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Abstract: The COVID-19 pandemic caused radical temporary breaks with past energy use 

trends. How post-pandemic recovery will impact the longer-term energy transition is unclear. 

Here, we present a set of global COVID-19 shock-and-recovery scenarios that systematically 

explore the effect of demand changes persisting. Our pathways project final energy demand 

reductions of 1 to 36 EJ/yr by 2025 and cumulative CO2 emissions reductions of 14 to 45 

GtCO2 by 2030. Uncertainty ranges depend on the depth and duration of the economic 

downturn and demand-side changes. Recovering from the pandemic with energy-efficient 

practices embedded in new patterns of travel, work, consumption, and production reduces 

climate mitigation challenges. A low energy demand recovery reduces carbon prices for a 

1.5°C consistent pathway by 19%, lowers energy supply investments until 2030 by 1.8 trillion 

USD, and softens the pressure to rapidly upscale renewable energy technologies.  
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Main text 

The ongoing COVID-19 pandemic has a far-reaching impact on society, with different 

repercussions across countries worldwide. The containment measures to limit the spread of 

the virus have resulted in reduced business activities, an increase in unemployment, travel 

restrictions, gathering limitations, and changes in manufacturing and trade, affecting both the 

economy and people’s daily lives1–3. As a consequence, people have had to temporarily 

change their lifestyles drastically, leading to changes in society’s demand for energy on a 

daily basis1,4,5, leading to immediate observable effects on air quality, energy demand, and 

greenhouse gas emissions, with several studies estimating the impact of restrictions on global 

CO2 emissions4,6,7. Although the global drop in greenhouse gas emissions in 2020 is very 

likely to be the largest on record in a single year8, temporary short-term reductions will not 

avert global temperature rise unless they are followed by long-term structural changes in 

energy systems4,9.  

Governments have proposed and implemented major fiscal stimulus packages to help recover 

economies from this ongoing crisis. This has created a widely-discussed opportunity for a 

‘green’ and climate-positive recovery towards a net-zero emissions future10. Recent research 

has shown that policy support for decarbonization efforts in energy and transport is expected 

to increase11 and has identified policies for positive climate and economic recoveries12. 

However, in part due to the complexity of socially driven change, energy-economy modelling 

research has not yet focussed on assessing the potential impacts of demand-side effects on 

climate mitigation challenges13,14.  

In this study, we assess the potential effect of COVID-19 induced impacts on energy demand 

through recovery scenarios that vary the persistence of changes observed over the past year. 

We contribute a quantitative global analysis of how the near-term COVID-19 shock and 
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alternative medium-term recovery pathways of demand-side changes could affect long-term 

energy demand. We find that enabling a low energy demand recovery can help reduce the 

costs of meeting Paris Climate Agreement targets.  

An extreme event in a long-term model framework 

Assessing the effects of drastic near-term changes over the medium to longer-term is 

challenging because it requires holistic treatment of both temporary and structural 

socioeconomic changes that together define a set of alternative future pathways15,16. Recent 

studies have mostly assessed the observed impacts of lockdown measures in some western 

countries on the energy sector and CO2 emissions6 and have tried to project trends for the 

coming decades following the 2020 shock4,15. Some studies have focused on specific sectors 

like mobility17 or the power18 sector. Other studies16,19 have modelled links between current 

economic recessions and future projections of CO2 emissions but only at the country level. 

Such studies do not explicitlyconsider different levels of persisting demand-side changes with 

feedbacks in an integrated energy-economy analysis.  

Here, we combine a detailed bottom-up assessment of reported changes of energy services 

and energy demand in 2020 with macro-economic modelling of sectorial changes driven by 

economic factors. First, we compare activity levels and energy service use intensities during 

the 2020 shock with historical data in three key sectors: transport, buildings, and industry. Our 

focus is on social, behavior, business-model and infrastructure changes associated with 

COVID-19 restrictions. We then systematically evaluate medium-term uncertainties through a 

scenario design that illustrates distinct recovery pathways. These include regionally 

heterogeneous economic responses of varying intensities (through a GDP sensitivity analysis).  
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We construct possible recovery scenarios that either seize opportunities towards a new 

normality or revert back to energy system structures that existed before the pandemic. Each of 

the energy pathways is illustrated with a set of assumptions consistent with the persistence of 

activity and structural changes (Table 1 and Figure 1). We use the MESSAGEix-GLOBIOM 

Integrated Assessment Model (IAM)20 to capture global economy, energy, and climate 

dynamics and feedbacks in the medium to long-term, including regionally heterogeneous 

responses to the COVID-19 emergency. This integrated assessment of shock, recovery, and 

long-term outcomes shows the conditions under which COVID-19 can have the strongest 

implications for climate change mitigation.  

 

Figure 1: Scenario design along the axis of COVID-related impacts. Note y-axis denotes disturbance from pre-

pandemic ‘normality’ not increase in demand. Bar charts show relative changes in energy-related activity 

between 2019 and 2025 in transport (passenger, freight), buildings, and industrial sectors for the four recovery 

pathways. The black outline boxes indicate the 2019-2025 change in the restore scenario and serve as a common 

reference point for the self-reliance, smart use, and green push scenarios. Indicators are passenger-kilometer 

(p.km), tonne-kilometer (t.km), meter squared-degree days (m2.DD), and material production in million tonnes 

(Mt).
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Table 1: Sectoral elements of four scenario narratives. These elements represent potential avenues of reaching characteristic levels of persistence of 
sectoral changes in 2025, compared to 2019 levels. Indicated values are global aggregations of the estimation for the two macro-region Global North 
and Global South, see Supplementary Notes 1-5 for further details. 
 Transport Buildings Industry 
Restore Return to pre-pandemic levels. Shares of 

private transport, vehicle ownership and 
international aviation activity are restored. 

Return to pre-pandemic levels of private and public 
space usage in terms of size, intensity and location. 

Industrial activity, production levels and supply chain 
structures return to pre-pandemic levels, coupled with the 
reduction in economic activity. 

Self-
reliance 

Concerns about health risks remain for a 
longer time. Shift to private transport is 
combined with pre-pandemic teleworking 
levels, leading to a strongly muted overall 
increase in public transit (+3%) while car and 
two-wheeler usage surges (+24%). Air travel 
is high (+11%). Freight activity nearly fully 
recovers, but to lower levels than 
counterfactual projections due to the 
persistence of the economic shock. 

