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Abstract
With the transition to renewable energy, global production cost patterns for industrial materials and 
products are shifting, potentially creating what has been termed the renewables pull. This paper 
conducts a systematic review to identify and synthesise the growing body of scientific literature on 
this emerging topic. Out of 4,813 studies screened, 81 peer-reviewed journal articles were found to 
be relevant. Most of these were published after 2020, with the number of publications increasing 
every year since then – indicating rapidly growing research interest in the field. Most studies 
originate from countries such as Germany or Australia, which are also identified as a potential major 
importer or exporter, respectively, within newly emerging renewable-based trade patterns. In 
contrast, while Japan and South Korea are frequently identified as potential importers, relatively few
studies originate from these countries. Most of the identified literature conducts techno-economic 
analysis assessing the location-specific production costs of hydrogen-based derivatives and materials
such as ammonia, methanol or steel produced using solar and wind electricity. Overall, the existing 
literature regards the renewables pull as potentially significant, although several studies emphasise 
that its realised impact depends on complementary locational factors, such as financing costs and 
policy context. Future research should expand the methodological approaches applied to this young 
and rapidly evolving field to assess the implications of the renewables pull for global production 
locations and value chain configurations, trade dynamics, and broader macro- and socioeconomic as 
well as geopolitical developments.

1. Introduction
Achieving the goals of the Paris Agreement requires a significant and sustained global reduction in 
greenhouse gas (GHG) emissions. The largest progress toward decarbonisation has so far been 
achieved through the expansion of renewable energy sources, mainly in the form of electricity 
generated from solar PV and wind. Renewables not only provide low-carbon energy but have also 
become increasingly cost-competitive due to their decline in cost. According to the International 
Energy Agency (IEA), global electricity demand increased by 4.3% in 2024, and renewables made up 
almost three-quarters of the overall year-on-year increase in power generation (IEA 2025). However,
energy costs remain a decisive factor in industrial production – especially of energy-intensive basic 
materials – and are expected to continue to play a key role in emerging green value chains. 
Historically, the trade of fossil fuels has mitigated the impact of spatial disparities in primary energy 
availability, as coal, oil, and gas could be transported over long distances at relatively low cost. 
However, long-distance transport of electricity and of renewable-based energy carriers such as 
hydrogen is considerably more expensive, as highlighted by Day (2022). Consequently, substantial 
regional differences in renewable energy costs may create strong locational advantages for energy-



intensive industries in regions endowed with excellent solar or wind resources. Such regions may 
therefore attract new investments in energy-intensive production processes, whereas regions with 
less favourable renewable energy conditions could depend on costly energy imports and could 
struggle to remain competitive.

Therefore, the increasing use of renewables in industry can be expected to result in economic 
impacts that vary considerably across regions. Electricity prices differ substantially between world 
regions already today, with for example European electricity prices remaining mostly above those in 
other parts of the world. The European Union continues to pursue its long-term target of achieving 
climate neutrality by 2050, as outlined in the European Green Deal. At the same time, industrial 
competitiveness hinges on low energy prices, which has sparked concerns in European policy 
debates. In contrast, other world regions are presented with new opportunities arising from 
abundant renewable energy resources and relatively low energy prices. These regional differences in
renewable energy potential may generate a pull factor for the production of energy-intensive goods,
whose production costs are largely driven by energy expenditures.

The term ‘renewables pull’ refers to the attraction of industrial production activities toward regions 
characterised by particularly low marginal renewable energy costs (Samadi et al. 2023). This 
incentive may induce regional shifts in industrial production, either through the relocation of existing
facilities or through changes in investment patterns for new production sites. When such shifts occur
primarily due to variations in the marginal costs of renewable energy or renewable-based secondary 
energy carriers (such as green hydrogen or synthetic fuels), this is referred to as “green relocation” 
(Verpoort et al. 2024). While such relocations remain largely hypothetical at present, they may 
become empirically observable as the global transition toward renewable energy systems 
accelerates.

The concept of green relocation shares certain similarities with carbon leakage, as both describe the 
relocation of industrial activities across regions. Yet, the mechanisms behind these processes differ. 
Carbon leakage arises when industrial production migrates to regions with weaker climate policies 
and lower CO₂ costs, thereby maintaining fossil-based competitiveness. In contrast, green relocation 
reflects a shift driven by economic advantages associated with low-cost renewable energy. Rather 
than escaping regulation, industries relocate to exploit abundant and cheap renewable energy 
resources, enabling the low-cost production of low-carbon goods. While the rising costs of fossil-
based production due to increasingly stringent climate policy is a key driver of green relocation, such
relocation may even occur in the absence of climate policy, e.g. when renewable-based products 
become cheaper than fossil-based products due to technical progress or significant growth of 
demand for green products.

