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Academia has a crucial role to play in informing urgently needed actions on climate mitigation. It is vital to understand what is known about the potential contribution of climate mitigation options, the barriers that exist to achieving that contribution, and to quantify the research balance and geographic focus of these various approaches across the literature. This PRISMA-based systematic literature review aims to provide the reader with the following: Firstly, an overview of the post-Paris climate mitigation research landscape and secondly, an assessment of the climate mitigation potential of those options per the literature reviewed. Analysis of the research landscape demonstrated that supply-side research greatly outnumbers that on the demand-side, which totalled just half of that which focused on the supply-side. In terms of the geographic scale, the reviewed literature was dominated by national-level studies, with sub-national studies the least common, particularly those at a local government level. Given this, it can be concluded that two key areas would benefit from further research–that focusing on demand-side mitigation, and that carrying research out at more local levels. On climate mitigation potential, wind and solar energy were found to be the biggest contributors to a decarbonised energy supply, across a range of study areas. Discrepancies were identified between findings in the academic and grey literature for several options, chiefly bioenergy and nuclear power: bioenergy made significantly higher contributions in the academic literature versus grey literature, with the opposite true for nuclear. Demand-side options all demonstrated significant mitigation potential in the literature reviewed but received very limited coverage in comparison to many of their supply-side counterparts. Future research should pursue this knowledge gap to reach a better understanding of the contributions they can make and ensure that policymakers have the data necessary to chart a course to a zero-carbon future.
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1 INTRODUCTION
The IPCC’s Sixth Assessment Report states that “any further delay in concerted anticipatory global action on adaptation and mitigation will miss a brief and rapidly closing window of opportunity to secure a liveable and sustainable future for all” (IPCC, 2022, p. 35). Academia has a crucial role to play in informing these urgently needed actions on climate mitigation. A comprehensive understanding of the choices available in mitigating climate change is therefore vital in ensuring that policymakers have the resources needed to design robust and comprehensive strategies to accelerate the transition to zero-carbon. This paper aims to contribute to that understanding, through an analysis of the potential contributions these options are judged to be capable of. This paper also provides researchers with an overview of the current research landscape surrounding climate mitigation options, through an assessment of the prevalence and geographic focus of different mitigation options and approaches within this body of research.
Numerous pathways have been proposed for achieving this zero-carbon transition. At a UK level, these include the Climate Change Committee’s (CCC) Sixth Carbon Budget and the UK Governments Net Zero Strategy. The former’s “Balanced Net Zero Pathway” (CCC, 2020) assigns 60% of the needed emission reductions for reaching net-zero to the years running to 2035, with the fastest rates of decarbonisation seen in the early 2030s. Sectorally, these reductions are most rapid in energy supply, followed by the surface transport, manufacturing and construction, and building sectors. Aviation and agriculture do not reach zero-emissions and thus require offsetting. The pathway sets key phase-out dates for carbon-intensive activities; fossil-fuel vehicles by 2032, residential oil and gas boilers by 2028 and 2033 respectively, and new build (unabated) gas power plants by 2030. Additionally, the importance of reducing demand is emphasised, with the pathway allocating 10% of emissions savings in 2035 here.
The Net Zero Strategy (BEIS, 2021) provides several illustrative 2050 scenarios, all reaching net-zero through the same rate of decarbonisation. The first explores the potential for doubling the UK’s 2021 electricity generation levels to approximately 690 TWh, of which a proportion is then utilised in scaling up hydrogen production to 240 TWh to supply the industrial and transportation sectors. As with the CCC’s pathway, residual emissions remain in the aviation, agricultural, and waste sectors, which are offset via negative emissions technologies (NETs). The second scenario develops hydrogen production further, to 500 TWh, chiefly through the large-scale deployment of CCS-equipped hydrogen-from-gas facilities (“blue hydrogen”). This lessens the necessary increase in electricity production to 610 TWh, firstly due to hydrogen’s increased use in place of electricity in meeting the heat demand of buildings, and secondly the reduced demand for hydrogen-from-electrolysis (“green hydrogen”). The final pathway assumes a high pace of innovation in sustainable fuels, successfully reducing hard-to-abate emissions from the aviation and agricultural sectors and entailing electricity and hydrogen generation levels somewhere between the two preceding pathways.
At a global scale, Chapter 2 of the IPCC’s Special Report: Global Warming of 1.5°C (IPCC, 2018) lays out the key characteristics of pathways consistent with maintaining 1.5°C of warming or less. To have a 50% probability of achieving this, emissions need to remain below 580 GtCO2 from 2018 onwards, and under 420 GtCO2 to bring this probability up to 66%. Again, a range of illustrative scenarios are provided to demonstrate different approaches to reaching this target. There is a great variety in different combinations of mitigation options represented, with one pathway prioritising social, business, and technological innovations in reducing demand, doing without the need for NETs, and another highly energy-intensive scenario heavily reliant on the large-scale rollout of NETs from 2030 onwards.
Within these pathways and strategies, a plethora of options have been suggested. Broadly, these can be categorised into the areas of either, a) technologies providing net-zero energy supply (including point-source carbon capture), b) changes reducing total energy demand, or the carbon intensity of demand, and c) the direct removal of CO2 from the atmosphere. These are henceforth referred to as “supply-side,” “demand-side,” and “atmospheric removal” measures, respectively. Supply-side options include those which are perhaps the more commonly discussed (CREDS, 2019; IEA, 2022a); efforts to decarbonise the energy supply through a shift in fossil-fuel use to low-carbon renewable alternatives, and the deployment of carbon-capture technologies alongside bioenergy. Measure on the demand-side encompasses an increasingly active area of research (Toma et al., 2019), with solutions here targeting technology adoption, changes in consumption and behaviour, service provision and associated socio-technical transitions (Creutzig et al., 2018). Examples here include electrification in the transport sector, efficiency improvements in the buildings and industrial sectors, and shifts towards low-carbon diets and active travel under the umbrella of behaviour change.
Atmospheric removal covers both technological means of capture, termed direct air capture (DAC), and nature-based solutions (NBS). DAC captures atmospheric CO2 either by passing air through a chemical solution or by binding it to sorbent filters where it is then stored or utilised (IEA, 2021a). NBS options include reforestation, wetland restoration and conservation, and restorative agricultural practices, as ways of preventing GHG emissions (e.g., from swamps and marshes) or actively removing them from the atmosphere. As laid out in the IPCC’s report “Global Warming of 1.5°C,” atmospheric removal has two roles to play in climate change mitigation pathways, being “i) to move more rapidly towards the point of carbon neutrality and maintain it afterwards in order to stabilize global mean temperature rise, and ii) to produce net negative CO2 emissions, drawing down anthropogenic CO2 in the atmosphere in order to decline global mean temperature after an overshoot peak” (IPCC, 2018, p. 122).
Transitioning to net-zero will require changes across all of these areas. Taking transport as an example, a zero-carbon transition could involve supply-side electricity decarbonisation through the deployment of renewable energy technology, demand-side measures to encourage the uptake of electric vehicles (EVs) and active travel options, and atmospheric removal to account for hard-to-abate emissions involved in vehicle production. Quantifying the balance of research between these three approaches in one of the objectives of this paper.
Building a better understanding of the geographic scales at which climate mitigation research is performed presents another objective in understanding the wider research landscape. Supply-side options are often envisaged at a national or global scale. The National Grid (2021) and CCC (2020), for example, have produced an array of work on pathways for decarbonising the UK’s energy supply, while organisations and multinationals including the European Commission (2020), International Energy Agency (2021b), BP (2021) and Shell (2021) perform similar work at an international level. This is not to say that supply-side options are not considered at smaller scales, however. Kobashi et al. (2020a) analyse the potential for city-scale deployment of solar photovoltaics (PV) in Kyoto, for example, while the Liverpool City Region Combined Authority’s “Pathway to Net Zero” report (2022) cites tidal power developments along the River Mersey as a major contributor. Likewise, demand-side options, such as EVs, can be observed in strategies ranging from a global scale (IEA, 2020) down to a city scale (Pamucar et al., 2021). The regions and countries in which these options are discussed vary. There are many reasons for this, such as the availability of the resource needed for a given option, the cost-effectiveness of each option, and political considerations including the level of public support for an option, all of which factor into the relative emphasis placed on each option by policymakers in national climate strategies.
Previous systematic reviews on zero-carbon transitions have tended to focus on a specific region, sector, or mitigation option. For example, Xiao, Simon and Pregger (2019) investigate policies on transitioning coastal China to net-zero, Kourgiozou et al. (2021) examine the discourse around decarbonising the education sector, and Martin, Agnoletti and Brangier (2020) explore the literature on hydrogen as an energy source. There is an absence of reviews covering the breadth of options for facilitating zero-carbon transitions more generally.