Health risk considerations and persistent social 
distancing behaviour mean total utilization rate 
(m2.degree-days) increases (+11% globally, +12% in 
residential, +9% in non-residential buildings). Both 
home usage (office, school, online services and e-
retail) and shares of under-occupied but temperature-
controlled non-residential space increase, leading to 
some duplication of personal space. 

Growth in private space (living, working and travel) and 
new business solutions (online, thus delivery and 
packaging), a legacy of duplication of industrial sourcing 
(glocalization). The largest effect is seen in demand for 
steel (+5–10%) due to machinery demand, chemical and 
paper (+2–3%). The combined effect with an economic 
recession results in a global +10% activity compared with 
2019, which is 4% higher than it would be without a 
pandemic.. 

Smart use Teleworking levels during the pandemic 
partially persist, leading to muted growth in 
the use of both light-duty vehicles (+3%) and 
public transport (+6%) compared with pre-
pandemic structures. Surge in online retailing 
increases overall road freight activity. 
Aviation does not recover to pre-pandemic 
levels due to reduced international tourism 
(−4%). 

Transformed space use for work, leisure, 
administration and services becomes the norm, 
increasing the intensity of home space use (+9% 
utilization rate, that is, m2.degree-days), with 
moderate (+2%) increase of non-residential space, 
mainly driven by population increase, as space use 
intensity is unchanged. 

Return to pre-pandemic production structures and levels, 
with minor material reduction and intensity improvement 
(for example, as a legacy of cost pressures, staff shortage, 
automatization and so on). Overall, the change is small and 
only −1% lower than it would be without a pandemic, yet 
+7% compared with 2019, with large regional differences. 

Green 
push 

The large reduction in commuting trips and 
long-distance travel is highly persistent 
(−17% aviation). Especially in urban areas, 
private car use remains low (−7%). Transport 
needs are instead fulfilled by rail (+31%) and 
road public transport (+23%) in part enabled 
by lower actual and perceived health risks 
compared with other scenarios. 

Utilization rate of buildings increases (+7% globally). 
Strong increase in the use of thermally conditioned 
homes (+11%) due to relocation of work, services 
(schooling, retail, administration and so on) and 
intensification of domestic activities (cooking, 
entertainment and so on). Some offsetting effect by 
reduction and better use of non-residential space 
(−8%) and efficiency gains due to user behaviour and 
non-residential space optimization.user behavior and 
non-residential space optimization.  

Increased efficiency in industries (as a legacy of the 
pandemic, where industries worked under labour and raw 
material shortage pressures). Rebalancing between local 
production and imports. Lower mobility and change in 
modal splits and building activity reduce global demand for 
steel (−5%) and aluminium (−3%) compared with non-
pandemic situation. Impacts on building utilization also 
moderate the increase of aluminium and cement. Increased 
online shopping (packaging) and staying at home (more 
hygiene) lead to changes in paper and chemical demand and 
an overall increase in material production (+2%). 
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Energy demand drop in 2020 and alternative recovery pathways  

Lockdowns and other pandemic measures have had major impacts on energy-related activity, 

mostly on international travel, commuting, use of space, e-commerce, and use of 

technologies21. In turn, this has affected energy demand in the buildings, transport, and 

industrial end-use sectors. We set out to understand the implications of these changes for 

sectoral energy demand as well as for structural changes regarding the types and amounts of 

energy services consumed in each sector (see Methods and Supplementary Note 1-5). We 

assess the direct impact of COVID-19 on the use of residential and commercial floorspace, 

use of electric appliances, travel (by mode), and industrial output. We find global final energy 

demand in 2020 to be about 25 EJ (6%) lower than it would have been without the pandemic. 

9 EJ of reductions are attributable to industry (6% sectoral reduction) and 20 EJ to transport 

(17% reduction). In contrast, the buildings sector shows a small increase in demand of 5 EJ 

(3% increase), as growth in residential energy use growth has been only partially offset by 

reductions in commercial and public building energy use (Figure 2a-c)22,23. As a result of 

these observed changes, we estimate total CO2 emissions in 2020 to be around 7% or 3 Gton 

lower than they would have been without the pandemic (Figure 2d). This provides an 

independent estimate within the range of earlier estimates4,6,8. 

How these observed near-term impacts on demand-related activity play out over the medium-

term to 2025 is highly uncertain. We construct and analyze four scenarios to systematically 

explore this uncertainty space using a branching point design. The first branching point 

distinguishes recovery pathways that move towards restoring pre-pandemic ‘normality’ from 

pathways that seize opportunities towards a ‘new normality’ (Figure 1). The second branching 

point distinguishes pathways with weaker or stronger responses to the demand-side changes 

experienced during lockdowns.   
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Table 1 summarizes the main elements of of the four scenario narratives, along with the 

detailed assumptions about activity and structural changes in transport (modal shares), 

buildings (domestic-commercial-retail shares), and industry (production of different 

materials) over the period until 2025. The activity-structure-intensity methodology follows the 

approach of ref. 24 (Supplementary Notes 1-5 for full details). Economic uncertainty around 

GDP decline and recovery is further explored using sensitivity analysis with regional detail 

(Supplementary Note 6).  

The restore and self-reliance scenarios describe recovery pathways characterized more 

strongly by path-dependence and system inertia. Restore sees a strong return to pre-pandemic 

energy-related activity and structure. Self-reliance comes with an amplified emphasis on 

individualism and national isolation, with less cooperative economic and social integration. 

Self-reliance implies increased use of private vehicles and larger working and home office 

spaces (Table 1).  

The smart use and green push scenarios describe recovery pathways that learn from 

experiences during lockdowns. Smart use sees positive experiences with enforced behavioral 

changes enduring over the medium-term. For example, increased awareness of the impacts of 

air pollution, health and wellbeing benefits of less carbon-intensive transport, benefits of less 

commuting time, and more teleworking become embedded in new social patterns affecting 

energy-related activity in both buildings and transport sectors (Figure 1). Green push 

illustrates strong learning supported by structures that enable enduring changes in active 

travel, digital substitution for physical transport, efforts to reduce health risks in public 

transport, and directed downsizing of underused retail and commercial buildings space. These 

distinct scenario narratives focus on the first and second-order effects on the energy transition 

given the varying persistence of COVID-19 impacts on energy demand. It is not the aim of 
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this study to assess the dynamic of implementing specific policies, which would deserve a 

separate dedicated effort that also explicitly explores governance contexts. 