A growing body of literature has begun to examine the phenomena of the renewables pull and green
relocation. Earlier studies analysed regional cost advantages for renewable-based production of 
basic materials or synthetic fuels. For instance, Fasihi et al. (2017) project that green ammonia could 
achieve cost parity with conventional ammonia by 2030 in specific niche markets and by 2040 in a 
broader context, identifying regions with high solar and wind potential as possible future production 
hubs. Similarly, Demirhan et al. (2019) illustrate significant differences between production 
pathways and regions within the United States, while Armijo and Philibert (2020) highlight strong 
production cost advantages in certain regions of Chile. More recent studies have examined trade 
routes for energy-intensive intermediates such as green ammonia and hot briquetted iron (HBI). Cao 
et al. (2024) and Egerer et al. (2023), for example, estimate the cost benefits of importing such 
intermediates from Australia to Japan and Germany, respectively. Further studies extend this 
analysis to the global level. For example, Bilici et al. (2024) estimate global trade in green iron under 
various scenarios and demonstrated substantial cost reductions for global steel production through 
green relocation and international markets for green goods.



Given the rapid expansion of this research field, we here provide a comprehensive overview of the 
current state of knowledge on the renewables pull. Our review seeks to identify which aspects have 
been studied to date, how extensively they have been analysed, and where future research needs 
remain. To achieve this, a systematic literature review approach is employed to capture the scientific
literature holistically and enable quantitative evaluations – such as, identifying the regions, products,
and energy carriers most frequently studied and the disciplinary perspectives involved.

The remainder of this paper is organised as follows. Section 2 describes the systematic review 
methodology applied to identify and categorise the relevant literature. Section 3 presents the 
quantitative results of this analysis. Section 4 discusses these findings in detail, exploring conceptual,
methodological, and empirical insights into the renewables pull. Finally, Section 5 concludes the 
paper and highlights key research gaps for future studies on the renewables pull topic.

2. Methods
Our approach to searching, screening, and synthesising findings from the scientific literature follows 
established procedures for systematic reviews (e.g. Kolaski et al. 2023). First, we refined the scope of
the review and compiled an initial set of 27 articles we knew to be relevant to the subject area. Of 
the 27 articles, the majority was published in peer-reviewed academic journals, whereas 2 were 
under review at the point of developing the query. This corpus served as a validation set for 
developing and iteratively refining our search query to ensure that the vast majority of the 
27 articles would be retrieved. Next, we defined clear inclusion and exclusion criteria to guide the 
screening process. Titles and abstracts were screened first to determine inclusion in the full-text 
review. As part of the review, we developed a coding framework to categorise and analyse the 
selected articles based on predefined characteristics, enabling structured mapping and analysis (see 
Results section). The following subsections provide detailed descriptions of each step.

Search strategy

Based on a validation dataset of 27 hand-selected articles addressing the renewables pull, we 
developed and evaluated a boolean keyword-based search string for document retrieval (see 
below). The query consists of two parts: first it searches for the terms ‘renewables pull’, ‘green 
relocation’ and similar terms in publications that directly talk about this phenomenon; second it uses
a combination of keywords from four groups to also capture papers that cover the topic without 
using specific terms: (1) keywords describing industry and energy-intensive sectors, (2) renewable 
energy keywords, (3) keywords related to cost comparison and economic development, and (4) 
decarbonisation and energy transition keywords.

We tested the query initially with the Scopus (Elsevier 2025) bibliographic database and then 
translated it to also search Web of Science (Clarivate Analytics 2025) and OpenAlex (Priem et al. 
2022). We ran the search on July 2nd, 2025. The query yielded 2,035 results for Scopus, 1,299 results
for Web of Science and 1,209 results for OpenAlex. After deduplication, our dataset for title and 
abstract screening contained 2,803 publications. The results of the query contained 23 of the 27 
articles of the validation set. Of the 4 articles not contained in the query results, 2 were preprints 
and were therefore likely unknown to the index of the bibliographic databases.



Search string:

(

"renewable* pull" OR "green relocation*" OR "green industr* 
relocation*" OR "green leakage" OR "renewable* leakage"

) OR
(

(ammonia OR methanol OR iron OR steel OR "energy-intensive 
industr*" OR "green industry" OR "chemical industry" OR 
"industrial sector" OR "hydrogen industry" OR "low carbon 
industry" OR "industrial production") AND

(renewable* OR wind OR pv OR biomass OR bio-energy OR 
bioenergy OR geothermal OR geo-thermal OR "solar thermal" OR 
hydro OR "green hydrogen" OR "zero-carbon hydrogen" OR "clean 
energy" OR "green energy" OR "energy endowment*" OR "energy 
resources") AND

(cost* OR "regional development" OR "industrial development" 
OR "development path*" OR "export-oriented development" OR 
"export opportunity" OR "industrial location" OR "competitive 
advantage" OR "supply chain*" OR "value chain*" OR "economic 
transformation") AND

(decarb* OR "low carbon" OR "climate neutral" OR "climate 
neutrality" OR "energy transition*" OR "green transition*" OR 
"net zero" OR "CO2 pric*" OR "carbon pric*" OR "climate 
policy" OR "carbon footprint*")

)

This query was run on titles, abstracts and author keywords (TITLE-ABS-KEY() for Scopus, TS = for 
Web of Science). For OpenAlex, the query was slightly modified to spell out variations of keywords 
captured by the asterisks (“*”).