The need exists for a systematic review covering the options available for transitioning to zero-carbon. It is frequently argued that supply-side and demand-side decarbonisation, along with direct removal of CO2 from the atmosphere, will be needed in combination to reach net-zero (Rogelj et al., 2015; Creutzig et al., 2018; CREDS, 2019; IEA, 2022a). As academic research often informs policy, it is vital to understand what is known (and what is not) about the potential contribution of, and barrier to, these various approaches, and to quantify the research balance and geographic focus of the various mitigation approaches within literature. Doing so will highlight areas of significant disagreement and areas that may not be receiving adequate attention, which will be important in ensuring that academia is providing policymakers with the resources they need.
To that end, this systematic literature review aims to provide the reader with the following:
Firstly, an overview of the post-Paris climate mitigation research landscape, in terms of the split between different mitigation approaches, the prevalence of options discussed therein, and the geographic focus and spatial scale of research.
Secondly, an assessment of the climate mitigation potential of those options per the literature reviewed, in terms of energy contribution or emissions reduction potential, and barriers faced in reaching that potential.
2 METHODOLOGY
Traditional, “narrative” literature reviews have long been a tool for collating and summarising knowledge within a field or on a specific topic. Systematic reviews go a step further, seeking to minimise subjectivity in the review and introduce reproducibility in the methods used. To this end, they follow a strict protocol in which the research questions, search strategies, and analysis methodologies are clearly defined.
2.1 The PRISMA process
This review made use of the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement, consisting of a checklist and flow diagram aimed at aiding authors in improving their reporting of systematic reviews (Page et al., 2021), and enhancing replicability. Initially designed by the medical community for applications in healthcare research, the process has since been used in a wide range of areas including engineering, economics, computer science, and environmental sciences, either in its original or adapted form (e.g., Shaffril et al., 2018; Haris et al., 2020; Sorgho et al., 2020).
2.2 Procedure
The process of selecting literature for inclusion in the analysis is detailed in Figure 1; Table 1. In short, the Scopus and Web of Science databases were searched, with the results gradually whittled down through a screening process, applying a set of exclusion criteria to firstly the article titles, then abstracts, and finally full texts. In cases where it was ambiguous whether an article met these criteria, lenience was shown and the article passed to the next stage. The final search of these databases was carried out on 12 December 2022.
[image: Figure 1]FIGURE 1 | PRISMA flowchart of the literature selection process. Original from: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.
TABLE 1 | Summary of search terms and eligibility criteria.
[image: Table 1]The search was limited to work published from 2015 onwards. This was chosen as the lower search limit for this review as the review focuses on “net-zero” carbon transitions specifically (rather than low or reduced carbon), with Scopus’ inbuilt analysis tool showing a significant increase in publications related to this term post-2015–perhaps to be expected with the Paris Agreement being adopted that same year. Searches were also restricted to those published in English and excluded articles in press or otherwise unfinalised. Restricting the literature search to English-only papers may have introduced a geographical bias to the results. However, the inclusion of non-English papers was deemed not infeasible given a lack of resources available for professional translation services.
2.3 Inclusion of grey literature
To assess the contributions academic research is making to policy, it is helpful to understand what mitigation options have been discussed within governmental and non-governmental organisations in recent years. The literature search was therefore extended to grey literature. UK-focused literature was used as a case study to compare the options discussed within an academic context with those in an organisational context. The UK was chosen for this purpose as it was the most prevalent study area in the academic literature search, thus providing the largest source of literature from which to forward reference.
The PRISMA statement covering the use of non-database sources was followed, employing a process of citation searching of UK-focused academic literature. From this initial search, grey literature was selected for inclusion based on the same criteria applied to the academic sources (Table 1), with the additional stipulation that the work must appear more than once in the searching process. This was due to a combination of time constraints and wanting to select the most prominent documents as part of the case study.
2.4 Data extraction
A form was used to record the key information from each study. The data items in these forms were as follows: Author; Year; Journal; Methods; Transition Level (Supply/Demand/Removal); Transition(s) Discussed; Spatial Scope; Geographic Focus; Comments on Feasibility/Barriers/Contribution/Study Methodologies and Key Assumptions. From these data forms, the research questions could be answered.
3 RESULTS AND DISCUSSION
3.1 Research landscape
This section provides findings on the state of the research landscape surrounding net-zero transition options, in terms of the split between different mitigation areas, the varying geographic scales and foci of the research, and the specific mitigation options discussed therein.
3.1.1 Mitigation area
The academic literature was broken down into four categories based on research focus: Supply-side, Demand-side, Atmospheric Removal, and Integrated.
Supply-side research constitutes 47% of the studies reviewed, totalling 40 papers. Demand side research accounts for 24.7% of the total with 21 papers, while studies focusing on atmospheric removal (9, 10.6% of total), and those integrating two or more of these approaches (15, 17.6% of total) account for the remainder. Authorship details for these papers can be found in Supplementary Appendix SA.
The approach taken in grey literature sourced from UK-focused academic literature typically discussed transition options in an integrated approach, rather than focusing on a single supply or demand-side option. 10 of the 12 reports took this approach, leaving just one focusing on the supply-side [the Climate Change Committee’s “Hydrogen in a low-carbon economy (2018)”], and one looking at nature-based solutions [“Cutting the Climate Impact of Land Use, from the Green Alliance (2019)”].
3.1.2 Geographic scale and focus
Within the academic literature, national-level studies proved the most numerous, totalling 50 of the 85 studies. Sub-national studies were the least prevalent, totalling just eight. Typically, these studies carried out their research at the principal administrative division (e.g., an Australian state (Gurieff et al., 2021), a Chinese province (Bamisile et al., 2022) or a Japanese prefecture (Cong et al., 2022). Two chose lower divisions; Martes and Köhl (2022) focusing on the Hamburg Metropolitan Area, and Pilpola et al. (2019) the city of Helsinki. Global-level studies (15) and international studies (13) constituted the remaining papers. Note that the count totals 86, rather than the 85 papers included in this review. This is due to one study comprising both a national and sub-national assessment (Pipola et al., 2019). The predominance of national-level studies within the academic literature could be seen as beneficial in informing national-level decarbonisation policy. This is highly dependent on how those policies are formulated, however. If a bottom-up approach were to be taken, the relative lack of studies on sub-national decarbonisation represents an important knowledge gap.
Within the academic international assessments, European nations were the most prevalent, featuring in nine of the 13 studies. Similarly, national-level assessments were dominated by the UK, being the subject of 14 papers. Sub-national studies did not exhibit a predominant geographic focus. Additional details on the breakdown of geographic focus can be found in Supplementary Appendix SB.
Grey literature consisted of exclusively national-level work covering the UK. This is unsurprising given that this literature was citation searched from UK-focused academic studies, though it does suggest that national-level studies may not be considered in policies beyond the nation they originated.
3.1.3 Mitigation options
Table 2 presents a breakdown of mitigation options discussed within supply-side and demand-side literature. Further discussion on each of these options follows in Section 3.2.
TABLE 2 | Breakdown of supply-side and demand-side focused literature.
[image: Table 2]In additional to these two mitigation areas is the atmospheric removal of greenhouse gases. Within this portion of the literature, eight of the nine studies focused on nature-based solutions, and one on direct air capture. Four of the NBS’s papers carried their research out on a global scale, while one looked at Germany, one at Japan, and one at the United Kingdom. Authorship details for these papers can be found in Supplementary Appendix SC.
An additional table (Supplementary Appendix SD) is also available within the Supplementary Material, listing the breakdown of literature in those studies that did not focus on just one of these three areas, but instead chose to integrate two or more. Findings on potential for specific supply-side/demand-side/atmospheric removal options within these integrated studies are incorporated into the relevant subsections of Section 3.2.
Little in the way of geographic focus is found within most of the literature surrounding a given mitigation option. The exceptions to this are hydropower where three of the eight studies focus on China, and solar power, where over half of the literature places its attention on sunbelt countries. The majority of the literature focused on either Europe or Asia, with the UK and China receiving significant attention. Given the English language restriction of the literature search, this is to be expected.
3.2 Contribution, feasibility, and barriers
3.2.1 Supply side transitions
3.2.1.1 Wind and solar energy
Tables 3, 4 detail the potential contributions of wind and solar energy, garnered from the academic literature. These tables, and all in Section 3.2, list the contribution from the most ambitious scenario (though still plausible, per the authors) where multiple scenarios are presented, to portray the potential of a given option. Furthermore, where authors employ an established model, this is specified. Where the model is of the author’s design, this is given as n/a.
TABLE 3 | Contribution of wind energy across assessed literature.
[image: Table 3]TABLE 4 | Contribution of solar energy across assessed literature.