Depending on the scenario, global energy demand surpasses 2019 levels between 2021 and 

2023, with global final energy demand in 2025 remaining 1-36 EJ/yr lower than a 

counterfactual no-pandemic scenario  and with different sectoral dynamics (Figure 2a-c). The 

green push scenario is the only scenario to delay the rebound in energy demand considerably. 

Notably, smart use still sees a rebound of energy due to higher energy demand.  

The range of final energy outcomes for the buildings and industry sectors across our four  

COVID-19 shock-and-recovery scenarios is relatively small compared to the full uncertainty 

range in future forecasts. In contrast the range in transport final energy in 2025 due to 

COVID-19 recovery assumptions is almost four times as large as the the projection 

uncertainties across five different IAM pathways simulating national policies without a 

pandemic (after harmonizing in 2020) (Figure 2e). To get a sense of the magnitude of this 

change, transport energy demand reductions in green push by 2025 relative to a 

counterfactual no-Covid scenario are equivalent to a 12% reduction in global passenger 

transport activity (holding constant modal shares and fuel efficiencies). Alternatively, similar 

levels of energy demand reductions could have been achieved by shifting 18% of private 

transport activity to public transport, or by electrifying approximately a third of global private 

road transport activity (if change were globally uniform).  

Global CO2 emissions follow a similar trend, but pre-pandemic levels are reached between 

2023-2033 depending more strongly on the recovery pathway (Figure 2e). The cumulative 

carbon reduction is 14-45 GtCO2 by 2030 compared to a counterfactual scenario without a 

pandemic. This reduction is attributable to the energy demand reductions in industry and 

transport, with the latter accounting for most of the variation between scenarios. Pre-
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pandemic, it was already clear that current climate action is inconsistent with the Paris 

Agreement’s ambition of limiting global warming to well below 2°C and pursuing to limit it 

to 1.5°C25. Our COVID-19 shock-and recovery demand-side scenarios do not alter this 

picture, in the absence of additional stringent climate policies. The large economic uncertainty 

during the recovery has strong consequences for emission trends: rapid recoveries from 

economic recessions could more than offset emission reductions from the activity and 

structural changes in buildings, transport and industry (grey shaded area in Figure 2d). Even 

with very strong reductions in global GDP, carbon budgets consistent with Paris Agreement 

goals will still be depleted fast (Figure 2f-g). At most, it delays their depletion by 3 to 5 years 

(for 1.5°C and 2°C, respectively) compared to a scenario without the pandemic. This 

emphasises the continued importance of stringent and sustained climate policies alongside or 

as part of the economic recovery. 

The strongest CO2 reductions are found in the Global North. Projected growth in energy and 

emission trends dominate the relatively small COVID-19 demand change effect in the Global 

South (Supplementary Note 5.1 for more detail, region definitions in Supplementary Note 1).  
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Figure 2: Final energy and emissions pathways under alternative COVID-19 recovery scenarios and 

economic uncertainty. Final energy use for the buildings (a), transport (b), industry (c) sectors. Total annual 

CO2 emissions, including National Determined Contributions (NDCs) and National Policies from CD-LINKS 

scenarios (d), from ref.24. Sectoral final energy in 2025 compared with five global integrated assessment model 

pathways simulating national policies. A: AIM/CGE 2.1, I: IMAGE 3.0.1, P: POLES CD-LINKS, R: REMIND-

MAgPIE 1.7-3.0, W: WITCH-GLOBIOM 4.4, for scenario CD-LINKS_NPi. National policies are harmonized 
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to the 2020 values in Baseline-no-COVID using a constant offset (e). Cumulative CO2 emissions starting from 

2019, with global CO2 budgets visualized as reported in SR15 (f). Global GDP (market exchange rates) indexed 

to 2019 levels for our scenarios (bold), the pre-pandemic prediction (dashed line) and uncertainty range (g). Grey 

shading shows the sensitivity range considering GDP uncertainty (a-g), see Supplementary Note 6 for more 

detail. 

Energy transition challenges under alternative recoveries 

Across a diverse set of indicators, a lower energy demand green push recovery is found to 

have the lowest climate mitigation challenge (Figure 3, more regional detail in Supplementary 

Figures 19-26, and the online Scenario Explorer tool under Data Availability). Here we 

discuss the relative differences between scenarios staying below a 1.5°C target, investigating 

the effects of missing opportunities to maintain parts of the energy reductions observed during 

the pandemic. A demand-side recovery from the pandemic which locks in high energy 

demand practices means system-wide post-recovery decarbonization rate has to be up to 3% 

faster over the period 2025-2040 (self-reliance). The largest variation in decarbonization rates 

across scenarios is from transportation energy demand (4% for smart use to 8% for self-

reliance with increased private vehicle use). Demand-side decarbonization rates for industry 

(3 to 5%) and residential and commercial buildings (2 to 5%) are slightly less dependent on 

the overall recovery (Figure 3 Decarbonizing Buildings, Industry, Transport).  

Pathways that aim to stabilize global temperatures around 1.5°C require considerable energy 

investments. Even if differences in the required pace of decarbonisation are small, 

maintaining lower energy demand as in green push reduces energy investments until 2030 

considerably. Letting energy demand restore to pre-pandemic structures instead means about 

9% higher investments (Figure 3 Energy Investments) or 1.8 trillion US dollars globally. The 

additional energy investments required for a self-reliance recovery that still meets the 1.5°C 
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targets amount to 3.5 trillion (18%). The potential missed opportunity for reducing energy 

investment needs is largest in the Global North (up to 21% for self-reliance). Similarly, the 

simulated aggregate carbon pricing until 2030 to meet the 1.5°C target is significantly higher 

for self-reliance (15%) and restore (19%) compared to green push (Figure 3 Carbon Costs). 

Thus, if the post-COVID-19 recovery fails to embed low-carbon activity and structural 

change, economic incentives to decarbonise the system must be markedly stronger, 

particularly in the Global North due to the larger impact of COVID-19 on activity, energy and 

emissions compared to the Global South (Supplementary Note 5.1).  