Screening for eligibility

We use a set of inclusion and exclusion criteria to screen the titles and abstracts of all search results. 
Publications that directly analyse the renewables pull in a broad sense are included. Furthermore, 
publications that contain relevant information for analysing the renewables pull are also included. 
These comprise studies with a focus on the cost of tradable energy-intensive products or basic 
materials, such as ammonia or methanol, as well as studies analysing renewable energy costs as a 
location factor. We exclude studies that only focus on electricity, heat or hydrogen, and studies that 
only consider non-renewable energy sources or do not discuss costs (e.g. life-cycle analyses and 
analyses of other locational factors such as weighted average cost of capital (WACCs)).

In an initial training phase, we screened a small set of titles and abstracts to further refine and reach 
a common understanding of the criteria for inclusion and exclusion. Each record is screened by two 
authors. When an author is unsure about the relevance of a study, it is marked as MAYBE. 
Differences in the double coding and ambiguous cases are first discussed in pairs of coders and 
elevated to the entire author team when the interpretation of inclusion criteria requires further 
coordination and specific rules for edge cases.



Figure 1 — Decision tree for the inclusion and exclusion of the literature sources found via the database queries.

Inclusion criteria

Include articles that are

● directly relevant: analyse or discuss “renewables pull” in a broader sense, i.e. articles that 
meet all of the following criteria:

o analyse or discuss locational economic attractiveness of OR economic development 
potential of OR export opportunity associated with

o one or more locations for producing
o renewable-based (electricity OR heat OR hydrogen OR fuels/feedstocks)
o energy-intensive basic materials OR further refined intermediate products OR (final) 

industrial and refinery products
o as a function of a location’s renewable energy conditions

OR

● indirectly relevant: are otherwise relevant to the renewable pull, i.e. articles that meet at 
least one of the following criteria:

o focus on the cost of tradable energy-intensive basic materials or products (including 
ammonia or methanol) that are produced with renewable energy (electricity OR 
heat OR hydrogen) for more than one location OR

o analyse/discuss economic attractiveness of renewable-based commodities or 
products of one location if advantage over other locations is at least discussed OR

o analyse or discuss renewable energy costs as a location factor (including hydrogen, 
heat and electricity).

Exclusion criteria

Studies limited solely to the production of renewable-based hydrogen, electricity, or heat, without 
extending to a globally tradable industrial commodity or product (e.g., ammonia or methanol) are 
excluded. Furthermore, articles are excluded, if they do not analyse or discuss “renewables pull” in 
the broad sense defined above AND

● focus on non-renewable energy sources for energy-intensive products



● conduct a general analysis of locational factors, including the impact of (general) energy 
costs (unless renewable energy costs are specifically discussed as a locational factor)

● analyse regional weighted average cost of capital (WACCs)
● analyse regional life cycles (LCA), but not costs (even for renewable-based materials across 

regions)
● only mention the renewables pull in the full text, without analysing it or being otherwise 

relevant

The decision about inclusion or exclusion is operationalised with the following decision tree for the 
first screening of abstracts and titles (see also Fig. 1):

Directly relevant?
o YES → code INCLUDE
o UNCLEAR → code MAYBE
o NO → Indirectly relevant?

▪ YES → code INCLUDE
▪ NO → code EXCLUDE
▪ UNCLEAR → code MAYBE

We code articles as MAYBE when it is unclear from title and abstract whether inclusion or exclusion 
criteria apply. In those cases, a closer examination of the full text would be necessary to assess the 
relevance of an article. Articles coded as MAYBE have not yet been analysed as part of this 
conference article, but are planned to be analysed at a later stage.

Data extraction and synthesis

We document our selection in a PRISMA flow chart below (see Fig. 2). A full list of the 81 articles 
selected for this review can be found in the Appendix. For this conference article, we restrict our 
search to English-language peer-reviewed publications, while we plan to analyse academic books 
and book chapters, as well as grey literature (pre-prints, conference papers, working papers, theses, 
and dissertations) that we discovered through our search at a later stage. As mentioned above, we 
do not further consider the 154 articles that we coded MAYBE, which we plan to analyse at a later 
stage. Moreover, we included 2 articles contained in the validation set that were not found by the 
query but were published before the date of running the query (July 2nd, 2025).



Figure 2 — Illustration of the literature selection and inclusion process using a PRISMA flow diagram (Page et al. 2021).

3. Results – Mapping of literature
Of the 2,803 articles yielded by the query, we found 81 peer-reviewed articles to be relevant for the 
renewables pull (see query and screening criteria in Methods). Here we map these articles with 
respect to different properties based on a harmonised codebook.

A growing field of research (Fig. 3a–b)
The renewables pull has recently received increasing attention, as observable through the growing 
number of annually published peer-reviewed journal articles (Fig. 3a). Of the articles identified as 
relevant for this review, about a third (35 %) have the renewables pull as their main focus, whereas 
it is only a side focus (29 %), a topic of indirect relevance (29 %), or merely a side note (8 %) in the 
remaining articles (Fig. 3b). This demonstrates that the topic is a direct subject of study but is also 
increasingly receiving attention in other related research.