[image: Table 4]Wind shows great potential in the academic literature, exceeding 50% of electricity generation in several cases across a variety of study areas (Lugovoy et al., 2021a; Martinez-Gordon et al., 2022; Scheepers et al., 2022; Simon et al., 2022). This compares well with projections set out in the UK-focused grey literature. The CCC’s Balanced Net Zero pathway (2020) models 430.4 TWh of generation from wind in 2050 (of 748.9 TWh total) in the UK, while the National Grid’s Future Energy Scenarios (FES) report (2021) goes further, estimating between 513.9 TWh (of 723.6 TWh total) and 644.6 TWh (of 822.7 TWh total) of wind generation come 2050. At a global level, the IEA (2022a) place the share of wind power at 32% of total electricity generation under their Net Zero Emissions 2050 scenario, second only to solar power.
Solar energy is positioned as another key option in transitioning to net-zero in the academic literature. As with the literature on wind energy, numerous studies project solar supplying over half of all electricity generation in their given study areas (Handayani et al., 2022; Kanugrahan et al., 2022; Lugovoy et al., 2021b; Manjong et al., 2021), the highest share being 86% in the Majong et al. study of Cameroon in 2050. This is reflected in the IEA’s global Net Zero Emissions scenario, which apportions 37% of the world’s electricity generation to solar in 2050 (IEA, 2022a). Within UK-focused grey literature, solar makes a markedly smaller contribution than wind. The National Grid (2021) pathways place solar’s contribution between 49.5 TWh and 80.7 TWh in 2050 (of 723.6 TWh and 701.0 TWh totals, respectively), while the CCC (2020) model 83.3 TWh of generation (of 748.9 TWh total). This is largely a result of the very high offshore wind potential of the UK, with similar findings in the academic literature which focused on comparably coastal study areas [Scheepers et al., 2022 (Netherlands); Martinez-Gordon et al., 2022 (North Sea Region)].
The spatial and temporal constraints regarding wind and solar resource availability are frequently discussed in the literature (Gulagi et al., 2017; Gulagi et al., 2018; Barthelmie and Pryor, 2021; Dominkovic et al., 2016; Lugovoy et al., 2021b; Ji et al., 2022; Scheepers et al., 2022; Zhai et al., 2023). Solutions proposed to alleviate these issues include diversifying the energy system so that it is not overly reliant on one energy source (Dominkovic et al., 2016; Galvan et al., 2022; Kanugrahan et al., 2022; Pradhan et al., 2022), and deploying energy storage systems. These include battery, thermal, compressed air, hydropower, and hydrogen storage technologies (Gulagi et al., 2017; Gulagi et al., 2018; Gaeta et al., 2021; Manjong et al., 2021; Zhang Y. et al., 2022; Handayani et al., 2022; Wang et al., 2022).
Storage options come with their own set of challenges, with several papers questioning the financial and technological feasibility of rolling out these solutions at a mass scale (Handayani et al., 2022; Wang et al., 2022; Zhai et al., 2023). An alternative, seen in Lugovoy et al. (2021a) and Lugovoy et al. (2021b) in studies on China and India respectively, involves the development of a long-distance grid to provide balancing where the renewable energy supply differs between regions. The creation of long-distance grids could prove challenging in areas where they would need to span multiple countries due to the political cooperation and investment involved. Such synchronous grids have already been developed however: the Continental Europe Synchronous Area provides power to over 400 million customers across Europe and several North African countries via an AC link under the Strait of Gibraltar. Synchrony was last year expanded to Ukraine and Moldova following the 2022 Russian invasion of Ukraine (ENTSO-E, 2023).
The studies on wind and solar energy reviewed frequently emphasise the importance of reducing energy demand in conjunction to achieve net-zero targets. Rogelj et al. (2015) state this unambiguously: “returning warming to below 1.5°C by 2,100 becomes infeasible if final energy demand is not kept to very low levels.”
3.2.1.2 Hydropower
Three forms of hydropower are discussed in the literature: conventional dammed hydropower, run-of-river, and pumped-storage. As a renewable energy source, hydropower is more geographically constrained than wind or solar energy. This is evident in the smaller pool of academic literature in comparison to that on variable renewables and in the wide variance in potential contributions within the academic literature. For resource-rich regions, such as China’s Sichuan Province, hydropower can provide the bulk of all electricity generation (Bamisile et al., 2022; Wang et al., 2022), while the contributions remain more modest elsewhere. Financial and construction timelines are other areas that may limit hydropower expansion relative to variable renewables, as highlighted by Majong et al. (2021).
With relatively few hydropower resources, the technology does not feature heavily in the UK-focused scenarios developed by the CCC, BEIS, or National Grid within the reviewed grey literature (being grouped under “other renewables” in data tables from the CCC and National Grid).
In addition to the potential for significant contributions to energy generation and capacity (Table 5), studies highlight two key properties that make hydropower an important asset. These are the continuity of its supply, making it suitable for providing zero-carbon baseload generation, and the ability to store and rapidly dispatch energy in load-balancing applications as pumped storage hydropower (PSH).
TABLE 5 | Contribution of hydropower across assessed literature.
[image: Table 5]Aghahosseini et al. (2018) assess PSH potential in designing a 100% renewable energy system for Iran, as do Gulagi et al. (2018) for India, and Wang et al. (2022) for China’s Sichuan Province. Gaeta et al. (2021) conclude that a total of 17 GW of PSH capacity could be developed in Italy by 2050 (compared to battery capacity of 28–38 GW), while Handayani et al. (2022) model PHS providing 15.8 GW of capacity (of 41.8 GW total) within the Association of Southeast Asian Nations. Galvan et al. (2022) prescribe PHS a 17% share of the energy storage mix in South America by 2050.
Dominkovic et al. (2016) demonstrate the load-balancing role of hydropower in an hourly simulation of a zero-carbon energy system for Southeast Europe. They show that dammed hydropower provides the greatest proportion of energy during evenings year-round and during summer nights, as PV generation falls at these times. The same study warns of more intermittent hydropower production in the future due to climate change reducing the accumulation of snow, a steady source of meltwater.
3.2.1.3 Nuclear
Academic literature on nuclear energy was limited to six studies: five looking at fission, and one at fusion. Details on potential contribution (Table 6) show nuclear to make consistently large contributions to a decarbonised energy supply.
TABLE 6 | Contribution of nuclear power across assessed literature.
[image: Table 6]Grey literature showed nuclear fission to be a continuing feature of the UK’s energy mix throughout the decarbonisation process. The CCC’s Balanced Net Zero pathway models 74.5 TWh of nuclear fission generation in 2050 (approximately 10% of a 748.9 TWh total), with the National Grid scenarios (2021) allocating 33.2–87.7 TWh (of 701.0–822.7 TWh totals) of generation to nuclear fission. BEIS’ Clean Growth Strategy (2017) further discusses the future of nuclear in the UK, pledging £460 million to support development.
Considering the continued reliance on nuclear fission in policy-relevant net-zero strategies–over 10% of generation in some scenarios (CCC, 2020; National Grid, 2021)–and the existing share of nuclear in the energy mix [21% in the UK (BEIS, 2017)], the limited coverage within the assessed academic literature is noteworthy. This is particularly true of academic studies focusing on the UK, which despite being the most numerous overall, only contributed a single study (Price et al., 2023).
Gi et al. (2020) provide the only study on fusion, concluding that rollout would be limited to a handful of countries where the potential of cost-efficient renewable sources was limited. As fusion remains several decades from reaching commercial viability [the IAEA (2023); UKAEA (2023) targeting 2040 for the completion of prototypes], more assumptions are made (i.e., on capital cost, annual expenses, fuel and back-end costs) versus studies on mature renewable technologies. These findings therefore come with a significant level of uncertainty, which the authors acknowledge. Further, the authors highlight barriers to fusion including the availability of lithium and waste management strategies.
Cost-competitiveness of nuclear versus renewables was further investigated by Schreyer et al. (2020), finding that Japan was alone among the industrialised economies of the EU, US, and Australia in seeing increased costs of electricity under a modelled fission phase-out by 2040. The necessity of nuclear in designing a cost-efficient net-zero energy system for Japan was not a universal finding, with Oshiro et al. (2018) arguing that BECCS would be a suitable substitute. Beyond Japan, a study of net-zero energy systems for the UK from Price et al. (2023) finds that expanding existing fission capacity is only cost-effective under scenarios where BECCS and energy storage are unavailable, expansion of European interconnectors is prohibited, and cost and construction times of nuclear are set to their most ambitious levels.
Fission comes with additional issues and limitations, with Hong et al. (2015) highlighting problems including sourcing an adequate supply of fissionable material, the management of waste, concerns over operational safety, and worries regarding nuclear proliferation. Overcoming such problems is likely to necessitate strong international cooperation, which may come with its own set of challenges. Additionally, Pilpola et al.’s (2019) techno-economic analysis of Finland finds that nuclear and wind are somewhat exclusionary of each other. The authors identify a trade-off in the levels of each, with high penetration levels of one in the energy mix precluding the other from achieving similar levels. Conversely, Hong et al. (2015) argue that utilising nuclear (over renewables) as dispatchable energy will accelerate the increase in total share held by zero-emissions technologies collectively and reduce the associated capital investment needed, while also reducing the total land area required for zero-carbon infrastructure.
3.2.1.4 Hydrogen
Academic literature on hydrogen focused on two themes: assessments of energy supply potential, and analyses of emissions from its production. The literature framing supply potential within the context of an energy mix showed hydrogen to be a significant contributor, being a vector for a quarter of Japan’s energy supply, for example, (Ozawa et al., 2022). While several studies model hydrogen potential, they do not provide clear context on how that contribution fits into the total generation and/or capacity mix of the chosen study area (Martinez-Gordon et al., 2020; Fazeli et al., 2022; Vats and Mathur, 2022). This is a recurring issue across the academic literature, presenting difficulties in understanding the relative scale of the mitigation contribution being made. Further supply contributions outlined in the academic literature include its capability of supplanting natural gas entirely in Australia (Gurieff et al., 2021) and in decarbonising hard-to-abate sectors in China (Yang et al., 2022).