Increased near-term transport energy demand forces transport electrification to be faster to 

meet the 1.5°C climate target. Electricity in transport in 2030 accounts for 9.5 EJ/yr in the 

green push scenario (11% of transport final energy). In the self-reliance scenario it is higher 

at 12 EJ/yr (12% of transport final energy). These noteworthy differences in the relative speed 

of electrification in Figure 3 (Electrification Transport) show the greater electrification 

challenge for transport if passenger mobility recovers from the COVID-19 shock mostly in 

the form of private vehicle use, increasing transport electricity from 1.7 EJ/yr in 2019. Failing 

to push for a green recovery that includes modal shift risks increasing the electrification 

challenge in the order of 13 trillion EV-kilometers extra per year by 2030 or about an extra 8 

times the 2019 global electricity demand from EVs26.  

A low-carbon energy transition requires strong decarbonisation of the energy supply as well. 

Higher global energy demand means faster renewables growth to reduce emissions. 

Consequently, the share of electricity coming from wind and solar installations in 2030 could 

be more than 5% higher in self-reliance than in green push, requiring a 10% faster upscaling 

of non-biomass renewable energy generation (Figure 3 Electricity Generation). Regardless of 
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the recovery pathway, the transitional challenge is large. Wind and solar electricity shares for 

2030 range between 49% and 54% in our 1.5°C scenarios, up from 8% in 2019.  

Alongside rapid renewables deployment, rapid fossil fuel phase out is another energy 

transition challenge. Lower energy demand in the near term is associated with faster phase-

out of coal-fired power generation . This comes with potential near-term social challenges, 

though these are regionally heterogeneous due to different coal plant characteristics (Figure 3 

Coal Phase-out). None of the presented scenarios with ambitious climate mitigation strategies 

towards 1.5°C see a recovery of coal use for energy after the steep reduction during the 2020 

pandemic27.  
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Figure 3: Alternative medium-term recovery pathways affect the size of the energy transition challenge 

for limiting global warming to 1.5°C. Each wedge shows the % variation in a specific indicator of mitigation 

effort required in the restore (yellow), self-reliance (red), and smart use scenarios relative to the scenario with 

the lowest transition challenges (green push). Electricity generation: the share of solar and wind in electricity 

generation. Carbon costs: the net present value of the global carbon price multiplied by annual greenhouse gas 

emissions, for the period 2020-2030. Decarbonizing Buildings, Industry, and Transport: increase of post-

recovery decarbonization pace in 2025-2040 compared to the reference scenario under the same climate target. 

Coal Phase-out: reduction in cumulative coal energy production capacity 2020-2030. Electrification Transport: 

share of electricity of transport energy in 2030.  Energy Investments: cumulative energy supply investments 

2020-2030.  
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Medium-term green recovery yields climate mitigation benefits 

Most scenarios that aim to limit global warming to 1.5°C show global net-zero CO2 

emissions around 205028. This requires fast and continued emission reductions through the 

decarbonization of energy systems. The pre-pandemic global emission level of about 42 

GtCO2/yr29, which was still trending upwards, would leave less than 10 years before closing 

the door on limiting temperature increase to 1.5°C 25,30. 

Our study confirms that the direct effect of the COVID-19 pandemic lockdowns on global 

emissions is negligible in the context of this challenge. The effects of the persistence of 

activity changes alone (14-45 GtCO2 less by 2030 compared to scenarios pre-COVID-19) are 

not nearly sufficient to meet emissions reduction targets, which require more fundamental 

structural changes in the energy system. This finding still stands when accounting for 

economic uncertainty, even considering a very long economic downturn paired with lower 

emissions. Additionally, we calculate that if the energy demand recovery pathways were 

combined with an equal carbon price trajectory consistent with the  1.5°C target, a green push 

recovery could avoid another 24 GtCO2, compared to restore.  

Because of the urgent need for strong CO2 emission reductions, seizing opportunities for 

maintaining energy demand changes (green push) can increase the probability of staying 

below 1.5°C, reducing the cost of similar emissions abatement. Conversely, a recovery 

pathway with higher energy demand means further efforts are needed by 2030 to achieve an 

additional 2.5 EJ/yr electricity for transport, an additional 5% electricity generation share 

from wind and solar, and invest an additional 3.5 trillion USD. These additional efforts are on 

top of already highly ambitious decarbonisation needs. We also find these comparative 

differences between scenarios to be robust for different climate mitigation goals 

(Supplementary Figure 25 for comparison with the wider scenario literature). 
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Insights for an energy demand recovery 

It is important to understand to what extent different behavioral and structural changes drive 

emissions or enable emissions reductions. We have shown the implications of four alternative 

internally-consistent pathways of energy demand recovery from the COVID-19 shock, and 

have quantified first-order effects of demand-side changes in each pathway.   

The full sectoral contributions to CO2 emissions savings from demand-side changes include 

both direct end-use emissions and indirect effects on emissions in manufacturing, supply 

chains, and production. For industry, these upstream effects of energy-demand reduction are a 

much larger portion of the change than for transport CO2 change, which is mostly related to 

direct energy end-use (Supplemental Note 5.3). Even after accounting for upstream effects, 

the CO2 emissions savings that could persist related to the pandemic are predominantly 

transport related. Full transport CO2 reductions by 2025 in green push without additional 

climate policies would amount to about 9% of the emission reductions in a restore  1.5°C 

consistent pathway. Looking at relative emission changes in sectors when switching from 

restore to green push further illustrates the relative importance of the transport sector. 

Between the two scenarios, increased emissions related to residential and commercial 

buildings are about an order of magnitude less than transport-related reductions. Emissions 

reductions in the transport sector are also about 4 times larger than in the industry sector. This 

relative difference in emissions saving increases to 8 times when additionally applying a 

stringent 1.5C consistent climate constraint, illustrating that the persistence of transportation 

changes is key to the differences in mitigation challenges we report in our results, especially 

in the Global North where higher shares of the workforce have the resources to change 

commuting habits.  
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There is no magic bullet for reaching Paris Climate Agreement goals. However,  guiding post-

pandemic recovery in energy demand-related activities towards less energy-intensive 

activities is an important part of the arsenal. Supporting working from home and 

teleconferencing to reduce flying and commuting can have strongly beneficial outcomes for 

emissions, especially if combined with the rationalization and reduction of office space, other 

workspace, reduced administration (e.g. public), entertainment, shopping spaces and 

intensities (green push). With online, delivery-based, less material intensive alternatives 

becoming popular during the pandemic, reducing the carbon intensity of such services is 

important too, albeit not a dominant factor currently. In addition, enabling the shift to more 

active transport and more public transport under mitigated health and safety risks is important. 