Countries involved in and relevant for studying the renewables pull (Fig. 3c–f)
Germany clearly dominates among the author countries (i.e. countries of the article authors’ 
institutions). Germany is a country known for its substantial energy-intensive industry and limited 



renewable energy potential and land availability. Australia and Sweden follow as the countries with 
the second and third most authors. Both countries are rich in renewable and raw-material resources.
Other notable countries of author institutions are the USA, the UK, China, Finland, the Netherlands, 
Chile, and South Africa. Interestingly, while Japan and South Korea are frequently identified as 
potential importers, relatively few studies originate from these countries (Fig. 3c). Countries most 
often studied or mentioned as potential future importing countries are Japan, Germany, Europe 
more generally, South Korea, and China (Fig. 3d). Countries most often studied or mentioned as 
potential exporting countries are Australia, Chile, Morocco, Saudi Arabia, and South Africa (Fig. 3e). 
While about two thirds (68 %) of articles focus on global effects, the remaining third consider 
national or regional relocation (Fig. 3f).

Industrial sectors studied (Fig. 4a)
The vast majority of articles focus on the ammonia and fertiliser sector (43 articles) and the steel 
sector (34 articles). This is likely due to the high transportability, existing trade exposure, product 
homogeneity, and clear transformation pathways of these two sectors, and, especially in the case of 
steel, due to the high share of all final energy consumption and the high share of total greenhouse 
gas emissions. Methanol (13 articles), naphtha (1 article), HVCs (1 article), ethylene (1 article), 
plastics (1 article) and chemicals more generally (8 articles) are also studied frequently, which we 
summarise as “carbonaceous fuels & feedstocks” in Fig. 4. Other less-often studied sectors include 
aluminium (2 articles) and cement (1 article).

Used methods (Fig. 4b)
Within the methods used in the selected literature, we find a dominance (≥ 80 %) of techno-
economic assessments (TEA), often comparing different production sites and supply chains of 
hydrogen-based derivatives. One reason for the dominance of this method may be that TEAs are a 
rather simple but still meaningful approach to derive comparative results and insights for green 
products. Other methods are more complex and thus less represented in the young research strand 
on the renewables pull and green value chains. These include the comprehensive assessment of 
production locations accounting for locational factors other than production costs, scenario or 
energy system or production network modeling with endogenous trade or supply chain 
configurations (most importantly Neumann et al. 2025), as well as conducting economic modeling to
study potential future macroeconomic effects of green relocation.

Terminology used (Fig. 4h)
Only 13 % of articles use specific terminology such as (only) “renewables pull” (8 %), (only) “green 
relocation” (1 %), both “renewables pull” and “green relocation” (3 %), or the term “green leakage” 
(1 %). The other 87 % of articles describe the two phenomena without using specific terms or by 
using generic terms, such as “industrial dislocation” (Crawford 2024) or “cost-effective geographic 
location” (Bataille et al. 2021).

Renewable energy sources and types of value chains (Fig. 4c and d)
It is little surprising that the vast majority of papers focus their analysis and discussion on solar and 
wind electricity, as these sources are broadly acknowledged as the backbone of future net-zero 
energy systems. More interestingly, most articles (90%) focus on value chains that produce hydrogen
as an intermediate energy carrier or feedstock, while there are only very few studies that study 
direct electrification routes in the context of the renewables pull (Burke et al. 2022; Crawford 2024).



Figure 3 — Quantitative analysis of article codings (Part 1). a, Number of articles published over time. b, All articles 
differentiated by the relevance that the renewables pull has in studied articles. c, Countries of article authors’ main 
institutions. d, Importing countries studied or mentioned in articles. e, Importing countries studied or mentioned in 
articles. f, Share of articles having a global or a national/regional scope.



Figure 4 — Quantitative analysis of article codings (Part 2). a, Counts of sectors studied in articles. b, Counts of methods 
used in articles. c, Counts of renewable-energy sources studied in articles. d, Share of articles studying different types of 
value chains. e, Share of articles considering value-chain depth (e.g. imports of HBI vs. imports of steel). f, Share of articles 
quantitatively estimating cost of affected energy-intensive production or activities. g, Share of articles quantitatively 
estimating green relocation (i.e. actual geographic change of production patterns). h, Terminology used in articles.



Value chain configurations (Fig. 4e)
Most articles (~80%) do not differentiate between value chain configurations, as they analyse or 
discuss production at only one defined level within a specific value chain. In other words, they 
implicitly or explicitly assume an integration of certain production steps such as those of green steel 
via H2-DRI-EAF at one location. 17 articles compare or discuss different configurations of value 
chains. While most articles of the selected references analyse ammonia, the sector for which value 
chain configurations are most often differentiated is steel production (13 articles) — likely because 
HBI is a valid break point for separating the energy-intensive production of green iron from 
steelmaking and downstream refinement. For ammonia, the different value-chain configurations 
with respect to its use in the fertiliser or other chemical industry (e.g. trading ammonia or trading 
fertilisers such as urea) are discussed in 7 articles.

Estimations of costs and relocation (Fig. 4f–g)
79 % of articles estimate the cost of energy-intensive products and activities. Such estimates can 
serve to understand the strength of the renewables pull. However, only 18 % of all articles study the 
potential future green relocation resulting from the cost differences and the renewables pull, i.e. the
shift in the patterns of production and associated production capacities.