On emissions analysis, Valente et al. (2020) provide a comparison of blue and green hydrogen options. Among the renewable options, they find little difference in carbon emissions between biomass gasification and wind electrolysis, both stable around zero. With Spain as a case study, they find that grid electrolysis becomes a lower emitter than conventional steam methane reformed (SMR) hydrogen as the renewable share of the grid increases. Grid emission factors decrease from 0.514 kg CO2eq/KWh in 2020 to 0.151 CO2eq/KWh in 2050, resulting in grid hydrogen emissions falling to 7 kg CO2eq/kg H2 in 2050, versus the 10 kg CO2eq/kg H2 of SMR hydrogen. Inal, Zincir and Deniz (2022) state similar findings globally, with hydrogen via wind and solar electrolysis currently emitting far less than that produced using grid electricity.
International findings on supply and emissions (Table 7) are comparable to the UK-focused strategies of the National Grid’s FES (2021). Here, hydrogen is positioned as a necessary component across various pathways to provide security in electricity supply. Maximizing renewable energy utility by using surplus electricity during low-demand periods to produce hydrogen via electrolysis is emphasized. Sectoral demand varies based on scenario, except for aviation and shipping which is forecast to demand 80 TWh by 2050 under all net-zero pathways. This contrasts with the CCC’s “Hydrogen in a low-carbon economy” report (2018), which argues that hydrogen should be used more selectively. Their modelling suggests that the opportunity to utilise surplus electricity for hydrogen electrolysis will be more limited and warn against falling into something of a sunk-cost fallacy regarding utilising the existing gas network, versus alternative decarbonisation strategies.
TABLE 7 | Contribution of hydrogen across assessed literature.
[image: Table 7]As hydrogen is an emerging technology, feasibility was a prominent area of research. Gurieff et al. (2021) argue that it will be technically and economically feasible to blend 10% hydrogen into eastern Australia’s gas network by 2030, with complete replacement by 2040. They emphasise the advantages hydrogen holds over direct electrification, being its seasonal storage capacity and ability to be transported for the ammonia and steel production industries. Within the grey literature the National Grid’s FES highlight these benefits, as well as barriers including the lack of a pre-existing hydrogen market and the need to upgrade gas infrastructure. Economic feasibility is discussed in detail by Yang et al. (2022), concluding that green hydrogen will become more economically competitive than blue hydrogen only after 2030 in China. Fazeli, Beck and Stocks (2022) further emphasise the cost barriers to the proliferation of green hydrogen.
3.2.1.5 Bioenergy
Discussion of bioenergy in the literature includes its application both with and without point-source carbon capture technology. Two key advantages of bioenergy with carbon capture and storage (BECCS) were stressed. Firstly, its ability to be utilised as a dispatchable energy source in place of fossil-fuels, and secondly, its potential to provide net-negative emissions. Table 8 details potential contributions from bioenergy, in terms of both energy supply and negative emissions. Unless stated otherwise within the table, these contributions come from BECCS plants.
TABLE 8 | Contribution of bioenergy across assessed literature.
[image: Table 8]These supply contributions are highly variable, and dependent on assumptions of future land use, investment, research and development, and sustainability (regarding energy crop competition with food crops, and the conservation/growth of forests and peatland). Several studies (Manjong et al., 2021; Handayani et al., 2022; Kanugrahan et al., 2022; Ozawa et al., 2022) place bioenergy supply below 5% of their total energy mix, while others (Cossutta et al., 2021; Bamisile et al., 2022; Scheepers et al., 2022) identify much more significant contributions. Within UK-focused grey literature, contributions tend to be at the more reserved end of those found in academic literature. The CCC’s Balanced Net Zero Pathway (2020) models 22.4 TWh (of 748.9 TWh total) generation from BECCS in 2050, supported by 0.7 million hectares of perennial energy crops (up from 0.01 Mha in 2019). The level of deployment in this scenario is dictated by the residual emissions that need to be offset to reach net-zero, rather than seeking to maximise negative emissions potential. The National Grid FES (2021) model 35.9–53.4 TWh (of 701.0–822.7 TWh totals), using the CCC’s land use assumptions. Only passing comments are made on BECCS in BEIS’ Clean Growth Strategy (2017), with bioenergy mostly being discussed in heating and transportation applications.
Studies have tried to quantify the negative emissions potential of BECCS. Alcalde et al. (2018) model BECCS as part of a package of technologies to achieve carbon neutrality in Scotland, with removals reaching −8.81 MtCO2/yr, when 0.2 Mha (of Scotland’s 1.96 Mha of suitable land) are assigned to energy crops. This is in the context of 41.89 MtCO2 total emissions in 2014. Cossutta et al. (2021) model UK-wide negative emissions from BECCS at −30.7 MtCO2e/year in 2050, while Kato and Kurosawa (2021) simulate −120 MtCO2/yr in Japan in 2050, where upper limits on biomass availability set to 1500 PJ/yr. Negative emissions from BECCS are in many cases an essential component of national net-zero strategies. The Kato and Kurosawa study finds no feasible solution for Japan to reach net-zero targets without the deployment of BECCS or another NET. In the grey literature, the National Grid’s FES states that without BECCS, “meeting net zero [in the UK] will be very challenging.” The CCC’s Sixth Carbon Budget (2020) also emphasises negative emissions potential, the budget’s Balanced Pathway modelling removals of 53 MtCO2/yr by 2050. While limited in number, several of the studies in the preceding subsections do provide a pathway to reach net-zero without the use of bioenergy (e.g., Solomon et al., 2018; Lugovoy et al., 2021b; Pradhan et al., 2022).
3.2.1.6 Geothermal
Geothermal featured in four studies (Table 9). While these contributions are relatively small, the utility of geothermal in increasing the diversity and security of an energy system is highlighted (Aghahosseini et al., 2018). Furthermore, Dominkovic et al. (2016) emphasise the importance of the direct application of geothermal heat in successfully decarbonising the heating sector in their study of a zero-carbon energy system for Southeast Europe.
TABLE 9 | Contribution of geothermal energy across assessed literature.
[image: Table 9]Within the UK-focusing grey literature, contributions from geothermal were not explicitly quantified, being grouped under “other renewables,” as with hydropower. Much like hydropower, geothermal is a geographically constrained renewable, which may partially explain the limited coverage it receives in both academic and grey literature.
3.2.2 Demand side transitions
3.2.2.1 Behavioural transitions
Five papers assessed the mitigation potential of behavioural transitions (Table 10). These options encompass a broad range of scenarios and overlap with specific demand-side sectors, such as transport and buildings. Where overlap exists, approaches are classed as behavioural transitions when the focus is placed on actions taken by individuals or organisations to reduce their CO2 emissions, as opposed to policy options or technological transitions designed to reduce energy demand. Brand et al. (2020), for example, discuss both behavioural transitions in transport (changes in travel patterns, occupancy levels, travel mode) which are detailed here, and transport-specific policy options (phase-out of fossil-fuel vehicles) which are covered in the transport-specific subsection.
TABLE 10 | Contribution from behaviour change across assessed literature.
[image: Table 10]Literature emphasised that technological options alone will not suffice in reaching net-zero by 2050. Costa et al. (2021) conclude that behavioural transitions in combination with technological changes can help realise net-zero goals in Europe by 2040, whereas relying on technology alone delays that to 2050. Several authors argued that an over-reliance on technology would limit the co-benefits of decarbonisation. Brand et al. (2020) highlight this in improved road safety and transport equality from the uptake of shared and multi-modal mobility, Costa et al. emphasise the reduced pressure on natural resources, and Garvey et al. (2021) the public health benefits of low-carbon dietary transitions. Multiple studies (Koide et al., 2021; Wiest et al., 2022) also addressed the feasibility of bringing about such change. The former showed that the needed uptake of behavioural changes to meet net-zero ranged from 62% to 87% of the population in a study covering 52 Japanese cities, while the later concede that it is unrealistic for all European citizens to adopt their proposed lifestyle changes.
The relative lack of academic literature on behavioural transitions is surprising for several reasons. Firstly, the five papers reviewed demonstrate sizeable mitigation potential. Secondly, behavioural transitions encompass a plethora of avenues for research to pursue. Thirdly, behavioural transitions feature prominently in the UK-focusing grey literature. The National Grid FES (2021) build one of their three net-zero pathways around changes in consumer behaviour, for example,. The CCC’s Sixth Carbon Budget (2020) positions behavioural transitions as a central feature in their Widespread Engagement scenario, and to varying degrees in all other net-zero scenarios. The Clean Growth Strategy (BEIS, 2017) targets behaviour change in reducing emissions from transport and buildings, and CREDS (2021) hold it as a key component in reducing energy demand in the UK’s transition to net-zero.
The lack of academic literature on behavioural transitions may partially be a result of research not being captured by the search terms, which prescribe reference to “zero-carbon” or “net-zero” in the title, abstract, or keywords of an article. These were selected as the framing of this review places mitigation options within the context of their contribution towards net-zero. While unlikely to be zero-carbon when considered alone, behavioural options such as dietary change can play a role in reaching net-zero but would not be captured in this search unless explicitly highlighted in one of the search fields.
3.2.2.2 Transport transitions
Two papers focused on public transport, one on personal transport, and two on a combination of both. The emissions reduction potential in this selection of literature was significant. In the United Kingdom, Brand et al. (2020) model tailpipe CO2 reductions from personal vehicles of up to 100% under scenarios phasing-out the sale of conventional fossil-fuel vehicles, Logan et al. (2020a) achieve 91% CO2 emission reductions in the bus fleet through switching to electric and hydrogen buses, and Logan et al. (2020b) an 89% reduction in rail through adopting electric trains. These studies make several important assumptions regarding feasibility. Brand et al.’s higher ambition scenarios require increasingly efficient batteries and charging infrastructure, and much-improved market conditions and consumer awareness. The Logan et al. studies require increasingly ambitious supply-side decarbonisation to reach their upper emission reduction levels from electric alternatives and accelerated technological development to meet demand for hydrogen options.