Industrial supply chain rationalization and moderation of freight distances can help further 

decrease emissions. For more sectoral detail and intersectoral comparison of the magnitudes 

of change in terms of activity and energy intensity, see Supplementary Notes 2-5.  

This study has systematically explored the consequences of persistent energy demand shifts 

for energy transition challenges, acknowledging large economic uncertainty. The insights 

from this study provide the background against which proposed recovery packages can be 

evaluated. Investigating potential additional path dependency of either intensifying or 

weakening structural changes related to shifts in lifestyles beyond 2025 could usefully expand 

on this work.  
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Figure Captions 

Figure 4: Scenario design along the axis of COVID-related impacts. Note that y-axis denotes 

disturbance compared to pre-pandemic ‘normality’, and not an increase in demand. Bar charts show 

relative changes in energy-related activity between 2019 and 2025 in passenger mobility, freight 

transport, buildings (residential and non-residential), and industrial sectors for the four recovery 

pathways. The black outline boxes indicate the 2019-2025 change in the restore scenario and serve as 

a common reference point for the self-reliance, smart use, and green push scenarios. Indicators are 

passenger-kilometer (p.km), tonne-kilometer (t.km), meter squared-degree days (m2.DD), and material 

production in million tonnes (Mt). “image: Freepik.com”. This cover has been designed using 

resources from Freepik.com 

  

Figure 5: Final energy and emissions pathways under alternative COVID-19 recovery scenarios and 

their combination with economic uncertainty. Final energy use for the buildings (a), transport (b), 

industry (c) sectors. Total annual CO2 emissions, including National Determined Contributions 
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(NDCs) and National Policies from CD-LINKS scenarios (d), from ref.31. Sectoral final energy in 

2025 compared with five global integrated assessment model pathways simulating national policies. 

A: AIM/CGE 2.1, I: IMAGE 3.0.1, P: POLES CD-LINKS, R: REMIND-MAgPIE 1.7-3.0, W: 

WITCH-GLOBIOM 4.4, for scenario CD-LINKS_NPi. National policies are harmonized to the 2020 

values in Baseline-no-COVID using a constant offset (e). Cumulative CO2 emissions starting from 

2019, with global CO2 budgets visualized as reported in SR15 (f). Global GDP (market exchange 

rates) indexed to 2019 levels for our scenarios (bold), the pre-pandemic prediction (dashed line) and 

uncertainty range (g). Grey shading shows the sensitivity range considering GDP uncertainty (a-g), see 

Supplementary Note 6 for more detail. 

 

Figure 6: Alternative medium-term recovery pathways affect the size of the energy transition 

challenge for limiting global warming to 1.5°C. Each wedge shows the % variation in a specific 

indicator of mitigation effort required in the restore (yellow), self-reliance (red), and smart use (grey) 

scenarios relative to the scenario with the lowest transition challenges (green push - green). Electricity 

generation: the share of solar and wind in electricity generation. Carbon costs: the net present value of 

the global carbon price multiplied by annual greenhouse gas emissions, for the period 2020-2030. 

Decarbonizing Buildings, Industry, and Transport: increase of post-recovery decarbonization pace in 

2025-2040 compared to the reference scenario under the same climate target. Coal Phase-out: 

reduction in cumulative coal energy production capacity 2020-2030. Electrification Transport: share of 

electricity of transport energy in 2030.  Energy Investments: cumulative energy supply investments 

2020-2030. 
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Methods  

MESSAGEix-GLOBIOM 

We use the MESSAGEix-GLOBIOM Integrated Assessment Model (IAM)32 to assess the 

implications of different COVID-19 scenarios on the energy system and derived indicators 

such as greenhouse gas emissions and energy investment needs.  

MESSAGEix-GLOBIOM is a process-based integrated assessment model that allows for a 

detailed representation of the technical-engineering, socio-economic, and biophysical 

processes in energy and land-use systems. It is a linear/mixed integer optimization model, 

aiming to satisfy exogenous and endogenous demands at least cost33. MESSAGEix-

GLOBIOM includes a linkage to the energy system model and MACRO, a macroeconomic 

model, which maximizes the intertemporal utility function of a single representative 

producer-consumer in each world region. The optimization result is a sequence of optimal 

savings, investment, and consumption decisions. The main variables of the MACRO model 

are the capital stock, available labor, and energy inputs, so that the model can describe the 

feedback of end-use prices on demand for energy services34. 

The linkage between energy and macroeconomic models is established through an iterative 

process. First, energy prices are calculated in MESSAGEix-GLOBIOM based on a reference 

exogenous energy demand data. Then, these energy prices are passed to MACRO, where 

energy demand is recalculated considering the impact of energy supply cost on a reference 

trajectory of GDP for each model region. In return, new energy demand data resulting from 

the MACRO solution are fed back to MESSAGEix-GLOBIOM, which influences the 

demand-supply balances resulting in new energy prices. The iteration of energy prices and 

energy demand between the two models continues until the output of the two models 
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converges to a stable trajectory within a predefined tolerance (more details can be found in 

ref.32). 

MESSAGEix-GLOBIOM has been widely used for the analysis of GHG emission pathways 

under a range of climate and socio-economic futures35,36, as well as in the assessment of 

climate mitigation strategies including specific assessments of energy investment needs37,38. 

It has been one of the models informing global emission pathway analyses such as the reports 

of Intergovernmental Panel on Climate Change (IPCC)28, Global Energy Assessment 

(GEA)39, and the World in 205040. The global model version defines a set of eleven macro-

economic regions. The time horizon of the optimization framework goes from 2020 to 2100, 

with a non-regular distribution of time steps. For this analysis, the model was extended to 

include individual years between 2020 and 2025, five-year periods between 2025 and 2060, 

and ten-year periods between 2060 and 2100. The addition of the yearly periods (2021, 2022, 

2023, and 2024) for this analysis, compared to previous versions, crucially allows for a better 

focus on the short-term dynamics that is important for COVID-19 shock-and-recovery 

scenarios. 