4. Discussion and literature synthesis
Much of the literature on the renewables pull focuses on ammonia, iron and steel, and 
carbonaceous fuels and feedstocks
The vast majority of the journal articles that we identified focus on the production of ammonia (e.g. 
Achour et al. 2025; Dabar et al. 2024; Fasihi et al. 2021; Lippkau et al. 2024; Toktarova et al. 2025; 
Fattahi et al. 2024), iron and steel (e.g. Bilici et al. 2024; Caiafa et al. 2025; Devlin et al. 2023; Lopez 
et al. 2023; Nurdiawati et al. 2025; Nykvist et al. 2025; Toktarova et al. 2022; Verpoort et al. 2024) 
and synthetic carbon-based fuels and chemicals (e.g. Chavez-Angel et al. 2023; Florez et al. 2024; 
Karbassi et al. 2023; Shirizadeh et al. 2023; Uchida et al. 2025; Moritz et al. 2023; Arnaiz del Pozo et 
al. 2022). Our systematic literature search found only very few articles dealing with other energy-
intensive industrial goods, such as aluminium (Burke et al. 2022) or cement (Toktarova et al. 2025). 
Not a single article was found that analyses the green relocation prospects for either glass or paper.

Several reasons may serve as explanation for the very limited amount of literature dealing with 
energy-intensive industries other than ammonia, iron and steel and synthetic carbon-based fuels 
and chemicals. 1.) The products of some other industries, such as cement or glass, have relatively 
high transport costs. 2.) Other energy-intensive industries such as paper, glass and aluminium are 
responsible for a considerably smaller share of greenhouse gas emissions, such that scholars put less
focus on them. (While the share of greenhouse gas emissions from ammonia production is small 
today, ammonia may grow in importance due to its role as a fuel and energy carrier.)

Despite these reasons it is surprising to see that aluminium, for instance, is studied substantially less 
than steel even though aluminium is similarly trade-exposed and of similar strategic importance as 
steel. We conjecture that there may be a bias of recent literature towards hydrogen-based value 
chains due to the general attention and public debates that these value chains have received in 
recent years.

We note that the search string used for this systematic literature review may have introduced a 
certain bias into the articles yielded by our query (see Methods). The search string includes the 
terms 'ammonia', 'iron' and 'steel' to capture as many papers as possible from the validation set. It 
does not include references to other energy-intensive sectors.



Regional cost comparisons are often based on off-grid photovoltaic (PV) and wind-based electricity
generation
Many articles comparing the production costs of green ammonia and carbon-based fuels and 
chemicals base their calculations on off-grid systems consisting of a combination of solar PV and 
onshore wind to provide the electricity required to produce green hydrogen (e.g. Achour et al. 2025; 
Armijo and Philibert 2020; Dabar et al. 2024; Fasihi et al. 2021; Hampp et al. 2023; Shirizadeh et al. 
2023; Toktarova et al. 2025; Wan et al. 2024; Chavez-Angel et al. 2023; Florez et al. 2024; Karbassi et
al. 2023; Uchida et al. 2025). In these studies, battery backup is also typically assumed to be part of 
the dedicated electricity supply. However, some articles on green ammonia and green carbon-based 
fuels, as well as most articles on iron and steel production, assume that electricity from renewable 
sources can be obtained via the grid at a price that varies by region (e.g. Lippkau et al. 2024; Pawar 
et al. 2021; Wan et al. 2024; Caiafa et al. 2025; Cao et al. 2024; Jiang et al. 2025; Toktarova et al. 
2025). Several other articles base their cost calculations on the assumption that dedicated 
renewable energy plants can be supplemented by purchasing additional electricity from the grid 
when needed (e.g. Bose et al. 2022; Kenny et al. 2024). Only a few articles explicitly consider other 
renewable energy sources besides PV and wind, such as hydropower (Runge et al. 2023; Crawford 
2024), biomass (Pudi et al. 2022; Neumann et al. 2025; Demirhan et al. 2019), and geothermal 
energy (Runge et al. 2023). The focus on solar PV and wind energy reflects the widely held view that 
these two sources of renewable energy have the greatest potential for generating additional low-
cost electricity from renewable sources in most regions of the world.

Many studies indicate a future relevance of the green relocation phenomenon
Many of the identified journal articles conclude that regions with exceptional renewable energy 
conditions can produce renewable energy-based ammonia, iron and steel, and synthetic, carbon-
containing fuels and chemicals at lower costs than renewable-constrained regions. Most of these 
articles also consider the costs of transporting green industrial goods from production sites to other 
regions of the world. They typically conclude that transport costs for green industrial goods are 
lower than the production cost advantages of renewable-rich sites, suggesting that much of the 
future energy-intensive green industrial production may be economically viable in renewable-rich 
regions around the world.

While many of the identified articles only compare the production costs of industrial goods based on
renewable energy sources, some also include the costs of traditional, fossil fuel-based production 
(e.g. Gielen et al. 2020; Lopez et al. 2023; Nykvist et al. 2025; Armijo and Philibert 2020; Fasihi et al. 
2021; Pawar et al. 2021; Sadiq et al. 2025; Allgoewer et al. 2024; Fasihi et al. 2017; Lopez et al. 
2024). These articles generally conclude that green industrial production can become cost-
competitive with fossil fuel-based production in the future. Fasihi et al. (2021) find that the cost of 
green ammonia production at the most suitable sites worldwide is expected to be lower than the 
cost of unabated natural gas-based ammonia production by around 2040, even without a CO2 price. 
However, in most studies and for most industrial goods, green industrial production only breaks 
even with traditional production when a certain CO2 price is assumed.