In other areas of the world, these reductions remain significant though less substantial–Bataille et al. (2020) identify potential reductions in passenger transport energy demand of between 14% (Peru) and 62% (Costa Rica) in Latin America, and Bu et al. (2021) reductions of 42% in China. While useful in understanding the degree of sectoral-level decarbonisation, these reductions are often not placed within the broader context of the total emissions reduction necessary to meet net-zero overall in their study area. This presents an obstacle to understanding how significant these reductions are at a broader scale.
Grey literature positions transport as a key area for carbon abatement. The Clean Growth Strategy (BEIS, 2017) apportions 24% of the UK’s emissions to this sector, or 113 MtCO2e/year, per the National Grid (2021). The CCC’s Sixth Carbon Budget reduces these emissions to 1 MtCO2e/year by 2050, primarily through the adoption of zero-emission vehicles, aided by demand reduction. Reducing transport demand is a component of CREDS’ 2021 report on the role of demand reduction in achieving net-zero in the UK, with their modelling producing a reduction of 68% by 2050.
Given this ambition, it is noteworthy that this area received relatively little attention. As with the subsection on behavioural transitions, this may be a result of the search terms used. Use of the phrasing “zero-emissions” is commonplace with vehicles, for example, and would not be captured by the search terms if the title, abstract or keywords of the article did not place them within the context of reaching “zero-carbon” or “net-zero.”
Some common barriers to transport decarbonisation were identified in the literature listed in Table 11. Despite their potential, many papers noted the difficulties that may be encountered in increasing EV uptake. These include constraints stemming from the availability of materials, the reach of the charging network, storage capacity of the vehicle battery, and affordability. This is particularly true of less wealthy areas of the world, as Bu et al. (2021) show in a study of various regions in China, and Bataille et al.’s (2020) study in South America. Several papers also acknowledged the timescale for the roll-out of zero-carbon vehicles and thus stressed the continued importance of reducing emissions from conventional vehicles.
TABLE 11 | Contribution from transport decarbonisation across assessed literature.
[image: Table 11]3.2.2.3 Built environment decarbonisation
Academic literature highlighted the built environment’s significant share of total energy demand (Table 12), with Roach and Ugursal (2021) estimating demand from the residential sector alone at 17% of Canada’s total, for example,. Contributions were either described in terms of emission reductions or energy demand reductions. Built environment emission reduction potential was significant, reaching 94% in Allen et al.’s (2022) study on Australia and 84% in Li et al.’s (2022) study on the UK. Findings on energy demand reduction were also promising, with falls of between 60% and 65% possible in China, Germany and Japan (Hu and Qui, 2019; Shimoda et al., 2021).
TABLE 12 | Contribution from the decarbonisation of the built environment across assessed literature.
[image: Table 12]These academic findings on emission reduction potential, within the UK and elsewhere, track well with assessments made in the UK-focusing grey literature. The CCC’s Sixth Carbon Budget (2020) show buildings to be the UK’s third biggest emitter, ahead of electricity supply, agriculture and land use, and waste and F-gases. In contrast with the academic literature, their pathways show that it is possible to reduce emissions from residential buildings to near-zero (0.04 MtCO2e) by 2050, at the latest. This is achieved through the use of hydrogen for heat and behavioural changes in occupants, in addition to the retrofit and efficiency improvements assessed in the Li et al. (2022) study. The National Grid FES (2021) echo this, their pathway reducing residential emissions to 1 MtCO2e in 2050. Further, CREDS’ demand reduction report (2021) models total energy demand reductions of up to 52% in residential buildings and 48% in non-domestic buildings, driven by retrofit, digitalisation, and behavioural change. These energy demand reductions are comparable to the findings from Hu and Qui (2019) and Shimoda et al. (2021) for China, Germany, and Japan.
While significant contributions can be made from improvements in this sector, barriers exist in implementing them. This is particularly true in warmer climates, where buildings must maintain thermal comfort while contending with intense summer temperatures, recurrent heatwaves, and an exacerbated urban heat island effect (IEA, 2018). Attia et al. (2017) discuss these challenges in the geographic context of southern Europe, finding that current practices and designs are failing to incorporate new materials and concepts, resulting in many residential and commercial buildings experiencing summer conditions well beyond even the most tolerant comfort range. The authors point to an over-reliance on steady-state simulations in building design and construction, neglecting to employ laboratory and field measurements, or real-world performance data.
As building energy codes vary substantially between countries, studies projecting energy demand based upon them are likely to exhibit considerable variance depending on the study area. In investigating this, Hu and Qui (2019) perform a comparison between the building energy codes and policies of the United States, China, and Germany. They find that while China’s regulations are much less stringent than those of the United States or Germany, the United States has the greatest energy intensity. This was due to different energy use operational schedules, driven by user behaviour and cultural contexts (chiefly, differing thermal comfort ranges). Germany, with its short operational schedules similar to China and stringent energy codes akin to the United States, exhibits the highest potential for achieving the transformation of its housing stock into net-zero energy buildings (NZEBs). These findings suggest that strengthening regulations governing NZEBs, particularly with elements promoting behavioural change, can enhance the contributions of the built environment towards achieving net-zero goals.
3.2.2.4 Industrial decarbonisation
The pool of academic literature focused on the industrial sector’s transition to net-zero was limited to the studies detailed in Table 13. Garvey et al. (2022) and Zhang S. et al. (2022) assess the steel and iron industries of the UK and China respectively, modelling high levels of emissions reduction, principally through electrification of the processes involved. Ren et al. (2023) and Watari et al. (2022) focus on the cement and concrete sectors, with less reduction potential being found on the demand-side of these processes. Demand-side measures here revolve around reducing demand for the product (be that concrete, cement, iron, or steel) or decreasing the energy and/or carbon intensity of the production process. None of the studies achieve net-zero solely through these measures, as several industrial processes emit CO2 directly as a by-product of raw materials used (Kuramochi et al., 2012), highlighting the varied requirements for CCS technology to attain net-zero.
TABLE 13 | Contribution from industrial decarbonisation across assessed literature.
[image: Table 13]Industry is a high-pollution sector in the UK, accounting for 13% of emissions in 2020 (Grid, 2021). It is also one of the most difficult sectors to decarbonise, as evident in the grey literature. Amongst CREDS’ scenarios for demand reduction (2021), industrial energy consumption falls by just 26% under the most ambitious 2050 pathway (by comparison, total energy consumption falls by 52%). The CCC’s Balanced Net Zero Pathway for the manufacturing and construction sector reduces emissions from 62.3 MtCO2e in 2020 to 2.81 MtCO2e, with the main abatement sources being the use of hydrogen, electrification, and CCS deployment. The need for CCS to reduce direct emissions from industrial processes is also identified in BEIS’ Clean Growth Strategy (2017), which shows it to be the largest source of industrial carbon abatement. These findings track well with those of the academic literature.
As with transport and behavioural transitions, the lack of academic coverage of this area is surprising given the scale of the challenge in reaching industrial net-zero. Like those sections, this may be a result of the explicit net-zero framing of this review. In many cases, industrial decarbonisation studies that exclude CCS are unlikely to achieve net-zero. While their findings may still be relevant to reaching that goal, they may not be accounted for unless framed within net-zero terminology.
3.2.3 Atmospheric removal
3.2.3.1 Nature based solutions
The potential contributions from nature-based solutions in achieving net-zero are shown in Table 14. The global assessments (Dooley et al., 2022; Matthews et al., 2022) found significant potential, with NBS’ capable of sequestering approximately 2 and 3 years’ worth of global annual CO2 emissions (2020 levels) by 2050 and 2100 respectively–though in the Matthews et al. study, this is returned to the atmosphere in the latter half of the century. In the UK, Yumashev et al. (2022) estimate that a year’s worth of 2020-level CO2e could be sequestered by 2100, with Bradfer-Lawrence et al. (2022) going further, estimating 3 years’ worth of CO2e sequestration by the end of the century.
TABLE 14 | Contribution from atmospheric removal options across assessed literature.
[image: Table 14]Nature-based solutions play an important role in the UK-focusing grey literature. The CCC’s Balanced Net Zero Pathway estimates removals of 38.5 MtCO2/yr in 2050 to mitigate the significant residual emissions from aviation and agriculture. Similarly, the National Grid’s FES (2021) model removals of 33 MtCO2/yr in 2050 in their Leading the Way net-zero scenario. The Green Alliance also show significant mitigation potential from NBS’, building on the assumptions of the CCC’s “high biomass/natural peatland” scenario in their report “Cutting the climate impact of land use” (2019). An increase in sequestration of 90%, from 13.4 MtCO2e/yr in 2016 to 25.4 MtCO2e/year in 2030, is modelled, through a combination of increased woodland planting and agroforestry, salt marsh restoration, and enhanced soil sequestration. This is supplemented by a 4.8 MtCO2e/year reduction in emissions from peatland and a 10.4 MtCO2e/year cut in agricultural emissions. The Clean Growth Strategy (BEIS, 2017) sets out several policy proposals to facilitate investment in natural capital to support this expansion of nature-based solutions.