The socio-economic assumptions of MESSAGEix-GLOBIOM are based on the Shared 

Socioeconomic Pathways (SSPs)36,41, a set of internally consistent narratives, and 

assumptions for main socio-economic drivers widely adopted and updated by the Integrated 

Assessment Modelling community42. SSP2 is adopted as the starting point for this analysis35, 

because it is designed to extend historical trends. 

The impact of COVID-19 on the economy is modelled based on external GDP estimates for 

2020, and sees a four-year recovery to ‘reference’ growth rate values of SSP2 in the main 

scenarios. Energy demand reductions are a result of a bottom-up sectoral assessment both for 

the year 2020 and for four recovery scenarios. The model is first calibrated to fix the GDP 

and energy demand values in 2020. Results of the calibration are two parameters, GDP 
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growth rates and autonomous energy efficiency improvements (AEEI), which guarantee that 

the desired trend of GDP and energy demand in MACRO align with the exogenously defined 

values over time. The alternative energy demand pathways thus come with slightly different 

AEEI values. Further details on the calibration process can be found in refs32,34. 

Bottom-up assessment of 2020 shock on energy demand 

The disruptive effect of the COVID-19 pandemic had a direct impact on energy using 

activities43,44. It has changed the activity, structure, and intensity (ASI) components of our 

mobility, how we use residential and public buildings and workspaces, and the production of 

goods and materials. The changes that we have taken into account are direct, or first-order 

impacts induced by the COVID-19 pandemic itself and the containment measures, such as 

local and national lockdowns, distancing requirements, higher hygiene standards, as well as 

restricted international trade and travel4,6. We also included second-order (indirect) effects of 

inter-sectoral changes. The energy demand shock before macro-economic calibration was 

assessed using a bottom-up approach mostly independent from the economic downturn. We 

did this by assessing changes in activity and structure in three demand sectors: transport, 

buildings, and industry.First we collected data on observed demand shocks during the 

COVID-19 crisis in each of the sectors (data until December 2020, collection cut-off date: 

March 2021). We mapped the 2020 data onto 2019 observations using a year-on-year 

method. Where no full-year data were available, we estimated 2020 values on a cluster of 

impact assessments taking into account the peak impacts. Then, we combined assessments of 

individual sub-sectoral activity reductions and aggregated them to calculate a total effect on 

global energy demand, extrapolated onto the spatial resolution of the MESSAGEix-

GLOBIOM Integrated Assessment Model (IAM)20. A detailed description of the estimation 
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of the 2020 energy demand shocks can be found in Supplementary Notes 2, 3, and 4 for the 

three demand sectors, respectively.  

COVID-19 scenario framework 

The recovery narratives in this study explore two principal uncertainties through a branching 

point design (Figure 1) exploring potentially persistent changes related to the demand-side 

shock during the pandemic. The medium-term trends (2021-2025) use 2019 as a base year to 

compare changes to the pre-pandemic levels. Detailed narratives and quantitative 

assumptions for the transport, industry and buildings sectors are described below and in 

Supplementary Notes 2, 3, and 4. These scenarios are considered baseline scenarios that do 

not include explicit climate policy assumptions. Our modeling approach does not include the 

dynamic modeling of specific policy interventions, such as the effects of the large-scale fiscal 

stimulus packages announced by many countries (see e.g. ref.45). Rather, the alternative 

scenarios assume different levels of persistence of COVID-19 related impacts, that are 

plausibly linked with narratives of demand-related changes, such as lifestyle changes 

(teleworking, entertainment and travel routines) or business models (online health 

consultations) that could be induced or pertained through various packages of policies and 

that can have benefits for climate mitigation. These pathways are combined with carbon 

budgets to create combined COVID-19-recovery and climate mitigation scenarios (see 

Mitigation analysis section of Methods).  

GDP pathways, coupling, and sensitivities 

Along with transformations in energy service demand, the COVID-19 pandemic has come 

with a major financial and economic crisis in 2020. To be able to clearly represent the 

different dynamics between the initial shock and the long-term response of the COVID-19 

pandemic, we model both the economic shock in 2020 and the level of persistence of this 
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economic shock in the short and long run. Considering the highly unpredictable nature of the 

current crisis, we deploy a maximally transparent, general-purpose framework to model 

possible macroeconomic effects of the COVID-19 pandemic.  

Assessing the impact of COVID-19 on the economy in 2020 and after has been a challenge 

for economists, including the major financial institutes and central banks46. Consequently, 

initial, very uncertain estimates have been updated over time (e.g. refs. 47,48). We capture this 

uncertainty by collecting a range of estimates of widely used economic prospects (including 

public entities, central banks and private rating agencies, see Supplementary Note 6). 

Regional and national data from multiple sources is included to calculate the expected GDP 

shock for 2020 for the eleven modelled regions. From these sources, we estimate an average 

expected impact on the economy, as well as lower and higher estimates, being the 10th and 

90th percentile of the sample respectively. Supplementary Table 36 reports the regional values 

by source and the final values adopted in the model. 

To acknowledge that the impacts on GDP levels are not restricted and highly uncertain, we 

choose to systematically assess the sensitivity of the price-induced effect of a wide range of 

alternative GDP pathways. With a growth rate 𝑔𝑔, regional GDP levels developing follow 

𝐺𝐺𝐺𝐺𝐺𝐺𝑟𝑟,𝑡𝑡 = 𝐺𝐺𝐺𝐺𝐺𝐺𝑟𝑟,𝑡𝑡−1 ⋅ �1 + 𝑔𝑔𝑟𝑟,𝑡𝑡�, where and 𝑟𝑟, 𝑡𝑡 stand for region and year, respectively. For 

projecting 2021 GDP levels, we apply a regional one-year persistence parameter 𝜌𝜌 following 

𝐺𝐺𝐺𝐺𝐺𝐺𝑟𝑟,𝑡𝑡 = 𝐺𝐺𝐺𝐺𝐺𝐺𝑟𝑟,𝑡𝑡−1 ⋅ (1 + 𝑔𝑔𝑟𝑟,𝑡𝑡 − 𝜌𝜌𝑟𝑟 ⋅ 𝛾𝛾𝑟𝑟,𝑡𝑡−1) similar to previous work49, where 𝛾𝛾 represents 

an economic shock. The applied 𝜌𝜌 values are calculated based on the difference in GDP 

prospects in World Bank and IMF prospects before and after the corona crisis 

(Supplementary Note 6). Subsequently, to include both the long-term effect of the economic 

shock and the dynamics of the underlying SSP2 scenario, we let the GDP growth levels 

converge back linearly to the underlying growth rate.  
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In the quantification of the recovery scenarios, we treat the economic recovery and the energy 

demand trajectories independently, while allowing for macroeconomic feedbacks to energy 

demand shocks using the MESSAGE-MACRO iteration for each baseline calibration. We 

refrain from explicit exogenous coupling of GDP trajectories and energy scenarios because 

the nature of this crisis and its recovery is too uncertain to warrant such an approach. The 

main recovery scenarios discussed in the main text thus follow the same GDP recovery 

trajectory, with supplemental sensitivity runs based on varying the persistence parameter and 

the time it takes for growth rates to return to their originally projected values under SSP2.  