Some of the identified studies estimate the potential cost benefits of producing energy-intensive 
products in renewable-rich regions for different supply chain depths (e.g. Caiafa et al. 2025; Devlin 
and Yang 2022; Gielen et al. 2020; Kenny et al. 2024; Verpoort et al. 2024). These studies generally 
conclude that, for renewable-constrained regions, importing green industrial goods (such as direct 
reduced iron, steel or ammonia) from renewable-rich regions is more economical than importing 
green hydrogen and using it to produce green industrial goods domestically. A few articles (Verpoort
et al. 2024; Cao et al. 2024; Egerer et al. 2024) also compare the cost advantages of importing 
energy-intensive intermediary products for use in the steel, urea and ethylene industries. They 
conclude that importing steel, urea and ethylene in their final forms from renewable-rich regions 
(so-called 'deep relocation') typically leads to the lowest procurement costs. However, much of the 



total cost savings (relative to domestic production of these goods) could also be achieved by 
importing energy-intensive intermediates, such as DRI/HBI, ammonia and methanol, and refining 
them further domestically. Verpoort et al. (2024) emphasise that such imports of intermediates 
could enable importing countries to realise most of the cost savings while retaining a significant 
proportion of the value creation.

Green relocation can also occur within individual countries or regions
While most studies that compare the cost of green industrial production focus on potential future 
global trade or specific interregional trade flows (e.g. between Europe and North Africa, or Australia 
and Japan), some also discuss how differences in renewable energy endowments could lead to green
relocation within individual countries or regions. For instance, Toktarova et al. (2025) discuss the 
optimal future locations for the electrified steel, cement, chemical and petrochemical industries in 
Europe, Xiang et al. (2025) assess the potential future reallocation of ammonia production in China 
in the context of a carbon-neutrality target and Harahap et al. (2023) assess in what regions of 
Sweden which types of renewable marine fuel could be produced in the future.

Factors other than renewable energy endowment also influence companies' location decisions
While most of the identified articles conclude that regional cost differences in green industrial 
production are significant and could result in the relocation of industrial activity in the future, many 
nonetheless emphasise that factors other than renewable energy potential are important for the 
economics of producing green industrial goods and for company decisions on where to establish 
future industrial production. This is true for the many identified articles that estimate regional 
production cost differences of green industrial goods, and also for articles that focus on conceptually
discussing the renewables pull theory (e.g. Samadi et al. 2023; Day 2022; Verpoort et al. 2024; 
Crawford 2024). 

Additional factors frequently cited in the literature include transport costs or the distance of 
potential production sites to large demand markets or ports (e.g. Devlin et al. 2023; 2024; Samadi et 
al. 2023; Toktarova et al. 2025; H. Wang et al. 2023; Crawford 2024), the cost of capital (e.g. Sadiq et
al. 2025; Kountouris et al. 2025; Kaiser et al. 2021; Crawford 2024; Moritz et al. 2023), proximity to 
required natural resources other than renewable energy sources, such as iron ore deposits (e.g. 
Ellersdorfer et al. 2024; Reznicek et al. 2025; C. Wang, Walsh, Weng, et al. 2023; Toktarova et al. 
2025), the availability of subsidies (e.g. Algers et al. 2025; Colen and Mohnen 2025; Reznicek et al. 
2025; Devlin et al. 2023; Nykvist et al. 2025) and the level of wages (e.g. Devlin et al. 2023; 2024; 
Cotter 2024; Crawford 2024; Caiafa et al. 2025). These relevant location factors can either 
strengthen or weaken the case for green relocation. For example, green relocation in the steel 
industry may be more likely to occur because several renewable-rich regions also possess high-
quality iron ore deposits. On the other hand, some renewable-rich regions have relatively high 
capital costs. Interestingly, according to Kaiser et al. (2021), the differences in capital costs between 
countries in the highly capital-intensive production of electricity-based green methanol and naphtha 
are of such great relevance that locations in Germany, a country with very low cost of capital, 
achieve lower production costs than locations in renewable-rich countries such as Chile or Argentina.

Some authors point out more generally that renewable-rich regions that wish to benefit from green 
relocation need to fulfil certain prerequisites in order to attract investment. Probably first and 
foremost among these is a stable legal and political environment (Colen and Mohnen 2025). 
According to Scheffler et al. (2025), countries aiming to transition to widespread green hydrogen use
require place-based leadership, institutional entrepreneurship, and Schumpeterian innovative 
entrepreneurship. Similarly, Klagge et al. (2025) argue that such countries require what they term 
'governance of future-making', meaning they need actors to 'coordinate their expectations about 
future economic development in different contexts and across scales over time'.



Some arguments also found in the literature for a limited future relevance of green relocation
Colen and Mohnen (2025) focus on arguments why green relocation may be limited in the future. 
The authors highlight agglomeration and demand forces that could hinder relocation. They also 
emphasise that industrialised countries appear willing to provide substantial subsidies to retain at 
least some of their current industrial production. Furthermore, Colen and Mohnen (2025) highlight 
the need for renewable-rich regions to fulfil political, legal, environmental and social prerequisites, 
which is not always the case currently.