Though the contributions from NBS’ are often sizeable, academic literature stresses that they do not nullify the need for drastic emissions reductions. Cong et al.’s (2022) study of NBS’ in Japan’s Fukuoka Prefecture, for example, finds achieving net-zero to be impossible without additional efforts on emissions reduction. Both Costa et al. (2021) and Matthews et al. (2022) argue that carbon removal via NBS’ is only comparable to emissions reductions when that carbon is permanently sequestered, which is often not guaranteed.
Trade-offs between carbon sequestration and the co-benefits of NBS’ are also highlighted, with Martes and Köhl (2022) noting that their maximum-sequestration scenario would result in the disruption of ecosystem services provided by forests. The trade-off between reforestation and the need to meet growing food demand is also highlighted. As with many of the other mitigation options reviewed, cost presents another barrier–Dooley et al. (2022) estimates a potential tripling of investment in NBS’ necessary by 2030, while Costa et al. (2021) state that only around 50% of the mitigation potential of existing agriculture-related solutions are cost-effective today.
3.2.3.2 Direct air capture
Direct air capture (DAC) is a negative emissions technology which captures CO2 directly from ambient air, rather than at point sources (such as in the bioenergy sector, as discussed in Section 3.2.1). This technology is in an early stage of development, with this reflected in the more limited number of studies on its potential, versus established mitigation options such as wind and solar energy (Alcadle et al., 2018). Nonetheless, those studies that are available suggest it to be capable of meaningful contributions (Table 14).
The two Japanese studies show varying levels of capture potential, with Kato and Kurosawa (2021) estimating −130 MtCO2/yr in 2070, and Ozawa et al. (2022) approximately −203 MtCO2/yr in 2050. This compares against Japan’s total emissions of 1,150 MtCO2 in 2020, representing a significant reduction. The Kato and Kurosawa study achieves these reductions in scenarios which do not employ BECCS–where BECCS is available, these reductions are approximately −35 MtCO2/yr, with assumptions on energy consumption from DAC set to 5.25 GJ/tCO2 abated within the TIMES-Japan model. By comparison, the Ozawa et al. study uses a slightly higher energy consumption assumption of 5.97 GJ/tCO2, within the related AIST-MARKAL model. Wohland et al. (2018) meanwhile model a 300 GW capacity DAC system capable of capturing 500 MtCO2/yr in Europe, which compares to EU total emissions of 2,730 MtCO2 in 2021.
Within the UK-focused grey literature, the National Grid’s FES (2021) is much more conservative regarding the deployment of DAC than those assessments made within academic literature. Their Leading the Way pathways models removals of 15 MtCO2/yr in 2050, while it does not feature at all in their other two net-zero pathways. Removals are constrained further still in the CCC’s Balanced Net Zero Pathway, with just 5 MtCO2/yr in 2050. In BEIS’ Clean Growth Strategy, DAC receives just a single passing mention. While the study area is different to those in the academic literature, these differences in potential contribution remain noteworthy due to their size alone.
As to be expected with a technology in its infancy, there currently exist barriers to its wider deployment. Alcalde et al. (2018) note the high energy requirements involved with deploying DAC, these ranging from 1 to 13 GJ/tCO2 abated–emphasising the need to decarbonise and expand the energy supply to power DAC technologies. Cost-competitiveness is highlighted by Becattini et al. (2021), who find that DAC abatement costs are expected to be significantly higher than those of point source capture NETs. The authors also stress the unknowns surrounding the technology, such as the upper limits of its emission mitigation potential, due to the early stage of development it is in. These barriers offer an explanation for the notable difference in contribution DAC makes between the academic and grey literature. The CCC’s Balanced Net Zero Pathway accounts for the need to overcome these barriers and demonstrate DAC at scale, before beginning to scale-up the technology in the 2040s. The final level of deployment is also dictated by the scale of residual emissions which need to be offset. The academic papers all take different approaches which account for their higher findings on potential from technology, either looking at maximising the theoretical contribution from DAC, modelling DAC deployment to bridge a significantly larger residual emissions gap, while often not explicitly considering the timeline needed to demonstrate and scale-up DAC.
4 CONCLUSION
This systematic review sought to unpack the literature on zero-carbon transitions to answer two key questions.
• Firstly, what were the most prevalent options discussed within zero-carbon literature, and how do the geographic scales and focus of research vary between those different options?
• Secondly, what insights can be drawn from the literature on the feasibility, barriers, and potential contributions of these options towards meeting net-zero?
Regarding the former, the analysis demonstrates that the balance of literature favours supply-side research. Studies on demand-side mitigation totalled just half that of those focusing on the supply-side. Research on solar and wind energy led the way in supply-side literature, with the relative lack of nuclear coverage noteworthy given the 10% contribution it currently makes to global electricity generation (IEA, 2022a, p. 294). This is perhaps a reflection of a belief that nuclear will play a lesser role in the future, considering the gradual decrease in total share the technology has held over the past decade, compared to the expansion of renewables (IEA, 2022b).
Within demand-side literature, research on the built environment was by far the most prevalent, with studies on behavioural change, transport transitions, and industrial decarbonisation totalling between just four and five papers apiece. This may in part be a result of the framing of literature in this space. Net-zero terminology (i.e., “net-zero energy buildings” and related nomenclature) is particularly commonplace within the context of decarbonising the built environment (Sartori et al., 2012; Voss et al., 2013), which may have lent itself to returning more results in the literature search in comparison to other demand-side options.
In terms of the geographic scale of the research, the current pool of literature was dominated by national-level studies (50 of 85), with sub-national studies the least common, accounting for just eight academic papers. Within these eight, just two selected study areas at a level below the principal administrative division, such as a city or metropolitan area. Very little in the way of a geographic focus was found in the mitigation options assessed, with the exceptions to this being solar–where over half of the literature focused on sunbelt countries–and hydropower–with China featuring in four of eight studies.
Given the above, it can be concluded that two key areas would benefit from further research–that focusing on demand-side mitigation, and that carrying research out at a sub-national scale, particularly at a local administrative level.
Concerning the second question, the academic literature typically positioned solar and wind energy as the principal components of a decarbonised energy system. This finding was common across a wide range of study areas from across the world and compared well to those from the UK-focusing grey literature, which found the two combined to account for the vast majority of the UK’s energy supply come 2050. Findings on the next most prevalent option within the supply-side academic literature–bioenergy–showed some interesting differences with the grey literature, which was comparatively much more reserved regarding potential contributions. This appears to largely be a result of the grey literature limiting the deployment of bioenergy with CCS to offset residual emissions in their scenarios, whereas much of the academic literature seeks to maximise the potential contribution from the technology. This discrepancy in contribution between academic and grey literature was also identified in part of the work on hydrogen. Nuclear proved another area where differences in the academic and grey literature emerged. Within academia, relatively little engagement with nuclear was identified, featuring in just six studies. In the grey literature however, nuclear power was still relied upon to provide approximately 10% of the UK’s energy supply in 2050, and significant investments in this area were pledged.
Findings on potential contributions within the demand-side academic literature were generally comparable to those within the UK-focused grey literature. The takeaway from this portion of the work was that while the contributions from demand-side decarbonisation were consistently significant, in both academic and grey literature, they receive very little coverage within the academic pool of literature compared to options on the supply-side. Transport, for example, is assessed to account for nearly a quarter of the UK’s emissions, with literature finding substantial reductions in this sector possible. Despite the clear importance of this sector, just four of the 85 academic studies specifically focused on it. This finding applies broadly to the research on demand-side behavioural transitions and industrial decarbonisation additionally, representing a potential gap in academia’s contribution towards net-zero policy.
This paper focused on literature explicitly framed within the context of the “transition” (and related terms, see Table 1) to zero carbon. As such, it should be stressed that the quantification of climate mitigation potential of the assessed options pertains only to the body of literature which discusses them within this framing. The results discussed in this paper do not provide a comprehensive synthesis of all literature discussing the climate mitigation potential of any given option, as much does so outside of this framing.
Providing an analysis of the climate mitigation potential of the options identified within this body of literature was one of the key objectives of this research. This was performed through a quantification of the potential contribution to reaching net-zero described in each study, either through the amount of energy supplied, the level of demand reduced, or the quantity of carbon sequestered. As noted in the discussion, in many instances there were significant differences in the assessments of potential contribution in the literature on a given mitigation option. This invites further research and analysis of the models used and assumptions made by studies in this area, and how these factors may influence results.
Pursuing these research gaps in the literature will help reach a better understanding of the role climate change mitigation options will play in the transition to zero-carbon, and further ensure that policymakers receive the data necessary to chart a course to a zero-carbon future.
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Garvey etal. (2021)