Transport 

We estimated the 2020 impacts on transport activity using a bottom-up assessment of the 

impact of the COVID-19 crisis on mobility, independent of the indirect effects of the GDP 

shock in 2020. The sharp decrease in transport activity in 2020 has mainly been driven by the 

lockdown restrictions, which imposed a close-to-total halting of mobility for non-essential 

services43,50,51. We assumed a moderate shock across the existing estimates for each region 

and individual transport modes: rail, cars and 2-wheelers, public transport (bus, tram and 

metro), aviation (domestic and international) and non-motorized transport for passengers; and 

rail, road, international shipping and aviation for freight (See detailed assumptions in 

Supplementary Note 2).  

We use developments in five main elements as the starting point for the transport recovery 

scenarios: international tourism, commuting, business travel, online retail, use of mass transit 

and active mobility. In the restore scenario, no changes occur, and the recovery follows the 

patterns as foreseen under the SSP2 scenario. Under the self-reliance scenario both 

international tourism and business travel revert back to pre-COVID-19 levels, commuting 

returns to pre-COVID-19 levels as well but is mostly car-bound. Online retailing sees a lower 
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increase than in the other narratives. The use of public transport is sharply reduced, and 

active transport modes revert back to pre-COVID-19 levels as well. In the smart use scenario, 

domestic tourism is rediscovered, and business trips are partially substituted by video 

conferencing. Partial teleworking remains common after the discovery of better work-life 

balance benefits and productiveness levels. Increased adoption of online retail leads to an 

increase in road freight activity and reduced shopping trips. The use of mass transit of 

reduced: short-distance trips are replaced by non-motorized transport, while partial 

teleworking reduces the need for commuting. Finally, active mobility modes increase slightly 

as levels of usage during the pandemic are retained, driven by increased health benefits and 

perceived reduction of pollution levels. In the green push scenario, international tourism is 

reduced, and low-carbon modes dominate domestic travel. Business travel is strongly muted 

due to common video conferencing and discouraging policies. Commuting levels are reduced 

due to a high share of teleworking and online retail is increasing. Targeted incentives lead 

people back to mass transport options and investment active mode infrastructure together 

with disincentivizing use of private cars sharply increases the use of private transport modes.  

These narratives were used to quantify transport sector energy demand under each scenario 

(see the detailed description of the quantitative analysis and assumptions in Supplementary 

Note 2). We used the MESSAGEix-GLOBIOM SSP2 scenario as a starting point and 

combined the GDP projections in combination with the bottom-up scenario analysis to 

determine relative changes in energy intensity of transport as the joint effect of economic 

recovery and sectoral structural change.  

Industry and material production 

For the quantification of the energy demand and climate impact of the industry sector, we 

have evaluated how the changes in 2020 in the activity, structure, and intensity (ASI) 
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components of material production persist, which are directly impacted by the GDP shock. 

The pandemic changed total industrial production levels as well as production structures. 

Changes in individual lifestyles, institutional, social and commercial settings had a direct 

impact on industry52,53, and activity in industry was impacted indirectly as a result of changed 

demand in products in other sectors.  

We use developments in a handful of driving elements as starting point for the industrial 

recovery scenarios: manufacturing activity, raw material availability, upstream sectors, labour 

markets, digitalization, individual mobility changes, and construction and renovation 

changes. In the restore scenario, changes are driven by GDP, and recovery follows the 

patterns as foreseen under the SSP2 scenario. Under the self-reliance scenario activity levels, 

structures, and facility management aim to return to normal, but with extended purposes 

resulting from foreseeing new pandemics. Acquisition of raw materials is preferred from 

local sources, nationalization and protectionism, focus on local storage54. Falling export 

markets and protection of home production and sales determine the demand for 

manufacturing products, while labor markets return to a pre-pandemic situation. Under this 

scenario, there is a lot of duplication of digital and offline solutions and increased hygiene, 

driving up material demands. In smart use, production repurposing and reduced activity due 

to process and material efficiencies inherited from the lockdown determine the level of 

activity. Raw materials are available, but transportation costs and risks of export availability 

are priced in. Digitalisation and efficiency-uptakes influence demand in primary sectors and 

labour market reorganization reduces primary and secondary sector workers. Digitalization 

drives a moderate impact from online shopping, such as more packaging, more freight 

transport and more demand for electronics. Reduced overall transport demand impacts 

automobile production. In the green push scenario, manufacturing activity is driven by a 

thorough drive to increased process and material efficiencies. There is a focus on raw 
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material efficiencies and on the balance between transportation and local solutions in the light 

of sustainability. Upstream demand is driven by further increases in digitalization, efficiency 

and a focus on circular economy, while labour markets see financial and social support to 

adjust to a greener industry. There is further enhancement of digitalization impacts with 

policies towards efficiency improvements. 

These narratives were used to quantify industry sector energy demand under each scenario 

(see details and assumptions in Supplementary Note 3). We used the MESSAGEix-

GLOBIOM SSP2 scenario as a starting point and combined the GDP projections in 

combination with the bottom-up scenario analysis to determine relative changes in energy 

intensity of industry as the joint effect of economic recovery and sectoral structural change.  

