6 3.8 1.2 

HU 4.1 5.3 1.2 

HR 5.2 6.3 1.1 

IT 6.3 7.3 0.9 

CZ 2.1 3.0 0.9 

AT 0.0 0.9 0.9 

SI 3.1 4.0 0.9 

ES 8.0 8.7 0.7 

DE 3.9 4.5 0.6 

BE-LU 5.5 6.0 0.5 

FR 6.3 6.7 0.4 

PL 2.4 2.9 0.4 

NL 6.0 6.4 0.4 

PT 10.6 11.0 0.4 

IE 6.4 6.7 0.2 

SK 1.6 1.8 0.2 

UK 5.3 5.5 0.2 

LT 1.0 0.1 -0.9 

LV-EE 0.2 -1.0 -1.2 

FI -4.7 -6.3 -1.6 

DK-SE -2.9 -4.6 -1.7 

 286 

  287 
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