Koide et al. (2021)

United Kingdom, 2050

Japan, current

44% food-related CO, emissions reduction from high ambition dietary shift, compared to 2017 | n/a

400 KgCO,e/per cap./year emissions reduction from shifting to a vegan diet, 850 KgCOe/per cap./ | n/a
year from ridesharing, 440 KgCOgze/per cap./year from teleworking
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Wang et al. (2022)

Sichuan Province, China, 2030

11.25 TWh (550.09-782.74 TWh total)

EEENE Study area ntribution
Gulagi et al. (2018) India 3217 GW (~3750 GW total) n/a
7 Breyer et al. (2019) | Global, 2050 78% of transport demand n/a
Zhang et al. (2022b) China, 2060 5,429 MtCO,/yr nfa
Solomon et al. (2018) Israel, 2050 ~101 GW (~114 GW total) n/a
Ji et al. (2022) China 150.73 PWh, 108.22 TW n/a
Lugovoy et al. (2021b) India, 2050 ~6,450 TWh (~9,000 TWh total) n/a
Gulagi et al. (2017) SAARC, 2030 1280 GW (3399 GW total) nla
Galvan et al. (2022) South America, 2050 35% generation, 58% capacity LEELO
Lugovoy et al. (2021a) China, 2050 ~20,000 TWh, (~45,000 total), ~10,000 GW (~35,000 total) CEPRO
Ozawa et al. (2022) Japan, 2050 ~300 TWh (1,047 total), 2484 GW MARKAL
Scheepers et al. (2022) Netherlands, 2050 ~77 TWh (~488 TWh total) n/a
Kanugrahan et al. (2022) Indonesia, 2050 56.95% of 1559.5 TWh total, 460.86 GW (789.1 GW total) LEAP
Bamisile et al. (2022) Sichuan Province, China, 2050 105 GW (299.5-398.6 GW total) EnergyPLAN
Dominkovic et al. (2016) South-East Europe, 2050 PV: 114,55 TWh, 28.9% share, CSP: 53.08 TWh, 13.4% share EnergyPLAN
Martinez-Gordon et al. (2020) North Sea Region, 2050 1,632 TWh (5,000 TWh total), 1807 GW (~3350 GW total) IESA-NS
7 Zhang et al. (2022a) Victoria, Australia, 2050 ~100 GW n/a
Handayani et al. (2022) ASEAN, 2050 61% share of 37145 TWh total, 78% share of 2,092 GW total LEAP
Aghahosseini et al. (2018) Iran, 2030 4843 GW (1090 GW total) nla
Manjong et al. (2021) Cameroon, 2050 86% generation of 134 TWh total, 60 GW (64 GW total) LUT-ESTM
 Pradhan et . (2022) ‘Thailand, 2050 165.4 TWh (40% of 413.6 TWh total), 64 GW AIM/Enduse
Simon et al. (2022) Germany, 2050 ~270 TWh (~1,260 TWh total) REMix
~266 GW (~550 GW total)
Gaeta et al. (2021) Ttaly, 2050 300 GW (~400 GW total) TIMES

EnergyPLAN
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Contribuf

Model

‘Wang et al. (2022) Sichuan Province, China, 2030 493/616/729 TWh (550.09/671.07/782.74 TWh total, for Dry/Normal/Wet EnergyPLAN
years)

Galvan et al,, 2022 South America, 2050 16% generation, 10% capacity LEELO

Zhai et al. (2023) China, 2050 11.5% share of 13,896 GWh total LEAP

V Kanugrahan et al. (2022) Indonesia, 2050 17.61% of 1559.5 TWh total, 93.3 GW (789.1 GW total) LEAP

Bamisile et al. (2022) Sichuan Province, China, 2050 92/117.3/141.5 GW (326.8-350/352.1-375.8/299.5-398.6 GW total, for Dry/ = EnergyPLAN
Normal/Wet years)

Dominkovic et al. (2016) SE Europe, 2050 92.27 TWh (23.4% share) EnergyPLAN

Handayani et al. (2022) ASEAN, 2050 14% share of 3714.5 TWh total, 8% share of 2,092 GW total | LEAP

Aghahosseini et al. (2018) Iran, 2030 21.1 GW (1090 GW total) n/a

Manjong et al. (2021) Cameroon, 2050 8% generation of 134 TWh total LUT-ESTM
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Mitigation option Count Geographic focus

Supply-side

Solar 20 Global (1), Asia (2), Europe (2), South America (1), Australia (1), China (5), India (2), Indonesia (1), Iran (1), Israel (1), Japan (1),
Netherlands (1), United Kingdom (1)

Wind 17 Global (1), Asia (2), Europe (2), South America (1), Australia (1), China (3), India (1), Indonesia (1), Iran (1), Japan (1), Netherlands
(1), South Korea (1), United Kingdom (1)

Bioenergy 16 Global (3), Asia (1), Europe (2), China (4), Indonesia (1), Japan (2), Netherlands (1), United Kingdom (2)