Some articles also suggest that producing low-carbon ammonia, methanol or steel using CO2 
capture and storage may be more economical than producing these goods using green hydrogen 
(Arnaiz del Pozo et al. 2022; Palandri et al. 2025; Arnaiz del Pozo et al. 2022; Nurdiawati et al. 2025). 
These findings highlight the fact that the competitiveness of low-carbon production options beyond 
renewable energy options may be an important factor in determining the future relevance of the 
renewables pull. Much of the literature identified does not include an assessment of the costs of 
low-carbon production options beyond those based on green electricity and green hydrogen. 
Interestingly, Xiang et al. (2025) find that the most cost-effective future production of low-carbon 
ammonia in China may include both green ammonia and ammonia based on nuclear power. The 
proportion of each method used would differ between Chinese provinces depending on factors 
including the regions’ renewable energy conditions. Cao et al. (2024) find that, for low-carbon steel 
production, using carbon capture and storage may be more economical than using green hydrogen. 
However, due to the higher residual CO₂ emissions of carbon capture and storage, steel from this 
route is only found to have a cost advantage relative to green steel at low CO2 prices.

Limited analysis conducted so far on how well individual renewable-rich countries are prepared to 
benefit from the renewables pull
Only a small amount of the literature identified provides in-depth analysis of how well individual 
countries rich in renewable energy resources are prepared to benefit from the renewables pull in 
the future. Several articles focus specifically on Australia (Milani et al. 2022; Venkataraman et al. 
2022; C. Wang, Walsh, Weng, et al. 2023; C. Wang, Walsh, Longden, et al. 2023; Cotter 2024). Both 
Venkataraman et al. (2022) and C. Wang, Walsh, Weng, et al. (2023) argue that future hydrogen 
production facilities and green steel manufacturing plants in Australia could benefit from being 
located near existing iron ore mining operations. C. Wang, Walsh, Longden, et al. (2023) point out 
that Australia possesses sites with excellent combined solar and wind resources, enabling these 
regions to become cost-competitive producers of green ammonia. The study also highlights that the 
complementary seasonal variability in the supply and demand of green ammonia in Australia and 
various locations in the Northern Hemisphere could significantly benefit a future green ammonia 
industry in Australia. In contrast, Cotter (2024) expresses doubt over whether Australia will attract 
energy-intensive industries and become an exporter of green industrial goods in the future. The 
author points to high wages and a relatively small domestic market in Australia. The small domestic 
market may prevent new industries from achieving economies of scale domestically and may 
therefore make it difficult to become internationally competitive. He also cites a lack of consensus 
among Australia's key political parties regarding the future role of renewables, which could hinder 
investment.

Scheffler et al. (2025) conduct interviews with stakeholders in Chile and Namibia to gain a better 
understanding of how prepared these two countries are to realise new development paths through 
green hydrogen. In both countries, the authors identify a lack of Schumpeterian entrepreneurial 
innovation, which they regard as a prerequisite for successful transformation. Similarly, (Klagge et al.
2025) conduct interviews with stakeholders in Namibia and South Africa to assess the effectiveness 
of the 'governance of future-making' in these two countries, i.e. how well actors coordinate their 
expectations about future economic development in different contexts and across scales over time. 



Green relocation can support global climate action and a more even distribution of economic 
wealth
Only a few of the identified articles focus on the potential ecological, macroeconomic, energy system
and geopolitical effects of green relocation. Li et al. (2025) conclude, based on a cost-optimisation 
model for the Asian steel sector, that green HBI trade could lower the Asian steel sector's cumulative
CO₂ emissions by 4 Gt by 2070. Gielen et al. (2020) estimate that green DRI exports from Australia to 
Asia could lead to CO₂ emission reductions of around 0.7 Gt per year by 2050. Burke et al. (2022) 
argue that Australia could contribute significantly to greenhouse gas emission reductions in the Asia-
Pacific region by switching to the export of zero-carbon electricity, green hydrogen, green 
aluminium, and green steel. And Caiafa et al. (2025) find that relocating the Dutch steel industry to 
Brazil would lead to greater reductions in global greenhouse gas emissions than if the Netherlands 
imported green hydrogen and continued to produce steel domestically.

In regard to the macroeconomic effects of green relocation, Caiafa et al. (2025) find that relocating 
the Dutch steel industry to Brazil would result in stronger distributive impacts across global regions 
than if the Netherlands were to import green hydrogen from abroad. Trollip et al. (2022) and 
Dyantyi-Gwanya et al. (2025) emphasise the potential economic benefits of South Africa becoming 
an exporter of green industrial goods. Trollip et al. (2022) focus on green iron exports from South 
Africa and expect a ‘substantial contribution to macroeconomic stability through a more sustainable 
export base and improved government finances through an expanded tax base’. Karbassi et al. 
(2023) conclude that producing green e-fuels for Europe in Africa could benefit only a few African 
countries if merely the most cost-effective production sites were chosen. The analysis suggests that 
accepting a moderate 10% increase in average fuel production costs would enable the economic 
benefits of green e-fuel production to be distributed much more evenly across the African continent.
In regard to the macroeconomic effects of green relocation in regions affected by a loss of domestic 
industrial production, some authors (e.g. Crawford 2024; Trollip et al. 2022) point out that the 
employment effects are expected to be very limited – at least under the assumption that the less 
energy-intensive downstream production will remain in these regions.