Buildings 

We use data on activity (floorspace) and energy intensity derived from the base-year 

information in ref. 24 as the starting point for two global regions, Global North and Global 

South. We estimated the utilization factor of total space in the residential and the non-

residential sectors in the base year (2019), expressed in floorspace.degree-days (m2.DD). This 

estimate is based on vacancy rates due to second homes, relocation, lack of tenants in the 

residential sector (e.g. ref. 55), and lack of tenants, closed, but not yet sold business space56as 

well as occupancy and thermo-regulation rates (space and time) in homes, offices, and retail 

(using refs. 57,58), in addition to assessing the additional energy demand for heating/cooling 

for longer occupancy57,58. We assumed changes in three dimensions: (1) change in total space 

due to additional construction, demolition or repurposing as a secondary effect, (2) change in 

the use factor of space respectively in the two sub-sectors, and (3) the energy intensity of 

space demand in terms of thermal and electric energy demand. 
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In 2020, the impact on the total levels of activity (floorspace.DD) is 2% increase compared to 

2019, because the decrease in the utilization of non-residential floorspace is compensated by 

an increase in-home use. Region and country-specific stringency of pandemic measures 

critically transforms the way buildings are used. A larger impact is observed in the Global 

North due to the dominance of hard lockdowns combined with incentives to stay-at-home, 

while typically less comprehensive and curfew-based measures are observed in the Global 

South59.  

We determine the consequences of the pandemic-induced space reorganisation in thermal and 

electric demand with a bottom-up approach also on the medium-term, reflecting in the level 

of persistence of the behavioral, infrastructural, and business model changes. The key drivers 

influencing behavior and lifestyle change are the relocation of work and education, new 

business models for entertainment, socialisation, administration, services, etc. There are 

important differences between the Global North and Global South, with emerging economies 

yet performing along with a different trend. We describe these below for each scenario. 

In the restore scenario, none of the changes experienced in 2020 persist and recovery follows 

the patterns as foreseen under the SSP2 scenario. The self-reliance scenario for buildings is 

characterized by the extension of distancing measures due to the persistence of higher health 

concerns and related distancing preference due to a fear of extended or new pandemics. In the 

Global North teleworking persists at low levels, but leading to duplication of digital and 

offline solutions, and duplication of home offices and office buildings. Energy demand is 

high due to this duplication of buildings and a reversal of the sharing economy trends 

observed in past years. Homes are used intensively by being inhabited for more hours per 

day23. The emergence of secondary homes increases the average floor space per person. And 

the increased time spent at home increases energy demand for cooking, crafting, ICT usage 

and entertainment. 
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In the smart use scenario, the building sector is characterized by a persistence of the 

transformation of building space for work, leisure, administration, and services experimented 

during 2020. As the intensity of used floorspace remains unchanged, the energy intensity of 

total floorspace increases (+1% compared to 2019) due to a higher use of residential 

buildings (+9%), which is not compensated by a similar reduction in commercial and public 

buildings (2%) because of increased idle floorspace and autonomous growth slightly driven 

by population changes. Intensity changes in the Global North and Global South are similar, in 

spite of the limited teleworking potential in the latter60, due to population increase and 

already high multi-purpose use of buildings. In the green push scenario, the increase of 

activity and energy demand per floorspace (+11% and +5% respectively) in homes as a result 

of the increased teleworking and other activities at home (cooking, crafting, entertainment) is 

moderated by space reductions and efficiency gains in non-residential buildings (-8%; and -

4%, respectively). This is achieved through a reduction of workspace for part-time 

teleworkers, reorganization of public space, and the persistence of business model changes 

that emerged during the pandemic. These counterbalancing trends result in an overall net-

zero change in building energy demand in 2025 compared to 2019. 

The above narratives were used to quantify the energy demand changes with a bottom-up 

approach under each scenario and combined with the GDP projections based on the 

MESSAGEix-GLOBIOM SSP2 scenario, to determine relative changes in final energy 

intensity of the building sector as the joint effect of economic recovery and sectoral structural 

change. For more detailed information, see Supplementary Note 4.  

Mitigation analysis 

Besides middle-of-the-road reference scenarios, which do not assume any specific ambitious 

climate policies, we also considered scenarios that achieve the Paris Agreement goals. The 
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goals of maintaining global temperature increase by 2100 below 2C or 1.5C have been 

frequently modelled in the IAM community by imposing global or regional carbon prices on 

GHG emissions throughout the decades. Another common approach in optimization models 

like MESSAGEix-GLOBIOM is to impose a cumulative carbon budget and let the model 

find economically optimal mitigation strategies. For this analysis we combined both these 

approaches, as described in ref. 61 to produce scenarios that meet pre-defined carbon budgets 

(550 GtonCO2 and 1000 GtonCO2 for 1.5C and below 2C scenarios respectively) until 

reaching net-zero emissions by mid-century, while staying at net-zero CO2 emissions 

afterwards. These scenarios are modelled as a combination of carbon prices and constraints 

on emissions and are independent of the COVID-19 related assumptions. This scenario set-up 

allows us to combine climate mitigation targets with different post-pandemic recovery 

pathways and to compare thee differences of these latter under different perspectives. In 

addition, the scenario restore and green push have been run with the same carbon price that is 

consistent with 1.5C target (equivalent to the mitigation scenario Restore with 550 Gton CO2 

budget). This allows studying the effect on emissions of different energy demand trajectory 

given the exact same carbon cost assumptions, in supplement of the above-mentioned setup 

that explores the economic differences while maintaining the same carbon emission goals. 

Data availability 

All data sources used for this study are cited in the Supplementary Information. Data are also 

available from the corresponding author upon request.  

The results presented in this article explore only a small portion of the model outputs from 

our scenario analysis. A web tool hosted by IIASA provides access to a database of these and 

more variables of interest, defined for each scenario on the detail of MESSAGE regions, with 
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a few example workspaces available within the ENGAGE Scenario Explorer at 

https://data.ene.iiasa.ac.at/engage/#/workspaces/60. 

The Scenario Explorer is a versatile open access tool to browse, visualize and download data 

and results. Users can freely create a private workspace where customized plots can be saved 

and shared. 

For tutorials on how to use the Scenario Explorer, please visit 

https://software.ene.iiasa.ac.at/ixmp-server/tutorials.html 

SR1.5 scenarios have been made available through refs. 31,62 at 

https://data.ene.iiasa.ac.at/iamc-1.5c-explorer/. 

Code availability 

Model code has been published open source at https://github.com/iiasa/message_ix, with 

online documentation available at https://docs.messageix.org/en/stable/ and in ref.32. The 

code and data used to generate the figures in the main text is made available at 

https://github.com/iiasa/covid-energy-demand-scenarios and 

https://doi.org/10.5281/zenodo.5211169, respectively.  
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