Hydrogen B Global (1) Europe (1), South America (1), Australia (3), China (1), Japan (1), Spain (1)

Hydropower 8 Asia (1), Europe (1), South America (1), China (3), Indonesia (1), Iran (1)

Nuclear 6 Global (2), China (1), Finland (1), Japan (1), United Kingdom (1)

Biofuels & Synfuels 5 Global (3), Europe (1), Sweden (1)

Geothermal 4 Asia (1), Europe (1), Indonesia (1), Iran (1)

7 Tidal 71 United Kingdom (1)

Demand-side

Buildings 10 Canada (1), China (2), Germany (2), Finland (1) Ghana (1), Japan (1), Thailand (1), United Kingdom (2), United States (1)

Behaviour 5 Europe (2), Japan (1), United Kingdom (1)

Transport 4 China (1), United Kingdom (3)

Industry 4 China (2), Japan (1), United Kingdom (1)
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References Study area Col ion Model
Heo et al. (2022) South Korea, 2050 12,543 GWh na
Barthelmic and Pryor (2021) Global, 2050 ~10 GCO/yr (5000 GW) IRENA
Lugovoy et al. (2021b) India, 2050 ~2,550 TWh (~9,000 TWh total) nfa
Gulagi et al. (2017) SAARC, 2030 694 GW (3399 GW total) nfa
Galvan et al. (2022) South America, 2050 24% generation, 19% capacity LEELO
Lugovoy et al. (2021a) | China, 2050 ~20,000 TWh (~40,000 TWh total), ~7000 GW (~25,000 TWh total) CEPRO
Ozawa et al. (2022) Japan, 2050 ~120 TWh, (1,047 TWh total), 46.9 GW MARKAL
Scheepers et al. (2022) Netherlands, 2050 ~360 TWh (~488 TWh total) nfa
Kanugrahan et al. (2022) Indonesia, 2050 9.53% of 1,559.5 TWh total, 60.6 GW (789.1 GW total) LEAP
Bamisile et al. (2022) Sichuan Province, China, 2050 485 GW (299.5-398.6 GW total) EnergyPLAN
Wang et al. (2022) | Sichuan Province, China, 2030 3361 TWh (550.09-782.74 TWh total) EnergyPLAN
Dominkovic et al. (2016) South-East Europe, 2050 88.92 TWh (22.5% share) EnergyPLAN
Martinez-Gordon et al,, 2022 North Sea Region, 2050 Onshore: 2,200 TWh (5,000 TWh total), 1128 GW (~3350 GW total) IESA-NS
Offshore: ~800 TWh (5,000 TWh total, 230 GW (~3350 GW total)
Zhang et al. (2022a) Victoria, Australia, 2050 ~50 GW/ nfa
Handayani et al. (2022) ASEAN, 2050 17% share of 3,714.5 TWh total, 10% share of 2,092 GW total LEAP
Aghahosseini et al. (2018) | Tran, 2030 5314 GW (1090 GW total) nfa
Pradhan et al. (2022) | Thailand, 2050 356 TWh (8.6% of 413.6 TWh total), 40 GW AIM/Enduse
Simon et al. (2022) Germany, 2050 ~913 TWh (~1,260 TWh total), ~238 GW (~550 GW total) REMix |
Gaeta et al. (2021) Ttaly, 2050 50 GW (~400 GW total) TIMES
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EEENE Study area Contributio Model

Tokimatsu et al. (2017) Global, 2050 19,444-22,222 TWh (or 70-80 EJ) nla

*Kato and Kurosawa (2021) | Japan, 2070 o MICO,/yr (62% share of geological storage) EMF 35 JMIP
‘Tsiropoulos et al., 2022 EU, 2050 50 GW, ~180 MtCO,/yr nfa
Cossutta et al. (2021) United Kingdom, 2050 511 TWh (BECCS) + 55.4 TWh (no-CCS) TWh (491.3 TWh total) | n/a

~30.7 MtCO,e/year (BECCS), +8.6 MICO,e/year (no-CCS)

Alcalde et al. (2018) Scotland, current ~8.81 MtCO,/yr (total emission 41.89 MtCO; in 2014) nfa

Lugovoy et al. (2021a) China, 2050 120 TWh CEPRO

Ozawa et al. (2022) Japan, 2050 35 TWh (1,047 TWh total) | MARKAL

Zhai et al. (2023) China, 2050 5.7% share of 13,896 GWh total LEAP

Price et al. (2023) United Kingdom, 2050 226w nla

Scheepers et al. (2022) Netherlands, 2050 39% demand share in industry, 10% in built environment, 33% in | n/a

agriculture (partial CCS)

Kanugrahan et al. (2022) Indonesia, 2050 4.7% of 1559.5 TWh total; 32.6 GW (789.1 GW total) LEAP

Bamisile et al. (2022) | Sichuan Province, China, 2050 105 GW (3758 GW total) (no-CCS) EnergyPLAN

Dominkovic et al. (2016) South East Europe, 2050 29.99 TWh (7.6% share) (n0-CCS) EnergyPLAN

Manjong et al. (2021) Cameroon, 2050 5% generation (134 TWh total) (no-CCS) LUT-ESTM
Pradhan et a. (202) | Thailand, 2050 38.1 TWh (9.2% of 4136 TWh total) (no-CCS) | A/Enduse

Handayani et al. (2022) ASEAN, 2050 3% share of 37145 TWh total, 2% share of 2,092 GW total LEAP

(partial CCS)
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Hong et al. (2015)

Study area

Global, 2060

49.2% generation share, 12.2 TW (35.3 TW total)

Model

IEA New Policies scenario

‘ Zhai et al. (2023)
‘ Schreyer et al. (2020)
‘ Pilpola et al. (2019)

‘ Gi et al. (2020)

China, 2050
Japan, 2050
Finland, 2050

Global, 2100

32.2% of 13,896 GWh total
~20.2% generation share

~58.11% of 134.5 TWh total 9450 MW

~550 GW (FUSION)

LEAP

REMIND

n/a

n/a
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References Study area Contributiol Model
Yang et al. (2022) China, 2060 2177.82 TWh (29% demand share in cement industry, 56%in | China-MAPLE (TIMES based)
transport sector)
Gurieff et al. (2021) Eastern Australia, 2040 ~190 TWh (100% replacement of natural gas) 50% electrolyser growth annually
Ozawa et al. (2022) Japan, 2050 ~260 TWh (1,047 TWh total) MARKAL
Pradhan et al. (2022) ‘Thailand, 2050 414 TWh (10% of 413.6 TWh total) AIM/Enduse
Martinez-Gordon et al. (2020) North Sea Region, 2050 1777.78 TWh IESA-NS,
Vats and Mathur (2022) India, 2050 1895.69 TWh MARKAL
Fazeli et al. (2022) Australia, 2050 263.07 TWh (+110 MtCO,-eq cumulative emissions nfa
2020-2050)
Valente et al. (2020) Spain, 2050 0.36 kg CO,e/kg " H, (wind-powered electrolysis), ~0.11kg | n/a
CO,efkg™ H, (biomass gasification), 7 kg COse/kg™ H,
(grid-powered electrolysis)
Inal et al. (2022) Global, current 2.56-20.74 gCO2/MJ (wind-powered electrolysis), nfa
6.67-66.67 gCO2/M] (solar-powered electrolysis), 139 gCO2/
M] (grid-powered electrolysis)
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Identification-Search terms

“Zero-carbon” or “net-zero” AND “pathway” OR transition*” OR

“scenario” OR “budget” OR “roadmap” OR “transform*”

Screening-Stage 1 Criteria (titles)

Screening-Stage 2 Criteria (abstracts)

Screening-Stage 3 Criteria (full-text)

© Title includes references to climate change (or related terms, eg, global warming,
greenhouse gases), or mitigation terminology (e.g. net-zero, zero-carbon, decarbonisation,
pathways, transitions, etc)

@ Exclude articles that focus on the scientific or technical details of an option, without relating
it to their application or viability in a zero-carbon transition

@ Exclude work that focuses on low or reduced carbon, except where discussed as part of a
wider net-zero policy package (or equivalent)

© Exclude cost and impact analysis of options which do not relate their findings to the viability
of the option

 Exclude those with an overly limited application (for example, the application of PV in road
tunnel lighting)

® Exclude analysis of historical energy transitions/policies/etc.

@ Are the aims clearly stated?

@ Are there clear links between the data, interpretation, and conclusion?
© Are the methods used clearly defined and appropriate?

© Are the datasets used adequate to address the research aim?

@ Are the findings credible and advance knowledge?