Examining the repercussions for energy systems of green relocation in renewable-constrained 
regions, Neumann et al. (2025) find that importing green energy in various forms to Europe, 
including in the form of green steel and green ammonia, could reduce the annual costs of a carbon-
neutral European energy system by €37 billion, equivalent to 4.4% of energy system costs. Both 
Crawford (2024) and Fattahi et al. (2024) also emphasise the cost savings in the European energy 
system if green hydrogen and green hydrogen derivatives such as ammonia and steel are imported 
to Europe from renewable-rich regions. Domestic industries as well as consumers could benefit from
lower energy costs. The potential benefits of achieving lower energy system costs and obtaining 
access to lower-cost green industrial goods leads some authors (Crawford 2024; Verpoort et al. 
2024) to argue that renewable-constrained countries should avoid providing massive subsidies to 
retain non-competitive green industrial production.

Eicke and De Blasio (2022) expect green relocation to have geopolitical implications, as countries and
regions rich in renewables will increasingly compete with current industrial powers for jobs and 
market shares.

5. Conclusions and further research needs
Our review of the existing literature indicates that the number of studies addressing the possibility 
and potential of the renewables pull – and the resulting phenomenon of green relocation – has 
increased significantly in recent years.

Many of these studies estimate regional differences in current or future costs of producing energy-



intensive industrial goods based on differences in renewable energy potential. Ammonia, iron and 
steel and synthetic carbonaceous fuels and chemicals are most frequently analysed. Among these 
studies, there is high agreement that some energy-intensive industrial goods can be produced at 
considerably lower costs in renewable-rich regions of the world. Most studies find that a relevant 
cost advantage remains when taking into account transport costs of these goods to other regions of 
the world. Many authors therefore conclude that in some industrial sectors green relocation is likely 
to become reality in the future, at least if climate policy continues to expand around the world.

However, many studies also stress that a number of other location factors are relevant when 
companies decide on where to produce industrial goods. In some cases, these additional location 
factors further amplify the renewables pull, in other cases they inhibit relocation. As some 
fundamental location factors are not well developed in several renewable-rich regions of the world, 
a number of authors argue that the relevance of green relocation may remain limited in the future. 
A smaller number of identified articles either look specifically at how individual countries could 
benefit from the renewables pull in the future, or examine the potential environmental, 
macroeconomic or geopolitical consequences of potential future green relocation. These studies 
generally find that if green relocation occurs, it can support global climate change mitigation efforts, 
reduce the overall costs of the transformation towards a climate neutral industry sector and 
contribute to more equitable economic development between regions.

Several areas of research remain underexplored based on the query derived for this review:

First, the quantification of green relocation requires further attention. While some recent studies 
have begun to estimate potential spatial distributions of future production capacities for green 
products such as methanol, ammonia or HBI to identify cost optimal international supply routes 
(Bilici et al. 2024; Neumann et al. 2025; H. Wang et al. 2023), the socio-economic consequences of 
such relocations remain largely unexplored. Future research should therefore adopt a broader 
perspective that also captures downstream value chains and assesses the wider economic and social 
implications for both exporting and importing regions. This includes analysing how the loss of 
energy-intensive production facilities in some countries could affect the international 
competitiveness of remaining domestic industries in the same countries through transforming 
upstream supply chains, higher transportation costs of intermediate goods, or the loss of cluster-
based innovation dynamics.

Moreover, existing studies predominantly focus on a few specific energy-intensive intermediate 
products, particularly ammonia and potential energy carriers such as methane and HBI. 
Consequently, further research is required to identify additional energy-intensive sectors that may 
be significantly affected and to quantify the potential impacts along the entire value chains. This may
include sectors outside conventional energy-intensive industries, such as carbon-dioxide removal, 
data centres, and indoor horticulture, which are mentioned but not studied in depth by existing 
literature (Crawford 2024). Additionally, long-term dynamics and transition processes remain 
insufficiently studied. For example, the timing of possible relocations, the development of previously
inadequate infrastructure at locations with good renewable energy conditions, and dependence on 
the market ramp-up of green products have not yet been mapped out and quantified in detail. 

Another promising research avenue lies in the evaluation of policy options for countries with 
differing renewable energy potentials. Although some studies have already outlined the possibility of
exploiting regional location advantages by utilising high renewable potential, there have been few 
analyses of the policy options available to renewable-constrained countries, which may focus on 
strategies to mitigate relocation risks through accelerated renewable deployment (i.e. making sure 
the limited potential is used to its fullest extent), energy infrastructure expansion, or the 
strengthening of alternative locational advantages. Some studies (Colen and Mohnen 2025; Klagge 
et al. 2025) investigate the impact of policies and other factors on the occurrence of green relocation



through interviews with affected industries, but more empirical evidence is needed on how specific 
policy measures, such as carbon pricing or targeted subsidies, shape long-term location decisions in 
an increasingly renewables-driven global economy. 
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